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Abstract

The role and purpose of this work is to investigate a new vertical transistor
structure that does not require the use of lithography and can be fabricated in
ambient conditions using solution processed active layers. Towards this, planar
transistor structures are studied featuring organic semiconducting active layers.
Solution processed films are seen to produce devices with comparable or improved
device behaviour in comparison to physically deposited active layers. Showing
solution processed devices are capable of producing/being used in high
performance field effect devices. However, inherent shortcomings in planar
structures such as parasitic contact resistances and device scaling due to
lithographic resolutions ultimately limit the performance of planar devices. This
result provides motivation to develop a vertical transistor structure that features
dimensions controlled by the thickness of a solution processed film and large
operational areas, in an effort to improve the prospects of organic transistor

devices.

Essential to the structure is fabrication of two terminal vertical devices on plastic
substrates. The unique mechanical properties of plastic allow non-traditional device
architectures to be investigated. A UV-NVS protective layer is required to protect
the underlying substrate from solvent induced stress cracking allowing the
deposition of polymeric films out of solvent solution on polycarbonate substrates.
The yield of devices was seen to be dependent on the electrode composition,
deposition method and area of the electrode. Optimised devices were produced
featuring the p-type semiconducting material P3HT. Formed at the interface
between P3HT/AI Schottky diode devices were investigated and seen to display
variation in current-voltage behaviour with respect to time. Devices that were
stored under vacuum for 20 hours were seen to have significantly less variation in
current-voltage behaviour. Ultimately, device yields of at least 75% were obtained

for optimised thin film polymeric devices on polycarbonate.

Cutting methods capable of commercial scale fabrication such as hot scalpel

scoring, scissor cutting, ion beam milling and machine cutting were investigated to



introduce a vertical wall into two terminal device substrates. The resulting
architecture can be used to create an interface between the semiconducting
polymer and a dielectric film allowing for a vertical transistor structure to be
realised. CNC machine cutting shows the most promise as a methodology allowing
for a 45° angle cut surface to be formed in the device. A limitation in the method is
delamination between the polymeric film and the electrode, and the electrode and
substrate due to the lateral forces caused in the cutting action. The adhesion
failures are seen to increase with feed rate velocity. With the tears resulting from
cutting extending into the device operational area up to 5um. Conductive mapping

of the cut edge shows conduction through the polymer extending to the cut edge.

The solution processing of dielectrics over the machine cut edge was investigated.
The failure rate of spin coated films was determined by the resistance
measurements between the gate-source and gate-drain circuits. Spin speed was
seen to play a key role in the formation of insulating films, with 1000RPM UV-NVS
resin identified as an ideal choice due to the high resistance and ambient room
temperature processing possible with the UV cured film. The fabrication of P3HT
vertical transistor structures using UV-NVS was studied. Electrical performance was
seen to degrade shifting to lower currents with higher diode on voltages. This
degradation in performance was attributed to the ambient processing of the P3HT
polymer. An encapsulating electrode was employed that greatly improved the

stability of devices across fabrication.

Machine cut vertical organic field effect transistors were fabricated and electrically
characterised for two modes of operation. Enhancement operation produced
through the penetration of a lateral electric field into the active layer and Schottky
barrier lowering at the P3HT/AIl interface. Both methods of operation were
simulated and were expected to see an increase in device drain current. Output
characterisation did not resolve any enhancement current in the structure with the
change in current falling within the standard deviation of control devices. The
structure was probed for a time based enhancement formation using two time
changing gate signals. The drain current during the application of the signal was

measured and showed a general trend of reducing drain current with no

iv



enhancement current observed. This trend is consistent with the device
performance across fabrication and repeat testing of P3HT devices in ambient
conditions. An alternative p-type polymer, PCDTBT with low intrinsic conductivity
and high ambient stability was introduced into the structure to help resolve
enhancement current. The changes resulted in a highly stable device capable of
resolving an enhancement current on the order of nanoamps. However, electrical
characterisation showed no enhancement current in the device structure

suggesting the lateral field penetration depth did not meet simulated expectation.
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Chapter 1

1. The Organic Field Effect Transistor

Introduction

The organic field effect transistor (OFET) is a three electrode device, whereby a
capacitive electric field at the gate electrode, (G) effectively acts as a switch,
determining the ability for current to pass between the source (S) and drain (D)
electrodes. This function is controlled through modulation of the voltage at the gate
which forms a conducting channel, an area of dense charge carriers between the
source and drain throughout the organic semiconducting active material. The
channel has dimensions denoted width, W and length, L labelled in Figure 1.1 with
charge injection occurring from the source electrode into the semiconductor. The
common arrangement of these electrodes with respect to a substrate and a
dielectric functional film (necessarily paired with the gate electrode to form the

capacitive field effect) is shown in Figure 1.1.
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Figure 1.1. Schematic of planar OFET device geometries. The geometry of the device is described
through the position of the S-D contacts relative to the gate electrode (described as either top
contact or bottom contact) and the positioning of the source drain electrodes relative to the
active channel (described as either co-planar or staggered) A. Staggered top contact, bottom gate
device B. Coplanar bottom contact, bottom gate C. Coplanar bottom contact, top gate device D.
Staggered top contact, top gate device.



It's the switching property of field effect transistors that provides an essential
function in complementary metal oxide semiconductor (CMOS) circuits. CMOS
circuits feature in microprocessors and random access memory (RAM).[4, 5] These
circuits operate at fixed voltage levels corresponding to two values 0 (low) or 1
(high) creating a binary value system.[6] Essential for digital logic is the CMQOS
inverter circuit seen in Figure 1.2. The circuit contains a PMOS (p-type metal oxide
semiconductor FET) and NMOS (n-type metal oxide semiconductor FET) connected
at the gate and drain terminals such that If the applied input is high(1) the output
will be low(0) and vice versa.[6] The inverter circuit forms the basis for NAND flash

memory which will be discussed later.
vdd (3 volts)
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Figure 1.2.CMOS Inverter logic circuit. The logic circuit operates utilising an p-type FET (top) and
an n-type FET (bottom). The circuit is the basis for digital logic circuits. The power usage and
speed of transistors in the circuit is a key performance criteria in logic applications determining

Key to the operation of the circuit is the semiconducting material which under
applied gate bias reduces in electrical resistance and produces a conduction path
which allows for effective switching of the device from the OFF state to the ON
state under an applied gate potential.[7] High purity silicon is commonly selected
due to its ability to be doped providing control over its electrical properties and has
created an electronics industry all to itself.[8] In recent years devices featuring
organic semiconductor active layers have gained significant interest in circuit
applications, with the performance metric, y, the field effect mobility performance
exceeding silicon with the highest being the p-type rubrene, a small vacuum-
evaporated molecule with p= 20cm?.V*! at room temperature.[2, 9] and the solution
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processable n-type polymer (NDI20D-T2) with mobility p= 0.85cm®.V™.[10] These
values compare favourably with amorphous silicon which has p= 1.0cm% Vi [11]
And provides commercial interest in pursuing devices such as RFID,[12, 13]
electronic paper displays,[14], LEDs,[15] bioanalysers[16] and complimentary
circuits,[17-19] featuring organic semiconducting materials. Organic semiconductor
technology is a new and exciting field with many fundamental questions on the
nature of organic semiconductor materials and the governing physics of devices
containing organics. In order to establish governing theory of semiconductors and
devices based on semiconductors density of states theory and metal-semiconductor

junction theory will be presented.

1.1 Semiconductor Materials

Semiconductor materials are amorphous or crystalline solids providing electrical
properties between that of an insulator or conductor. The description of semi
conduction relies on the packing of electronic charge carriers, electrons and holes in
energy levels with respect to the Fermi level of the bulk material. With the Fermi
level the energy level with a 50% probability of being occupied at a given
temperature.[20] With increasing atom density, energy states converge to a band
structure model due to the superposition of electron wave functions for a solid
material.[21] The band structure of a solid has an infinite amount of bands, with the
density of states (DOS) providing a measure of the number of states per energy, per
volume of a given solid system. A high DOS of states means a large number of states

at an available energy level.

Many energy bands are of high energy and are metastable, just as some energy
bands are of low energy and associated with core electrons. The electronic
properties of materials are described by the bands nearest the Fermi level of a solid
and labelled the valence and vacuum band, respectively. The energy difference
between the top of the valence band and the conduction band is known as the

bandgap, E;. In insulators (Figure 1.3A) their generally exists a significant band gap



energy preventing promotion of electrons into the conduction band resulting in
insulating properties.[21]The Fermi level for semiconducting materials resides
within a band gap. Which, dependent on the position of the Fermi level with respect
to the valence and vacuum band a semiconductor can be further described as,
either p-type (Figure 1.3B) or n-type(Figure 1.3C).[21]With electrons referred to as
the minority carrier in p-type devices and holes the minority carrier in n-type
devices. In comparison conductors feature an overlap between the conduction

band and valence band (Figure 1.3D).

Conduction Band

—_———— fm == Conduction Band Conduction Band
F

Eq S E====

—— - EF____

A. Insulator B. P-type C. N-type D. Conductor

semiconductor semiconductor

Figure 1.3. Energy band diagram describing the valance band and conductions bands in solid
materials. A. Insulator material with a large band gap. B. Semiconductor with a small band gap and
the Fermi energy situated mid gap and C. Conductor material with an overlap of valence and electron
bands.

1.1.1 P-N Junction

To understand the behaviour of semiconductor devices it is necessary to study the
behaviour of charges near a surface or interface. When two semiconductor
materials, a p-type and an n-type form an interface, a P-N junction is formed. P-N
junctions see extensive use in diodes, solar cells and CMOS technology and are
formed at the interface between a p-type and n-type semiconductor when they are
brought into contact. The chemical potential drives majority charge carriers to

diffuse across the interface with positive charges from the p-type material



recombining with negative charges from the n-type material. This creates a region
deplete of charge carriers known as the depletion zone seen in Figure 1.4A at
thermal equilibrium. The depletion zone creates a built in potential across the
junction that can be controlled under applied external potential creating a rectifying
junction. A junction that allows current to pass under forward biasing but not under

reverse biasing conditions.

Depletion 'I
A rogen
-_, N Gonduction band

I Tieeisseisessssans
nnnnnnnnnnnnnnn

Depletion zone

p-n junction

Depletion

C . Region
N-type

‘Conduction band

4—

EleCtrIC fleld Pp-n junction

Figure 1.4. A. P-N junction between a p-type and n-type semiconductor material and the resulting
rectifying junctions under applied biases. B. Under forward biasing the depletion zone contracts
and produces a reduced potential resulting in a lower resistance. C. Under reverse biasing the
depletion zone expands increasing the internal potential and increasing the resistance across the
junction.

Under forward biasing conditions (Figure 1.4B) the p-type material is biased with a
positive charge, and the n-type material a negative charge. The electromotive force
increases the flow of carriers into the junction reducing the size of the depletion
zone and the potential barrier at the junction. This reduction in potential reduces
the resistance across the junction and increases the diffusion of majority carriers
across the junction i.e. electrons crossing the junction into the p-type material and
holes crossing the junction into the n-type material. However, the diffused charges
do not penetrate indefinitely as recombining is energetically favourable. The flux
and recombination distance for carriers ultimately determines the current and
dimensions possible for the rectifying junction. Under reverse biasing (Figure 1.4C)
the p-type material is connected to a negative bias and the n-type material a
positive bias. The reverse biasing conditions draw charge carriers away from the

junction increasing the size of the depletion zone as bias magnitude increases.



Increasing the potential barrier created at the junction and increasing the resistance

across the junction and reducing current flow.[22]

1.2 Field Effect Transistor Device Operation

FETs generally function as enhancement mode devices meaning the conduction
channel is created through a gate bias. Conversely a depletion mode device uses the
capacitive field to close an existing conduction channel. In a p-type material as an
example, current is produced by the majority charge carrier in the device charge
holes (with electrons the majority charge carrier in n-type materials).[23]When a
negative bias is at the gate the voltage drop over the insulator allows a conduction
path to open in the semiconductor (a positive gate voltage is applied to produce a
conduction channel in an n-type material). The dielectric-semiconductor interface
can be visualised as two capacitor plates with equal and opposite charge. As charge
carriers from the bulk semiconductor migrate to the dielectric the system is no
longer in an energetic equilibrium with induced charges at the dielectric-
semiconductor interface changing the Fermi level at the metal contact-
semiconductor interface as a result.[23]The band bending that occurs at this
interface is due to localised charge transfer over the metal electrode-semiconductor
interface and is commonly described using the Mott-Schottky model.[21] This can

be visualised as per Figure 1.5.

A. B.

metal n-type s.c. metal ptype s.c.

E
metal ndype 5.¢. 4 metal piype s.c.

Figure 1.5. Energy level diagrams describing charge injection at the source electrode under
varied electrical conditions. A. n-type material at O gate bias, B. p-type at 0 gate bias, C. n-type
material at positive gate bias, D. p-type at negative gate bias



Charge is needed to be injected into the material from the contact to allow current
flow. This injection requires an ideally ohmic contact to be formed with favourable
(lower to higher work function) band bending from the metal to the semiconductor.
The selection of material for contacts is as such important. With most organic
ionisation potentials (energy required to remove an electron from a neutral atom)
in the range 4.1- 5.5eV for p-type material the metal needs a similar work
function.[24] Gold, with its work function of 5.1 eV and anti-corrosive properties is a

popular choice as an electrode material. [25-27]

Therefore, at a negative gate bias charge carriers will be available at the interface
between dielectric-semiconductor forming a conduction channel. At low drain
voltages this charge will be uniform and evenly spaced with an increase in drain
voltage resulting in a direct increase in drain current. Once Vps> Vs and the
potential at the drain becomes increasingly negative, the potential drop with
respect to the gate changes and pinch off results. The current past this point
remains constant under increasing drain potential and the device is in the saturated
regime with the net flow of charge carriers from the source being constant.[28]
These properties are visualised and examined through electrical characterisation of

the device.

1.2.1 Device Characterisation
Common characterisation of devices revolves around I-V measurements. The output

plot generates mobility values and is a graph of current measured at the drain, Ips
with respect to applied voltage, Vps with a curve generated at several discrete gate
biases as shown in Figure 1.6. With physical properties: mobility, threshold voltage
(the point at which an accumulation channel has formed) and ON/OFF ratio (ratio of
change in current magnitude between the ON and OFF states of the device)
extracted from this data. The mobility is a fundamental physical property of a
semiconductor material, describing the majority charge carriers ability to migrate
through the material with respect to the field effect and is a regularly reported

guantity, taking the role of a benchmark.[2, 29-31]
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Figure 1.6. Typical output plot for a p-type accumulation device with drain voltage (Vps) being
swept and that gate voltage (Vgs) being stepped in 20V increments.[1]

A typical output curve for a p-type charge carrier will sweep the drain voltage from
10V to -80V and step the gate from 0 to -80V. The exact magnitude of the potentials
depends on the capacitance ability of the dielectric and the system being
investigated. It should also be noted that in the case of an n-type material the
situation is the same just with a reversal of potential sign (negatives become
positives) when devices feature symmetric geometry and electrode composition.
The plot itself is characterised into two sections: linear regime and saturation. With
saturation being the point of drain current plateau and linear describing the current
behaviour near the origin. Before current saturation is a period of sub threshold
behaviour as the channel pinches off and reaches constant current.[7]Although
there have been several models used to describe these devices, the most common
model used to describe the performance is the gradual channel approximation
proposed by Shockley.[32] The charge density, Q¢(x) accumulated along the
channel at the spatial position, x follows the potential profile V(x) at the position in

the channel.
Qs(x) = CV(x) Equation 1.1

Where C; is the capacitance produced by the dielectric material. The output

current, Iy is therefore derived by,

Ips = %fOLEQS(x)udx Equation 1.2



Where E the lateral is electric field and Qs(x)u represents the conductivity.
Substitution of equation 1.1 into equation 1.2 leads to the output current equation

for OFETs. In the linear regime where Vps<< Vg-V7 the current is described by,

w v .
Ins = 7 Cobtre[(Ves — Vr) — %]VDS Equation 1.3

Where W is the width of the channel, L the length of the channel and u the field

effect mobility. In the saturation regime where Vps = Vgs- V1 the current is

described by,
w .
Ip = TCG.USAT[(VGS —Vp))? Equation 1.4

The field effect mobility of a material is dependent on gate and drain voltages, Vgs
and Vps respectively and is calculated through measurements in the linear regime.
The field effect mobility is given by re-arranging and substitution in Equation 1.3.

2L Sw/IDS]Z

~ WCgVps " 8Vgs

HFrE Equation 1.5

It follows that by knowing the physical parameters (L and W) and theoretical
capacitance at your gate Cg of your device that a graph of\/Evs. Vs will have a

slope that is a Vg dependent mobility.

The second characterisation is the transfer plot. A graph of the drain current Ips
with respect to the gate voltage Vgs this result is acquired by sweeping the voltage
applied to the gate, measuring the drain current and is taken at several discrete
drain voltages. Seen in Figure 1.7 this plot contains information on the switch on
voltage of the device, V,, which is an interpretive value at which the device shows

function.[7]

T
Vp=5,10,75V

sz [A“Z)x1()'3

Vg (V)

Figure 1.7.Typical transfer curve with the gate voltage Vg being swept and the drain voltage
being swept from -40 to 100V [2]



And the threshold voltage (V1) the traditional parameter which is refers to the
voltage at which a conduction channel has formed. An extrapolated straight line
graph of \/E vs. Vgs through the x intercept will give you the value of the threshold
voltage. Finally to compute an ON/OFF ratio a leakage current in the order of 10pA
needs to be measured. All these properties are analysed using a source-meter unit
(SMU) these devices offer the necessary control over voltage and the necessary
resolution in meter measurements. Typically software to interface with a PC is
created that allows the generation of these graphs. An overview of the

measurement requirements are shown in Table 1.1.

Table 1.1.Instrumentation range required for planar FET characterisation.

Physical characteristic Requirement

Vas -100V to 100V

Vgs ramp V steps satisfactory
Vs -100V-100V

Vps ramp V steps satisfactory
Ibg 10pA detection

resolution

Ips 10”A resolution required

1.3 Organic Electronics

Flexible, revolutionary and offering processing properties not possible with silicon,
the scientific field of organic electronics focuses on developing devices and circuits
fabricated with organic macromolecules as active materials.[13]Organic electronics
are earmarked in low cost printable electronics and offer a change in fabrication
scale and rate through reel to reel mass printing of electronic circuits, potentially

filling a market complimentary to silicon and inorganic electronic technologies.[33]

10



The unique properties of plastics to be solution processed provides unique
possibilities dependent on the device aims.[34] These include traditional printing
methods of scale including flexographic,[35] gravure,[33] and offset printing.
Digitally controlled techniques include methods such as inkjet printing,[36-38] and
spray coating.[39] Further processing advantages include patterning,[40-42] and
soft lithography[40, 43] techniques. Many of these technologies involve low
temperature processing and are capable of increases in scale, leading to potential
commercialisation of devices. With completed functioning circuits being
demonstrated using this technology.[44-46] Furthermore, organic transistors and
circuits have been shown on flexible substrates.[47-49] With these technologies it is
possible for organic electronics to produce electronics on a large scale, effectively

reducing the cost of resulting products and revolutionising consumers lives.

1.3.1 Energy level Alignment at Organic/Metal Interfaces

Despite being successfully used in optoelectronic devices. The operating physics of
organic based devices is not clearly understood.[50] With the underlying equations
and analysis based on the Shockley equation and the resulting metal-semiconductor
interface described by the Mott-Schottky model. The Mott-Schottky model assumes
(i) a vacuum level alignment at the interface and (ii) Band bending in the space
charge layer.[20] When two solids with different Fermi levels are brought into
contact they reach a thermal equilibrium through the exchange of charge carriers
creating a common Fermi level and vacuum level.[23] Recent studies focusing on
photoemission spectra of metal-organic systems obtained under ultra-high vacuum
have shown that this may not be the case with organic systems. With the formation
of an interface dipole resulting in a shift in vacuum energy level not predicted to
occur in the Mott-Schottky model. The findings suggest more research is needed to
determine the nature of organic semiconductors and whether band bending does

indeed occur in organic systems.
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1.3.2 Polymers
Possessing a large molecular weight, polymers are long chain macromolecules, of

smaller repeating molecular units, monomers.[28] Whether it is one, two or three
monomers in homo or hetero arrangement can lead to further classification of the

polymer as an organic macromolecule, and is depicted visually in Figure 1.8.

O @

Monomer X and Y

A.

B.
Homopolymer
C.
Alternating copolymer
D.

e 00 @

Block copolymer

Figure 1.8. Schematic representation of polymer classification and the resulting polymer
matrice A. Discrete monomers X. and Y. Monomers are individual molecules that may bond to
create a polymer with the arrangement of monomers classifying the polymers. B.
Homopolymers comprised of a discrete monomer repeating unit. C. Alternating co-polymers
comprised of alternating monomers. D. Block co-polymers comprised of blocks of monomer
units.

Carbon and carbon-carbon bonds are dominant in polymers and directly responsible
for some polymers ability as an electrical material. When a molecule possesses
alternating double and single carbon-carbon bonds the polymer is considered to be
a conjugated polymer.[51] Conjugated polymers exhibit an overlap of pi-bonds
across an intervening sigma bond allowing for the delocalisation of pi-electrons
across all adjacent aligned pi-bonds allowing for electron conduction down the
length of the polymer chain. This property was first observed in the conjugated
polymer, polyacetylene in 1977.[52, 53] And the first field effect transistor device

based on a conjugated polymer shown in 1987 using a polythiophene polymer.[54]
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High performance devices seek to maximise electron transport which is dependent
on accurate alignment of energy levels between materials at interfaces, in
polymeric materials these energy levels are referred to as highest occupied
molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO). When
attempting to select or develop a material for an application it is important to note,
the use of HOMO/LUMO energy levels is a theoretical one, with HOMO/LUMO
energy values not obtainable experimentally. Rather, what is measured is the
amount of energy required to remove an electron, the ionisation potential (IP)
which is related to the HOMO and the energy required to add an electron, the
electron affinity (EA) of a polymer, which is related to the LUMO. Due to electronic
correlations that can occur during the removal and/or addition of an electron these
values do not show agreement with HOMO/LUMO levels. Furthermore, the specific
orientation and geometry of a molecule with respect to its neighbours will affect
the IP and EA resulting in further disparity between the obtained IP, EA energy and
HOMO/LUMO energy expectations. This can result in the measurement of different
IP and EA when using different methodologies for a sample and even across a

sample being measured. [55]

Due to the spatial alignment required, optimisation of film morphology is critical in
the development of optimised devices.[56-60] Cast polymer films have been shown
to exhibit both amorphous characteristics[61] and ordered structures.[62] However,
the significant variability in polymer microstructure and conduction based on
molecular weight, synthesis and processing conditions leads to various transport
models in the same polymer making a general polymeric model of conductivity

elusive. Two working models are used in the discussion of polymeric conduction.

1.3.1 Multiple Trappings and Release Model
Adapted from amorphous silicon, multiple trappings and release(MTR) works under

the presumption a density of localised states exist within reach of the delocalised
states.[63] The carriers in localised states are bound by an activation energy
governed by its proximity that is thermally activated.[63] The behaviour is Arrhenius

like with respect to distance and temperature. Due to the innate differences
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between solid band structure and polymer HOMO and LUMO this modelling is only

applicable and descriptive of highly ordered polymer films.

1.3.2 Variable Range Hopping
Based on localised state hopping/ tunnelling through the polymeric backbone

variable range hopping (VRH) applies to localised state hopping.[64] Temperature
dependence is incorporated and weak electron-lattice coupling is assumed (and
true when studying amorphous polymeric films).[65] However, this is limited by not
defining the charge carrier species and not meeting experimental results
completely.[64] As it stands there is a need for an appropriate charge transport

model in polymers.[66-68]

1.4 Applications for Organic Transistors and Device Requirements

1.4.1 Organic CMOS (Complementary Metal Oxide Semiconductor) Circuits

Complimentary  metal-oxide  semiconductor circuit technology utilises
complimentary transistor devices with p-type and n-type transistor behaviour to
create integrated circuits that perform specific functions.[69] Through the
application of the operating principle of the CMOS inverter circuit logic gate
functions AND, NAND, NOR and OR can be performed. Figure 1.9 shows the NAND
electronic gate logic function. The NAND gate is unique in that it can be used to
create all the other logic functions. A property referred to as functional

completeness.[6]
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Figure 1.9. CMOS NAND logic circuit. The logic circuit operates utilising an inverter logic circuit
with devices Q; and Qz on input A and devices Q, and Q4 on input B. The resulting output will be
high for all cases where either Q; and Q, saturate and will only go low if both Q3 and Q, saturate.



Devices Q1 and Q3 are controlled using Input A and resemble the series connected
pair in an inverter circuit. With Q1 turning off and Q3 turning on during a high input
signal and with a low input signal the opposite is true with Q1 saturated and a high
signal observed at the output. Devices Q2 and Q4 are controlled using the second
input B and will exhibit the same logic output as Q1 and Q2. Transistors Q1 and Q2
have their source and drain terminals connected in parallel while Q3 and Q4 are
connected in series. The resulting output will be high for all cases where either Q1
or Q2 saturate. A low output is only possible if both Q3 and Q4 saturate. CMOS
circuits further feature low power dissipation, speed and greater tolerance to

individual device variability.[6]

In DRAM memory applications the ability to go to from an on state to an off state is
the limiting factor in read and writes speeds. This switching limit is determined
through passing a high to low square wave gate bias at high frequency and
observing at which point the current loses its ability to communicate on (1) or off

(0).[70] The switching frequency, f is directly proportional toL%. The current I is

directly proportional to u/L these important relations govern a transistors possible

application scope as memory in information technology.[71, 72]

1.4.2 Electronic Paper

Electronic paper has been seen as a potential application for flexible organic
electronics.[73]With the scope to utilise the large scale production and flexibility
capable of solution processing electronic paper has been earmarked for application
in price tags, electronic billboards, mobile phone displays and e-readers. First
demonstrated through a 5” x5” active matrix back pane consisting of 256 pixels with
a pentacene active layer in 2001.[73] Electronic paper revolves around the use of a
voltage-controlled display being driven by a backplane featuring organic transistors.
Commonly an electrophoretic display element is used with an electric field being
used to turn on specific pixels. The technology has a memory effect resulting in
active pixels offering low power draw due to drive circuitry only consuming power
during refresh cycles. The drive currents are often lower than active matrix displays
featuring OLEDs and the requirement of performance stability across the array less
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stringent. Furthermore, the ability to produce flexible arrays is a key performance

factor of electronic paper which sees organic electronics well positioned to meet.

1.4.3 OLED Active Matrix Displays

OLED displays featuring full-colour video capabilities on flexible substrates are a
high performance application utilising organic field effect transistors. OLED displays
on glass substrates are currently incorporated in smart phone and PDA devices and
are displacing LCD screens in the small display sector.[11] Devices are set to enter
the market featuring mid to large displays incorporated into tablets and TVs. A
challenge in realising this technology are the high mobility requirements required
for the control and drive transistors in the active matrix backplanes which cannot be
met using traditional amorphous silicon.[11] OLED active matrix displays are current
driven devices with the emission of OLED devices controlled by the current passing
through the OLED. Active matrix displays require a continuous application of
current unlike e-paper displays over the course of the entire frame time. Individual
pixels may be driven for several hours at a time and requires more demanding OFET
performance, stability and uniformity requirements to meet the technology

demands. A two transistor one capacitor active matrix pixel is shown in Figure 1.10.

Data

Figure 1.10.Two transistor- one capacitor pixel circuit operating via p-type transistor devices. [3]

The circuit comprises two pixel transistors, T; and T, and a storage capacitor Cs
integrated with an OLED. An electronic driver applies a bias on the row electrode
turning the transistor T; from the non-conducting state to the conducting state.
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Across this transistor the voltage of the column electrode is provided and stored
onto the storage capacitor, C this voltage is applied to the gate of T, and provides a
programmed drive current to the OLED supplied by T, providing the necessary
current for the image. This current maintains supplied when the transistor T; is
switched off to address the next row in the display. The programmed drive current
is such that the transistor T, operates in the saturation regime so that fluctuations
in the voltage do not lead to fluctuations in the OLED pixel intensity. The transistor
T, requires device performance such that a sufficient current density is supplied to
the OLED to produce the desired brightness. The incorporation of planar OFETs into
the active matrix results in device limitations placed on the W/L ratio (W= channel
width, L= channel length) in order to produce high resolution displays but with
necessary drive currents needing to be produced. Moving to architectures capable
of large drive currents with reduced surface areas and W/L ratio has the scope to

improve the state of active matrix displays featuring OFETs.[11]

1.4.4 RFID Tags

Radio frequency identification (RFID) tags are expected to be used on a per product
basis to allow inventory management and point of purchase security in a range of
industries including automotive, retail, cash security and pet protection. RFID tags
allow for the chip less transfer and storage of simple information. Figure 1.11 shows

a block diagram of an RFID device. [74]
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Figure 1.11. Block diagram of an RFID device. The critical components in reading, writing and
erasing data are described. Critical to the implementation of the FRID is the antenna coil capable
of turning the radio frequency data from a RFID reader into computable information.
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Key to the operation of the RFID tag is the antenna coil which couples transmitted
data into a DC power supply. An RF rectifier in the RF interface provides a supply of
DC power to the entire RFID device. With the frequency of the rectifier required to
operate at the frequency of the incident signal. Operating frequencies for RFID
devices are either 125KHz or 13.56 MHz.[74] A capacitor is used in the RF interface
and stores power from the rectifier and powers the additional circuitry in the tag.

Figure 1.12 shows a circuit diagram of the rectifiers used in RFID technology.[74]
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Figure 1.12. Circuit diagram for a wave rectifier required in the function of RFID technology.

In order for transistors to rectify at higher frequency the transient dynamics of the
field effect transistors used to create the rectifier circuit need to be such that they
saturate in response to the applied frequency with devices constantly operating in
the quasi static regime.[17, 75] As such the frequency characteristics of these
devices improve with reduction in the W/L ratio. With a key barrier to market
penetration being the price point of these devices, with RFID featuring silicon
technology proving costly to manufacture and preventing market up take. The
increased financial viability of solution processed organic semiconductors sees a

possibility to establish RFID technology based on organic electronics.

1.4.5 Organic Transistors in Commercial Devices

Microelectronics and displays incorporating OFETs show strong promise, offering
the benefits of solution processing technologies and the demonstrated ability to
fabricate working circuits on flexible substrates. Improving the prospect of OFETs in
commercial applications is application specific but broadly centres on the
improvement of device performance and associated cost of achieving the
performance. Research investigation for improved performance has focussed on the

improvement of organic semiconducting material properties through the synthesis
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of improved materials.[72, 76-83] And the optimisation of planar OFET devices
through which has seen research in a broad range of areas. From interface
engineering leading to improved device performance,[84-91] optimisation of active
layers,[58, 60, 92, 93] improved dielectric materials,[94-100] and optimisation of
parasitic resistances.[24, 42, 101-106] With solution processed methodologies
developed to take advantage of fabrication methods with the ability to adapt to
increases in production scale.[34, 36, 37, 44, 107, 108] Independent of the material
properties or architectural optimisation improved device performance also focuses
on design and improvement of the W and L scale and field effect propagation
through the channel.[109-114] Scaling of the channel/gate length of organic field

effect devices offers several key advantages:

e Improvement of switching characteristics.
e Decrease in Power Usage.

e Packing and chip density improvements.

The scaling of planar OFET devices is ultimately limited by the lateral resolution of
the process used to fabricate the device. A methodology capable of commercial
scale up is required to meet the requirements of short channel lengths in market
devices. One approach of interest in increasing the feasibility of transistors from
organics and polymers is the development of a vertical transistor. Vertical
transistors offer one approach to scaling and improving the scope of performance
from transistor devices fabricated from organics and polymers. Vertical transistors

are novel architectures with potentially improved performance.

1.5 Vertical OFETs

Vertical transistors offer the possibility to increase device performance through
unique device architectures. By having a channel perpendicular to the substrate the
gate length can potentially be determined by the thickness of a deposited film
improving device performance through decreased gate length and presenting

structures that are not dependent on the lateral resolution of a master mask. The
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realisation of vertical organic field effect transistors (VOFETs) is a relatively new
field in comparison to planar OFETs. Figure 1.13 shows the publications of

international VOFET research 2004-2015.

# of publications

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

Figure 1.13. Organic vertical transistor publications by year from 2004,[115]2007,[116, 117]
2008,[118, 119]2009,[120] 2010,[121, 122]2011,[11, 123-129]2012,[130-133]2013,[134-
140]2014,[141, 142] and 2015.[143-146]

Despite a strong international research focus on traditional planar OFET technology,
VOFETs are a new field to organic electronics and present exciting opportunities to
develop novel architectures. The current state of literature is broadly categorised

into vertical wall VOFETs and Schottky barrier VOFETS.

1.5.1 Vertical OFETs Featuring Vertical Wall Architecture

The gate length and width directly affect the maximum current through the
channel, and the switching capabilities, such as response time and shape of the
devices.[115, 116, 118, 147-154] Traditionally, silicon vertical transistors require the
formation of clean sidewalls achieved predominantly through
photolithography.[155, 156] These traditional metal-base structures have been
shown using organic materials.[125, 157] With the arrival of organic electronics and
paradigm shift of solution processing of semiconducting small molecules and
polymers with unique material properties, the relatively new field of VOFET
fabrication has the scope to further revolutionise the scope of vertical wall

architectures in microelectronics. In 2003 Sirringhaus et al.[158] published the first

20



research work on VOFETs with a scalable wall technology. The device architecture,
fabricated using a solid state embossing technique is shown in Figure 1.14. The solid
state embossing technique is a non-lithographic process featuring a silicon cutting
tool with an array of sharp protruding wedges that is used to emboss a multi-layer
polymer stack. Through an applied pressure action the silicon cutter was used to
emboss an electrode-insulator-electrode stack on PET substrate patterning a groove
into the material and creating a trench which introduced a vertical wall in the

structure.

Figure 1.14. A. VOFET device as fabricated by Sirrinnghaus et al. The VOFET is fabricated on
poly(ethylene terephtatale) (PET) substrate. PEDOT:PSS electrodes are used in the configuration
featuring a P3HT active layer(gold material). An electrode-insulator-electrode multilayer film (2a, 7
and 2b respectively) are mechanically embossed allowing for the deposition of the P3HT active
layer over the vertical wall. In the architecture the gate length is defined by the interlayer
insulating film (7). B. Optical image of the cross-section of embossed devices. C. Transmission
electron microscopy of device cross-section.

Through this process the gate length is controlled by the thickness of the insulating
film between the electrodes. The micro-cutting trench is seen to be approx. 1.5um
in width over which the Poly(3-hexylthiophene-2,5-diyl) (P3HT) active layer is spun
cast creating an electron path between the two electrodes and then a Poly(methyl
methacrylate) (PMMA) gate dielectric is spin coated. In order for a poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) gate electrode to be
deposited a self-alignment procedure featuring a plasma treatment on the PMMA
dielectric to render it hydrophilic was necessary. In combination with an
octyltrichlorosilane (OTS) monolayer the wetting properties were tailored as such

that PEDOT:PSS was selectively deposited in the trench and only the trench. The
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outcomes of this work were vertical walled devices; with gate lengths of 0.7um
studied in comparison to planar devices using the same process with gate lengths of
2 um. Using P3HT as the semiconductor material output characteristics of the
devices were measured and can be seen in Figure 1.15. The maximum current was
seen to be greater in the vertical structures reaching 6.0pA at a gate voltage of 20V
and 0.3 pA for the planar device showcasing that shorter gate lengths offer
increased viability in applications where current is a factor, i.e. active matrix

displays and memory cells.[159]
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Figure 1.15. A. Obtained output electrical characteristics of planar OFET devices fabricated

through solid state embossing. B. Obtained output plot of VOFET devices. A lack of saturation

is observed in output plot for vertical devices.
The pioneering work of Sirringhaus et al. establishes the potential of VOFET device
architectures to offer shorter gate length structures without the use of lithographic
processing. Through the use of an inter-layer spacer, gate length is controlled by the
resolution of a solution processed thin film. Sirringhaus et al. claim further
downscaling of the channel is possible but limited by the leakage current to the gate
electrode (becoming significant at interlayer spacer thicknesses = 500nm) and
topography roughness of the substrate another factor. Key limitations to the
structure include the necessity of PEDOT:PSS electrodes in order for the cutting
technique to adequately introduce a vertical wall. Whether the solid state
embossing technology can be adapted to thin film metal electrodes is unclear as
PEDOT:PSS has been show to induce etching due to its acidic nature,[160] and
reduced performance over the lifetime of a device changing performance of

fabricated devices with PEDOT:PSS.[161] The necessary exposure to oxygen plasma
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in the deposition of a functioning gate electrode has been shown to greatly degrade
polymer devices leading to the scission of C-C bonds and degradation of

properties.[162]

Defining the gate length through a spacer material in combination with a vertical
wall as shown by Sirringhaus et al. has been a crucial methodology in the
development of VOFETs featuring a vertical wall. Parashkov et al.[148, 150] and
Bergrren et al.[152] adapted this methodology to realise VOFETS with vertical walls
and gate lengths controlled through a photo resist spacer layer to define the device

channel length. The methodology and resulting structures are shown in Figure 1.16.
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Figure 1.16. A. Fabricated VOFET device by Parashkov et al. fabricated on glass substrate. UV
lithography is used to introduce a vertical wall into a photoresist layer with patterned source
electrode by defining the gate length of the pentacence active layer deposited over the
photoresist. A  PEDOT:PSS source electrode is wused in combination with a
Polyvinylpyrrolidone (PVP) dielectric and evaporated gate electrode.B. Fabricated VOFET device
by Bergrren et al. fabricated on silicon with silicon dioxide dielectric utilising a photoresist spacer
layer. UV lithography is used to etch a vertical wall into the structure.

The fabricated pentacene channel devices of Parashkov et al. had gate lengths of
2um, an order of magnitude increase in channel length over the work of Sirringhaus
et al.[158]. With a current output of 0.16 pA at -32V gate bias the presence of
significant leakage currents and poor pentacene mobility= 1.0 x 10* cm?/V is
reported. Although not an optimised device, the 3 orders of magnitude discrepancy
of the known pentacene mobility (~40 cm?/V) indicates the structure has reduced
lateral field propagation into the channel which may not be overcome through
material selection and device optimisation. In 2004 Parashkov et al.[148, 150]
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showed an analogous device structure fabricated using excimer laser tuned to
248mm to etch vertical walls into photo resist creating pentacene devices. Beyond
this, the incorporation of vertical wall structures has largely been defined via

lithographic or silicon etching methods to date.[153, 163]

The current state of vertical wall VOFETs shows a dependence on devices featuring
advanced lithographic fabrication techniques adapted from silicon technology. This
method of fabrication is costly with the associated devices fabricated largely for
fundamental documentation with limited scope for production or incorporation into
products. Beyond the work of Sirringhaus et al. no scalable technology has been
pursued for the incorporation of vertical walls in multi-layer polymer stacks. As such
the specific focus on the introduction of vertical wall architectures through new
methodologies is an exciting prospect for the maturation of the technology. The
successful technology will be ultimately be closely linked with the device
architecture and mechanism of operation with consideration to the composition of
the electrodes and the active and functional materials being processed leading to

the possibility of stable devices that can be incorporated into circuits.

1.5.2 Schottky Barrier Vertical OFETS

Fabrication of Schottky barriers involves the formation of an electrically rectifying
interface between the deposited electrode and semiconducting polymeric material.
Aluminium and P3HT are commonly reported materials to form a Schottky barrier
junction seen in Figure 1.17. Due to a mismatch in work functions between Al (W; =
4.2eV) and P3HT (HOMO= 4.9eV) when the two materials are brought into contact,
charges diffuse across the interface from higher energy levels to lower energy levels
(with respect to a vacuum level, defined as the energy required to remove an
electron into surrounding vacuum) reaching a thermodynamic equilibrium across
the interface driven by the Fermi energy of the materials brought together. [23] The
transfer of charge forms a p-n junction due to the diffusion of electrons (donated
from the aluminium metal) combining with hole charges present in the P3HT HOMO
orbital. Due to this a depletion region is produced resulting in an interface dipole

creating an opposing electric field that acts as a potential barrier balancing the work
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function mismatch. In 2001 Kaneto et al.[164] reported that the depletion width

from the P3HT/Al interface extended up to 150nm into the polymer.[23]
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Figure 1.17. A. Energy level schematic of the aluminium-organic interface. B. Depletion region
sketch within a two terminal schottky barrier device.

The formation of this interface is highly reliant on temperature, roughness and
processing conditions with the exact barrier height known to vary across the surface
by as much as 10.4eV.[165] Understanding the physical vapour deposition of
aluminium and the consequences on the resulting devices is critical in the

fabrication of reliable polymeric Schottky barrier devices.

Without the use of a vertical sidewall Yang et al.[115] demonstrate a VOFET
featuring the modulation of a Schottky barrier as the operating principle. Using a
common source in a sandwich configuration as seen in Figure 1.18A the design is
advantageous in that it provides a large cross sectional area (defined by the cross
section of the source and drain electrodes) without requiring any sidewalls to be
introduced into the structure. A mismatch of energy levels is intentionally selected
between source electrode and semiconducting material at zero gate bias, forming a

Schottky barrier to minimise off state and reverse currents. Featuring the n-type
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active material Cgo, the gate is positively biased and sees a polarisation of the
charges throughout the source. Typically in this configuration the field produced by
the capacitor would be shielded by the aluminium electrode. However, the large
surface roughness (comparable to the thickness) at the source-organic interface
sees electrons induced at this interface resulting in a reduction in the Schottky
barrier potential, Asgy allowing charge injection which can be visualised in Figure

1.18B.
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Figure 1.18. A.Fabricated VOFET device by Yang et al. on glass substrate. Copper is used as
the gate electrode and in combination with 240nm lithium fluoride dielectric forms a
capacitor cell. An aluminium source electrode and n-type Cq is used as the active layer B.
Visualisation of the energetic barrier at the metal- semiconductor interface, key operating
principle of the stacked architecture operating using an n-type semiconductor.

This unique approach allows for short channel lengths and large cross-sectional
areas, providing means to achieve high currents at low operating voltages. The
output plot indicates high current in the order of milliamps at low drain and gate
biases of 5V. Subsequent work by Yang et al.[118] revolves around introducing
buffer layers between the source and dielectric, to allow control and adjustment
over the work function mismatch using metal oxides and lithium fluoride
respectively. Furthermore, the change in capacitance with respect to humidity and
the effect it has on device performances in these devices has been reported.[118]
Recent work has focused on using the p-type material P3HT and optimising their
device configuration and further understanding of the mechanisms of their
architectures function. This work is an extension of their original sandwich
architecture transferred to a p-type material, presented alongside with an

investigation of V,05 as a buffer layer between source and semiconductor channel.
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Potentially entirely solution processed the results is some of the highest currents

reported for P3HT transistor devices.

The work of Yang et al. shows the possibility of gate controlled Schottky barrier
VOFETS. The key to the proliferation of the novel structure is the low off state
currents between the source and drain electrodes. Allowing for large area, large
current devices to be realised with greatly reduced reverse and off state currents.
The mechanism of operation has since been incorporated in devices featuring
perforated electrodes,[142, 166] patterned electrodes,[134, 138] bilayer source
electrodes,[140] carbon nanotube electrodes,[119, 133, 135] metallic nanowire
electrodes,[143] and a barrier tunnelling operation mechanism[137] with the
perpendicular propagation of an electric field into a novel source architecture
resulting in a distribution of induced charges lowering Asgy. An approach of soft
lithography processing of patterned source electrodes has been shown[139] and
provides the only work on a potentially scalable process for this architecture. The
incorporation of this novel thin film source electrode technology provides
limitations around the uniformity and long term stability due, either to the
randomly distributed network produced by metallic nanowires and carbon
nanotubes through to the high resolution patterning providing scope for interface
traps and inconsistencies. The ability to scale the processing of these devices and
retain device performance has not been established. The current state of Schottky
barrier devices as such is largely for fundamental interest as it stands. Despite the
exciting electrical performance of these devices they remain laboratory scale
devices using precision methodology with no scope to be integrated into a
commercial process. As the industry stands, there is scope to further leverage
polymeric technologies in the development of VOFET devices and incorporate
vertical wall and Schottky barrier devices into a truly novel architecture with the

scope for commercial application.

1.5.3 Schottky Three Terminal Device Considerations
In 2012 Chung et al.[167]demonstrated a three terminal device functioning through

a gate controllable Schottky barrier. The device, a graphene barristor was fabricated

using silicon as the the active channel with a graphene source electrode and can be
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seen in Figure 1.19A. A capacitive couple between the gate electrode and the
graphene allows for an electrostatic induction of charges across the graphene
effectively modulating the Schottky barrier height, ¢z at the graphene-silicon
interface between and OFF state seen in Figure 1.19B. to an ON state seen in Figure

1.19C. in the ON state.

Figure 1.19.Three terminal graphene barristor as fabricated by Cheng et al.[1] A. Device schematic.
The device is a planar structure structure on silicon wafer with silicon acting as the active channel
with graphene- silicon interface at the source electrode. . B. Energy level in the OFF state with the
Fermi energy of the graphene producing a schottky barrier at the graphene-silicon interface, ¢z C.
The ON state (under applied gate pontential) the gate-dielectric capacitive couple induce charge at
the graphene-dielectric couple resulting in a polarisation in charge resulting in a shift in the fermi
level and resulting in a reduced ¢; at the graphene silicon interface and increase in measured
drain current.

Cheng et al.[167] describe the operating principle of the device. Under applied bias
across the gate electrode the Fermi level of the graphene can be controlled.
Induced charges at the gate-graphene interface shift the electrical equilibrium at
the graphene silicon interface. The resulting decrease in Fermi level reduces the
potential barrier, ¢g to injection at the graphne-silicon interface. The resulting

decrease in ¢p reduces the barrier of injection resulting in an increase in the

measured drain current as described by the thermionic emission model. Cheng et
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al. fabricate an atomically pristine interface between graphene and silicon via
controlled chemical vapour deposition of graphene on silicon. The resulting pristine
interface has reduced energetic trap states across the interface allowing for
effective modulation of the Schottky barrier. N-type and p-type operation was
demonstrated through the use of silicon with different majority carriers with this
operating principle with output curves captured under both forward bias regimes

for both materials and presented in Figure 1.20.
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Figure 1.20. Three terminal graphene barristor output plot A. P-type silicon output plot. Potential
voltage V4= 2V whilst gate potential, Vgs is swept -5V to 5V in 1V increments. INSET- N-type
silicon out put plot. Potential voltage V4= £1V whilst gate potential, Vgs is swept -5V to 5V in 1V
increments.

Cheng et al.[167]are able to achieve an ON/OFF ratio on the order of 10° for the
device. Furthermore, Cheng et al.[167]fabricate a functional 2000 device array on
silicon using the technology. Several types of basic logic are shown to work. The
capabilities of the device in a switching circuit are shown, along with a half-adder
logic configuration featuring 10 graphene barrister devices. An inverter circuit is
produced showing performance of Vpp= 2V with a gain of 1.2. The work of Cheng et
al.[1] shows the potential of a barrier controlled Schottky device in fast logic

applications.

The potential of a polymeric three terminal vertical device operating through the
modulation of barrier height is as such an area of considerable interest to

commercial electronics. Schottky two terminal devices can feature channel length
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on the order of nm the same order of magnitude as depletion widths created at the
polymer-metal interface. An enhancement channel device could potentially induce
deep energy state charges and adjust the potential barrier under device operation
and would be of great interest as a potential organic barristor transistor.
Understanding the operation and feasibility of such a structure would be a key step

in developing the technology.

1.6 Proposed Vertical Architecture

The fabrication of vertical transistors to date has involved expensive fabrication
procedures including the use of lithography to pattern substrates, additional surface
chemistry to functionalise surfaces, through to materials and methodology, which
may reduce the lifetime and performance of devices. In this thesis, a novel
approach has been taken, which, if successful, may result in an easier path to
multiple device structures in which high resolution lithography is not critical. This

device structure must firstly be developed and proof of performance obtained.

In an effort to add to this knowledge and improve the commercial feasibility of
vertical transistor technology a hypothesised device structure is proposed in Figure
1.21. The architecture proposes a semiconducting channel between two metal
electrodes to create a two terminal vertical channel. Through the incorporation of a
vertical wall a general functional material (for example a dielectric material) can be
used to create an interface with the semiconductor. A third electrode (intended to
work as a transistor gate electrode) coupled to the functional material provides the

scope for a three terminal vertical structure.

—

Gate Length
Electrode
Substrate

()
o
o
=
[3)
Q@
L

Material

Functional

—

Figure 1.20. Schematic for a general vertical electrical platform. With physical parameters width (W),
length(L) and gate length labelled.
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Such a platform has the potential for operation through a range of different
operating mechanisms dependent on the selection of physical parameters
(electrode, polymer, substrate and functional material). The composition of which
can be altered and optimised for scientific investigation and optimisation of vertical
organic transistors. The proposed structure offers the possibility to utilise cost
effective technologies by solution processing of semiconducting and functional
materials providing the possibility of short channel device architectures with

commercial applications.

1.7 Aim and Scope of This Research

This work aims to understand polymer physical properties for the purpose of
creating a vertical transistor device with a focus on commercially viable

technologies. As such this thesis is working towards the following goals.

i) Understanding of planar transistor architectures for the purpose of
understanding planar architectural limitations.

ii) Development of a polymeric two terminal device platform on plastic
substrate towards realising a vertical device structure.

iii) Investigate methodologies to introduce vertical wall architecture into a
plastic substrate featuring polymeric thin films.

iv) Understand the requirements of active materials and limitations of the
proposed device architecture in the development of a vertical organic

field effect transistor device.
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Chapter 2

2. Materials and Methods

Introduction

In this chapter the materials and methods associated with the fabrication,
characterisation and development of devices fabricated in this thesis will be
discussed. The development of the electrical platform is complimented with
characterisation of various aspects of the system through contact angle
measurements, atomic force microscopy and scanning electron microscopy to
increase understanding of the system. These devices are further probed under
various conditions through the use of AFM to determine morphological and
electrical details. The methodology for current voltage characterisation is
documented and the accompanying instruments to make reliable device contact
and controlled atmosphere measurements detailed. Vertical wall processing of
devices is described and detailed along with the methodology to fabricate a three

terminal vertical wall device.
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2.1 Device Preparation

Preparation of devices was undertaken primarily at Flinders University using the
processes and equipment outlined below. During this dissertation the procedure for
preparing individual devices will be outlined for each experiment. The
instrumentation and handlings steps taken to prepare and fabricate devices

generally will be discussed within this chapter.

2.1.1 Cleaning of Device Substrates

Device substrates were prepared for device fabrication through cleaning in 2% w.v'
pyroneg in deionised water solution. Substrates were placed in the beaker
containing the pyroneg solution and heated at 50°C for 30mins on a hot plate as

seen in Figure 2.1.

——— Beaker

Device substrate

/

Magnetic stirrer\

_—— Hotplate

Figure 2.1. Schematic for dilute pyroneg caustic cleaning of polycarbonate substrates. Devices
were immersed in the solution and heated on a low heat for 30 mins prior to device fabrication.

Substrates were handled at the edge of the substrate with tweezers and rinsed
under deionised water stream for 30 seconds followed by an absolute ethanol
(99.9% analytical grade, Sigma-Aldrich) rinse. Substrates are dried under a stream of

nitrogen and transferred to a substrate holder until further processing.
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2.1.2 Metal Evaporation

Patterned metal electrodes are deposited using a glove box installed Angstrom
Covap Il metal evaporation chamber. Samples are introduced into the evaporation
chamber via nitrogen glove box (~0.1 ppm O, and H,0) and transferred to the
evaporation chamber. Substrates were mounted on a substrate holder in
combination with a substrate holder mask with a top down view seen in Figure
2.2A. The substrate holder allows for a batch evaporation of seven substrates at a
time. Shadow masks are created using brass metal and were designed using a CAD
diagram in combination with laser cutting allowing for dimensional accuracy of
10.01lmm in pattern dimensions with an example source electrode pattern seen in

Figure 2.2 B.

Figure 2.2. Batch metal evaporation for device substrates. A. Sample holder tray. B. Example
source electrode shadow mask C. Side-on view of evaporator sample mount.

Designed shadow masks are aligned using four positioning screws that keep masks
registered and aligned to the substrate holder. The resulting substrate holder and
shadow mask can be seen in Figure 2.2C. The substrate holder is positioned in the
evaporation chamber and evaporation is initiated. Aluminium (Angstrom, 99.999%)
wire or gold pellets (Angstrom, 99.9% purity) are placed into the chamber crucible

with evaporation taking place at pressure of 10° Torr with the chamber evacuated
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using a turbo backing pump and rotor pump combination. Pre-programmed
deposition rates were utilised in order to maintain reproducible depositions
between batches. Deposition proceeded at a rate of 1A.s™ for gold and a rate of

2A.s™ for aluminium deposition.

2.1.3 Preparation of Polymer Solutions

Solutions of p-type semiconducting materials P3HT (Rieke metals, 99.9% purity, 96%
regioregular, avg M,,P3HT=55,000g.mol) and Poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2',1’,3'-benzothiadiazole)], Poly[[9-(1-octylnonyl)-9H-
carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-

thiophenediyl] (PCDTBT) (Sigma-Aldrich, 99.9% purity, M,PCDTBT= 25,500g.mol)
were prepared in 15mL screw top vessels. With 1,2-dichlorobenzene (Sigma-Aldrich,
99.9% purity, analytical grade) added using a filtered syringe (PALL, 0.2um).The

chemical structures for both polymers can be seen in Figure 2.3.

A.

 CHa(CHp)4CHy

Figure 2.3. Chemical structure of semiconducting polymers. A. P3HT B. PCDTBT.

Solution vessels were first rinsed with deionised water followed by ethanol (99.9%
analytical grade, Sigma-Aldrich) followed by drying under a stream of nitrogen for

10 seconds. Solutions were placed on a hot plate and heated at 50°C overnight to
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ensure complete polymer dissolution. Solutions were prepared and stored in a

nitrogen environment with <0.1ppm oxygen and water content.

2.1.4 Spin Coating
Thin films of polymeric and functional material were deposited onto substrates by

solution processing through spin coating. The process involves an aliquot of solution
being deposited onto a substrate and then rotated on the order of thousands of
revolutions per minute. Centrifugal forces cause the solution to be spread across
the surface forming a film of the deposited solution over the surface under
advantageous surface wetting conditions. Under continuous rotation excess
solution will be removed from the substrate causing a uniform reduction in the film
thickness. Figure 2.4 describes the four separate stages of spin coating A.
Deposition of the solution onto the substrate, B. acceleration of the substrate up to
its programmed rotational speed. C. Constant rotation where film thickness is
reduced by fluid viscous forces and D. Constant rotation where film thickness is

reduced by solvent evaporation.[2]

Figure 2.4. Schematic depiction of spin coating procedure. A. Deposition of solution on substrate.
B. Rotation and spreading of the solution. C. Steady rotation and the removal of solution via
viscous forces. D. Constant rotation where film thickness is reduced by solvent evaporation.

The substrate is secured by vacuum to a WS-400A-6nPP/LITE (Laurell Technologies, North

Wales, Pennsylvania, USA) spin coater. An aliquot of solution is deposited on to the
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patterned electrode area. And spin coated at various spin speeds for 30 seconds. The
thickness of the resulting film is dependent on spin speed.[2]Figure 2.5 shows the

programmed spin speed cycles for polymer solution spin casting.

4500
4000
3500
3000
2500
2000
1500
1000

500

Spread cycle

Spin cycle

s 1000RPM

Spin speed (RPM)

e 2 000RPM

3000RPM

s 4000RPM

15 20 25 30 35

Time (seconds)

Figure 2.5. Spin coater spin speed vs. time pre-programmed deposition cycles for four recipes.
1000RPM (blue) 2000RPM (red) 3000RPM (green) 4000RPM (purple).

The programmed spin cycles feature a 10 seconds spread cycle as spin speed
reaches programmed speed. During this phase solution spreads across the
patterned electrode surface and excess polymer solution is removed off the surface
as it reaches the programmed spin speed. Once the spin speed has been reached a
20 second spin cycle is implemented which planarises the resulting thin film. After

the spin cycle is finished the substrate is transferred to a hotplate for annealing.

2.1.5. Spin Coating of Polymer Solutions

Prior to deposition of polymer solution solutions are left to equilibrate to room
temperature for 30mins. A 10ulL aliquot of polymer solution is pipetted onto the
centre of gold patterned substrates covering electrodes in polymer solution (Figure
2.6B). Samples were then spin coated using a programmed spin cycle (Figure 2.6C).
Spin coated samples were transferred to an adjacent hot plate for annealing to

remove residual solvent and anneal thin films of P3HT (Figure 2.6D).
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Figure 2.6. Spin coating procedure undertaken in the spin coating of thin polymeric films. A. Top
view of a cleaned polycarbonate substrate with patterned electrodes. B. Top view of 10uL aliquot of
polymer solution in solvent deposited across the centre of patterned electrodes .C. Top view of spin
cast substrate between 500RPM-3000RPM creating a thin film. D. Side view of completed spin cast
samples.

2.1.6 Planar Devices

Planar OFET devices were fabricated with the organic semiconductor Tri-isopropyl-
silane - di-benzo chrysene (TIPS DBC) seen in Figure 2.7. TIPS-DBC was synthesised
in house,[3] and was dissolved in chloroform (99.5% purity obtained from Merck) at
a concentration of 15 mg.mL". Planar devices used benzo-cyclo butane (Cyclotene
3000 BCB, obtained from DOW) as a solution processed dielectric in top contact
devices with the chemical structure seen in Figure 2.7B. It was spin-coated at
1000RPM in air followed by a thermal cure at 250 °C overnight, under vacuum to
give a smooth amorphous dielectric coating, with surface roughness measured at

between 2-3 nm, consistent with previous reports.[4]

Figure 2.7. Chemical structure of materials in planar OFET structures. A. TIPS-DBC B. BCB
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2.1.6.1 Top Contact Devices

Top contact devices were fabricated in a glove box by either drop casting the
organic semiconductor layers or spin-coating at various speeds from chloroform
solutions and annealed at 100 °C for 5 mins on glass substrates with patterned
indium tin oxide (ITO) gate electrode. The top contact electrodes were thermally
evaporated at a rate of 1 A.st under base pressure of a 1x10° mbar. Without any
further treatment the completed devices were transported to another glove box

fitted with a probe station to analyse the devices.

2.1.6.1 Bottom Contact Devices

Bottom-contact OFET devices were fabricated on photo lithographically patterned
Au/SiO,/Si substrates. A doped (N ~ 3 x 10" cm™) Si wafer was used as a substrate
and as the gate electrode. Thermally grown smooth silicon dioxide was used as the
insulating material and had a thickness of 230nm. The SiO, layer was first cleaned
with acetone, 2-propanol and then treated with UV ozone. After the UV ozone
treatment, interdigitated source and drain electrodes were photo lithographically
patterned from a 50 nm sputtered gold layer. The Au electrode was modified by
immersion into 15 mM pentafluorobenzenethiol (PFBT) in ethanol for 40-60
minutes and sonication in neat ethanol before blow drying with N,. A HMDS primer
was spin-coated at 4000RPM, followed by heating at 115 eC for 5 minutes prior to

deposition of the active organic semiconductor layer.

2.1.6 Two Terminal Device Processing Methodology

A general process to fabricate two terminal electrical channels using a
polycarbonate substrate and semiconducting polymer was developed and is
presented in Figure 2.8. Through the sequential process the resulting structure has
a vertical electrical channel through the semiconducting polymer. In this
configuration the electrons are injected through either of the two working
electrodes and collected at the opposing working electrode. By switching the

electrode through which injection happens we are allowing for the study of current-
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voltage characteristics whereby the potential across the two terminals is varied and

the current response is measured. The creation of the device involves these steps:

A.

The preparation of a polycarbonate substrate which was cleaned in a 5% w/v
pyroneg heated to 50°C by submerging polycarbonate sample in the heated
solution and leaving for 30mins.

A UV-NVS protective coating is applied through spin casting at 1000RPM and
transferred to UV housing and irradiated by an EA-160 Spectroline 365nm
broad range UV panel. The UV panel produces a broad spectrum 265 to 365
nm wavelength irradiation range operating at 6W. A 1000RPM spin cycle was
employed resulting in a 10um film according to specifications.[5]

An electrode pattern is applied through a shadow mask by physical
sputtering or evaporative deposition of metal target under vacuum. The film
thickness measured in situ through a quartz crystal microbalance.

A thin film of 3% w/v polymer is cast from solvent solution over the substrate
by spin coating over a range of 1000-3000RPM. Drop casting of 3% w/v
solutions was also used to produce micron thick drop cast films measured
through SEM cross section. Polymeric films are then annealed up to 150°C to
remove residual 1,2-dichlorobenzene solvent.

A second electrode is deposited through shadow mask by physical sputtering
or evaporative deposition with film thickness measured in situ through a

quartz crystal microbalance.
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Figure 2.8. Device fabrication. A. Commercial polycarbonate sheets are laser cut to 25.4mm” with an
accuracy of £ 0.01mm” and used as a working substrate. B. UV-NVS resin is spin coated onto the
surface. C. A working electrode metal is deposited by means of sputtering or evaporation through a
shadow mask. D. The semiconducting polymer P3HT is spin cast from solution onto working
electrode and annealed. E. A second working electrode is deposited through shadow mask.

2.2 Three Terminal Device Work Flow
With two terminal device substrates fabricated using the sequential processing

methodology developed in § 2.1.6. A methodology for fabricating a three terminal
P3HT device was developed and is presented in Figure 2.9. The multiple step

procedure includes
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1.

Fabrication of a two terminal electrical device on polycarbonate substrate
using the sequential processing methodology for two terminal devices
(described in § 2.1.5).

The machine cutting of two terminal device substrates using a manually
aligned CNC mechanical cut. The resulting device architecture has a vertical
wall introduced allowing for the deposition of a functional material.

A dielectric functional material is applied over the mechanical cut to provide
a dielectric capacitive functional material. Dielectric functional materials
were solution processed on top of two terminal device substrates at various
spin speeds and different post processing for each material. UV-NVS resin
was cast using the methodology described in §2.1.6B. Cytop[6] was
temperature annealed at 50°C for 30mins. 1% w/v PMMA/ ethanol was heat
temperature annealed at 75°C for 30mins. And LiClO4: PEO electrolyte[7, 8]
temperature annealed at 75°C for 30mins.

A conductive electrical paste is applied to function as a gate electrode

across the dielectric material lateral to the two terminal conduction path.
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2.2.1 Device Processing Flow Chat

2. Machining 4. Deposition of third
electrode
CNC machining CNC machining
30 mins exposure to atmosphere 30 mins exposure to atmosphere
1. Two terminal Device 3. Processing of a functional material towards a 5. Initial current-
fabrication three terminal electrical device. voltage
characterisation

Processing of a functional material towards a three

terminal electrical device.
Overnight vacuum anneal

10-7 Torr for 15 hours

1 Processing time (hours) 2
Figure 2.9. Device processing flow chart towards a three terminal device showing experimental work flow. 1. Two terminal device processing using the sequential
processing methodology 2.CNC machine cut introducing a vertical wall. 3. Processing of a functional material towards a three terminal device. 4. Deposition of gate
electrode. 5. Initial current-voltage characterisation.



2.3 Instrumentation

2.3.1 Contact Angle Measurements

A Sinterface PAT-1 contact angle and surface tensiometer instrument was used to
measure the contact angle of surfaces to investigate the interactions between the
surface and deposited materials and ensure wettability of deposited thin film
solutions. Contact angle profiles were analysed using proprietary software
Sinterface Profile Analysis V 3.03. For this investigation advancing contact angles are

reported with a sample of five measurements taken at each point and averaged.

2.3.3 Scanning Electron Microscope

Scanning electron microscopy (SEM) produces a microscopic image of a studied
surface through the interaction of a beam of electrons incident on the surface being
studied. The wavelength of the incident electrons provides detail on an imaged
surface beyond that of optical light due to the diffraction limit theory of optics.[9]
Electron microscopy experiments are performed under vacuum in order to increase
the mean free path of the incident electrons allowing for an optical path to be
created. The electron beam is often produced using a tungsten filament with a high
applied bias allowing for the thermionic emission of electrons. Emitted electrons
are accelerated down the optical path with a potential between 500eV- 300 keV.
The incident beam is focussed onto the sample through the use electromagnetic
condenser lens which applies the focussed beam on a position on the surface. The
beam is rastered across the surface by scanning coils.[9]During this process incident
electrons may pass their energy to secondary electrons within the surface and be
emitted. The secondary electrons may be ejected with a kinetic energy imparted
from the interaction. The yield of secondary electrons is recorded as a function of
the position of the electron beam. The secondary electrons produce an image of the
surface at the position.[9] Figure 2.10A shows a schematic of a scanning electron

microscope instrument.
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Figure 2.10. A. Schematic representation of the scanning electron microscope. An electron beam is
focussed on a sample and the secondary electrons ejected from the surface and detected at a
detector creating an image of the surface. B. Perpendicular sample mount stage allowing for the
imaging of device cross sections.

Scanning electron microscope images in this investigation were captured using a
CAMSCAN MX2500 scanning electron microscope. The microscope operated at 50
kV with an operating distance of approximately 25mm. In order to gauge the
performance of various stages of the processing, a cross section view of the
substrate was required. The mounting and introduction of the sample into the

chamber was achieved through a modification of the SEM viewing stub and can be
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seen in Figure 2.10B. The perpendicular mount allowed for the capture of SEM
images of the cross section of a substrate under various degrees of device tilt

relative to the detector.

2.3.3 Atomic Force Microscopy
Discovered in 1986 by Billing et al [10] atomic force microscopy (AFM) has been

used extensively in the microscopy of topography in a broad range of sciences. The
use of atomic force microscopy in this work allowed the effective imaging and
characterisation of polymeric thin films on the near atomic scale, with sub
nanometre lateral resolutions. The capabilities of AFM are in itself an evolving
science, with recent developments allowing the use of conductive probe techniques
to investigate the electrical properties of a surface.[11, 12] This project utilises AFM
to investigate the morphological and electrical properties of thin films. It also has
allowed effective measurement of thin film thicknesses through the use of step
height calculations along a score in the desired film. A combination of tapping and
peak force tapping mode was applied to produce images. Peak force tapping

provided access to the conductive PF-TUNA module discussed below.
2.3.3.1 Instrumentation and Setup

The AFM used in this study was a commercially available Multimode Nanoscope V
instrument (Digital Instruments/Veeco Metrology group CA). A schematic

representation of the instrument is shown in Figure 2.11.
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Figure 2.11. Schematic representation of atomic force microscope in operation. Surface
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topography is mapped through a feedback loop monitoring the oscillation of the cantilever across
the surface as it undergoes chemical interactions. A piezoelectric scanner rasters across the x-y
direction of the surface as the feedback loop controls the z-positioning relative to the sample[1]

Key to the operation of the atomic force microscope is the piezoelectrical scanner
which allows for sample movement in the x,y and z directions. The piezoelectric
scanner and accompanying machinery allows for the movement to be controlled by
an applied potential with the magnitude of the potential controlling the degree of
movement through the piezoelectric effect. The scanner and accompanying
mechanical stage raster the position of the sample relative to the cantilever probe
which acquires a 3D image of the surface. The cantilever probes in this research are
between 100 um-200um and feature a silicon nitride SizN4 pyramidal tip at the end
of the probe. The probe is brought into contact of the surface and once the tip is
engaged specialist feedback electronics control the position of the cantilever. The
stiffness of the cantilever is a physical property that plays a role in the imaging of
the surface. In order to image surfaces optimally with reduced noise a stiff spring
with a high resonant frequency is required, optimising the maximum deflection
whilst minimising noise. The four quadrant photodiode measures the position of the
cantilever due to changes in the aligned reflected laser position, occurring due to
interactions of the cantilever with the surface. Cantilevers used during this

investigation featured spring constants in the range 0.06-0.6Nm™.
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2.3.3.2 Imaging of Surfaces

Imaging of surfaces proceeded utilising a tapping mode of operation. In tapping
mode the cantilever tip is brought into contact with the surface and tapped at or
near the cantilevers resonant frequency across the substrate. As the cantilever
moves across the surface it experiences interaction forces that result in variation in
the amplitude of oscillation of the cantilever (typically a reduction in amplitude). A
piezo electric actuator controls the height of the cantilever through a feedback loop
resulting in constant amplitude as the tip is scanned across the surface. The
resulting tapping mode image is the resulting changes in height caused by these

forces at the surface as measured by the feedback loop.

Post-imaging a series of quantitative measurements can be undertaken utilising
Nanoscope Analysis v 1.4 software suite functions. The roughness of imaged surface
can be measured utilising root mean square (RMS) calculations in x, y using a plane

fitting model on the image.

2.3.4 Peak Force Tapping and Conductive AFM Instrumentation

Conductive AFM allows the measurement of current-voltage traces at a point and
conductive mapping across a sample surface during regular topographical imaging.
Conductive AFM is an emerging technique in organic electronics and has been used
in the electrical characterisation of organic photovoltaic blends,[13-15] polymeric
films for thin film transistor application [12] and single crystal organic
nanowires.[16] Conductive AFM images were captured using a peak force tapping
PF-TUNA module attached to the Multimode Nanoscope V using a platinum iridium
tip with a tip radius of 35nm. Peak force tapping is a proprietary scanning mode to
Bruker Corporation and in combination with the PF-TUNA module allows for
conductive imaging of studied surfaces through the measurement and regulation of

tunnelling currents on the order of picoamps. Figure 2.12 describes the force-
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distance curve experienced by a probe during an approach to the surface utilising a

peak force tapping methodology.
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Figure 2.12 A. Force-distance forces experienced by a tapping mode probe during an approach

and withdraw cycle. B. Schematic representation of probe position relative to sample surface.[1]

During peak force tapping the probe periodically taps the surface with the
interaction force monitored within the Nanoscope V feedback electronics. The
methodology allows for forces on the scale of a piconewton to be measured and
used as the peak force output. The feedback loop keeps the peak force constant as
it scans across the surface measuring the z-position of the probe and translating it
into a topographical image. Traditional tapping mode forces are on the order of
nanonewton and provide increased lateral forces damaging the surface. The low
interaction force of the peak force methodology allows for reduced surface damage
and the ability to scan sensitive surfaces. The increased control and reduction in
lateral forces provides the feasibility to generate conductive maps without
deformation or destruction of the surface. In this study the technology has been
used to probe the electrical properties of the device operational area and the
semiconductor- aluminium interface. The generation of conductive AFM maps takes

place in peak force tapping modal. Utilising a platinum coated cantilever with a
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probe diameter of 35nm an operating bias is applied between the sample and the
cantilever and the tunnelling current measured along with topographical
information. A unique sample mounting stage allows for electrical contact to be
made with the substrate being examined. A schematic of the sample stage with a

sample mounted and the operating biases is shown in Figure 2.13A.

Cantilever

>/ Copper tape

Thin film device .

Sample stage

Figure 2.13. Experimental schematic for conductive AFM. A. PF-TUNA sample stage with applied
biases during conductive mapping. A double sided copper tape is used to make electrical contact
with the sample. A completed device is mounted with the copper tape providing a contact with a
terminal in the thin film device. B. High resolution PtIR cantilever tipped with a carbon nanotube
attached from the functional end of the probe as developed by Stapleton et al.

Individual devices are mechanically cut from processed devices and characterised in
a low humidity room. An internally developed methodology developed by Stapleton
et al.[17] in which conductive platinum iridium (Ptlr) cantilevers had carbon
nanotubes attached was shown to provide a 10x increase in the resolving power of
conductive microscopy images and can be seen in Figure 2.13B.[18] The high
resolution cantilever was used on semiconducting films in this project in order to

gain information on the ordered domains of polythiophenes used in this study.

2.3.5 Optical Microscope

A Nikon D5000 optical microscope is used to provide optical insight on surface

features on thin films and devices. Captured optical images are captured through a
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digital 5megapixel camera attached to the optical train allowing for the capture of

sample photographs.

2.4 I-V Characterisation

Electrical characterisation for fabricated devices was performed using a Keithley
2400 source meter unit (SMU) connected via serial port connection to a desktop
computer. Current-voltage characteristics were measured by applying a bias
potential and measuring the current response at an applied potential using the SMU
in conjunction with a LabVIEW virtual instruments (VI) which allowed for the
acquisition of data and programming of custom voltage sweeps. During the testing
of three terminal device a second potential was applied using a Dick Smith Power

Supply capable of outputting 30V. A testing schematic can be seen in Figure 2.14.

Gate power supply

Desktop interface

RS232(COM PORT)

<——>  Keithley 2400 SMU
[ ] oo

o0

l Probe contact station

Figure 2.14 Electrical characterisation schematic. Current-voltage measurements are obtained via
integration of a source-meter unit with a PC loaded GUI via an RS232 com port. A Floating source
potential is applied through the source-meter unit and a secondary power supply unit can supply a

floating gate potential. Electrical characterisation through this apparatus is capable of 10uA
measurement accuracy of 0.1nA. Range of 2V measurement accuracy of 10uV with a voltage ramp
0.65V.s™

A LabVIEW VI was designed to acquire measured data and program voltage sweeps.
The interface was capable of programming voltage in up to 28 discrete steps with a
Number of Power Line Cycles (NPLC) of 10. The NPLC is an integration time with
values spanning 0.001 to 10, an NPLC of 10 using 28 data points, over a 4V range
will lead to a voltage ramp of 0.65V.s™ for our devices- it is the slowest ramp
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available. The voltage will ramp from the designated start voltage to the finish
voltage the resistance/current at each point. This rate is comparable to Literature
ramps- 0.050V/s,[19] and 0.1V/s[20] was selected as the ramp speed for all
polymeric devices. During September 2012 an alternative testing apparatus,
operating with a Keithley 2600 dual channel SMU in combination with LabVIEW VI
was used for specialist experiments featuring planar device structures. The dual
channel SMU was capable of increased source biases in comparison to the power
supply allowing gate biases up to 80V to be applied. NPLC and voltage ramp
parameters were kept consistent between the apparatus and acquisition occurred

via serial port connection.

2.4.1 Probe Contact Station

An electrical testing probe contact station is commonly used to make reproducible
electrical contact with fabricated devices allowing the application of electrical
potential across a device. Industrial probe stations feature a testing stage with three
contact probes positioned peripherally allowing for contact to be made with device
electrodes. Controlling the applied pressure,[21] environmental shielding,[22]
tested device accessibility,[23] and probe positioning through precision optics [24]
are areas of interest in contact station development. High resolution micro
positioners allow for precise x,y,z positioning arrangements through either manual
or automatic positioning of each contact probe relative to the sample being tested.
The high precision allows for reproducible contact sequentially across all devices on
a fabricated substrate minimising any lateral friction damage to the electrode
surface from the contact probe during experimentation encouraging reliable device
performance. Full featured probe stations can be used in a nitrogen atmosphere
glove box, preventing atmospheric effects and allowing precise adjustment of
contacts through a microscopic positioning arrangement improving contact
positioning with respect to the studied substrate. A probe contact station capable
of reproducible contact that reduced lateral damage was developed at Flinders that
would allow reproducible contact with devices using a manual positioning

arrangement. A probe contact station schematic can be seen in Figure 2.15.
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Figure 2.15. Electrical probe station. A. Probe station schematic B. Gold probe contact C. Manual
positioning tower schematic featuring a magnetic base.

The design challenge for a probe contact station is making reproducible contact
with device electrodes whilst avoiding damage to the electrode surface. To
accomplish this stainless steel was used to make a testing stage with the substrate
being loaded into a screw tightened substrate holder in the centre of the testing
stage to reduce lateral movement of the sample being tested (Figure 2.15A). Probe
positioners were developed featuring a magnetic bottom which allowed manual x-y
positioning across the testing surface with the magnets attracting to the testing
stage and locking the position of the probe with respect to the testing stage (Figure
2.15B). Two part spring loaded contact probes with a spherical head manufactured
by Harwin (Part # P25-0423) were used to make contact with device electrodes and
feature a spherical contact to reduce electrode damage (Figure 2.15B). The
motherboard pin features a two part assembly allowing pressure depreciation
minimising pressure on the electrode surface.
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2.4.2 Nitrogen Environment Testing Chamber

In order to allow the testing of devices in an inert atmosphere an environmentally
isolated testing chamber was designed. A graphical schematic of the inert testing
chamber connected to a nitrogen source (BOC gases, >99.99% purity) can be seen
below in Figure 2.16. The testing chamber allowed for the transfer of fabricated
device samples directly from the nitrogen glove box to the testing chamber from
within the glove box. The mobile chamber could be transferred into the glove box
through a peripheral antechamber with samples transferred through to nitrogen
testing chamber through the introduction hatch in situ. During this procedure the
nitrogen testing chamber would be backfilled with pure nitrogen from the glove
box, samples transferred with the introduction hatch sealing the environment
through metal screws. A rubber seal placed between the introduction hatch and the
chamber helped ensure an environmental seal. Glove mounts, designed to allow a
pair of modified rubber gloves into the chamber provided a tight seal with O-rings
being used in the glove mounts to provide similar protection from external
atmosphere. Within the box a contact probe contact station was integrated. An
electrical panel, fitted into the wall of the chamber facilitated electrical contact

between an external SMU and the probe contact station through banana plugs.

Rubber seal

/

Introduction hatch

Wiring out
_ |

— 1 f—o—

Contact station O
® ®

../ e

Glove mounts

Nitrogen inle

Flow control
Nitrogen outlet

\

\
O, meter

Figure 2.16. Schematic of inert testing chamber during testing procedure. The chamber allowed for
testing in an inert atmosphere. An O, meter allowed for the monitoring of oxygen levels in the
environment.
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In order to maintain the integrity of the chamber a positive nitrogen pressure was
employed to reduce the likelihood of atmospheric contamination. A gas inlet
allowed bottled nitrogen to flow into the chamber with a flow gauge on the gas line
controlling the rate of nitrogen flowing into the glove box. An outlet valve was used
allowing chamber atmosphere to flow into the surrounding environment. The
position of the rubber gloves during gas flow allowed for a qualitative assessment of
the pressure within the box with filled pressurised gloves suggesting a positive
pressure. A Scott Protege ZM O, meter (Part # 096-3459-03) was positioned in the
chamber and produced a digital read out showing under these conditions consistent
chamber oxygen content of 0.01% was achievable. The testing chamber was utilised
for the study and characterisation of electrical devices under an inert nitrogen

atmosphere.

2.5 Computer Numeric Controlled Cutting

Vertical wall architectures were introduced to device substrates through means of a
computer numeric controlled (CNC) mechanical cut path. An LPK40 CNC seen in
Figure 2.17 was used. The cutter utilised tungsten carbide drill bits and operates at
50,000rpm. An aligning polycarbonate sheet with substrate cut out was employed
to ensure accurate positioning of substrate with respect to the milling path and to
reduce lateral movements to ensure the best finish possible seen in Figure 2.17B.
The alignment sheet is fitted in position by two alignment stubs which allow the
board to be fitted reliably and repeatedly with minimal error in repeated
placement. A cut path was programmed with a controllable width which can be
used to control the removed electrode area allowing for area studies to be
performed. Furthermore, the sheet served to planarise the plane of cut in the z-axis
to reduce any necessary lateral disturbances across the path of the spindle to

ensure consistent depth and cut and can be seen in Figure 2.17B and C.
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A. B. Protective

Alignment fil

CNC mechanical sheet 7/
mill /

/

Substrate
C. Protective film
/
Substrate

Figure 2.17. Mechanical cutter- LPK 40 A4 circuit board cutter schematic. A. Experimental
schematic of the cutting procedure. B. Cross section schematic of the substrate position in the
alignment sheet. C. Protective sheet cover protecting the top surface of the device surface with
the cut path exposed for cutting.
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Chapter 3

3. Understanding Planar Organic Field Effect Transistors

Introduction

Solution processing is a scalable and cost effective technique by which to deposit
active layer materials. In order to investigate the feasibility of solution processing
and fabrication variables planar devices in bottom contact and top contact
architectures are investigated using the small molecule Tri-isopropyl-silane - di-
benzo chrysene (TIPS-DBC) organic semiconductor. Top contact devices will be
made using the organic resin benzocyclobutene (BCB) dielectric. Bottom contact
devices will be fabricated on silicon featuring thermally grown SiO,. The
morphology of the active layer in devices will be compared and understood with
respect to device properties in order to develop an understanding of planar organic

field effect transistors, their operation and limitations.
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3.1 Planar OFET structures

Planar device architectures are defined by the position of their electrical contacts
(gate, source and drain). The two structures fabricated are seen in Figure 3.1. Figure
3.1 A. shows a schematic of a top contact organic field effect transistor. Figure 3.2

B. shows the bottom contact organic field effect transistor architecture.

A. B.
S D
TIPS DBC

TIPS DBC
B ____E 5o,
Doped Si

BCB
ITO

Glass

Figure 3.1. FET schematics for fabricated devices. A. top contact FET configuration and B. bottom
contact FET configuration.

The channel length, L, of the devices was 20 um and the channel width, W, was
fixed at 10 mm. The substrate temperature during the evaporation of TIPS-DBC was
controlled at room temperature, 50 °C and 75°C to compare nanomorphologies
resulting from deposition conditions.[1] This study will compare the material
performance between solution processed and evaporated devices whilst

understanding the limitations of planar devices

3.1.1 Device Operation

Fabricated devices were electrically characterised with their output and transfer
characteristics measured. Figure 3.2 shows a representative transfer characteristic

and output characteristic for a spin coated top contact OFET.
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Figure 3.2. |-V characteristics of spin cast TIPS-DBC devices. A. Transfer curve with gate voltage
sweeping from -50 V to 50 V and B. output curve with gate voltage ramped to -80 V.
Measurements were taken under room temperature in a nitrogen environment.

Figure 3.2 A. shows the transfer characteristic of the device with the drain voltage

kept constant over the range -40V to -80V as the gate voltage was swept -60V to

80V. Figure 3.2 B. shows the characteristic output curve of the device. With the gate

voltage kept constant at a set voltage over the range OV to -80V and the drain

voltage swept over the range 0V to -80V. Operation under negative applied Vgs and

Vps indicates a device operating as a p-type channel accumulation device.

The

output curve shows two operating regimes a linear regime (Vps < Vgs- V1 ) and a

saturation regime at voltages Vps= Vgs- V1. An equivalent circuit for the planar OFET

is proposed in Figure 3.3.
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Qcorltact Q series Ips Qcon tact

Figure 3.3. OFET equivalent circuit. A. Equivalent circuit describing the electrical performance of
an OFET.

The equivalent circuit describes the operation of a planar OFET as a network of
capacitive and resistive elements. Key to the operation of the organic field effect
transistor is the semiconductor-dielectric interface, as Vgs is applied the lateral field
incident is increased polarising the material and changing the current flux of the
semiconductor. The gradual channel approximation applies when the lateral field is
significantly greater than the electric field between source and drain. The potential
drop along the length of the channel x is assumed to be linear forming a consistent
enhancement across the device. Detrimental to the device performance is the

contact resistance in the device which is dependent on the structure employed.[2]

3.2 Device Characteristics and Semiconductor Morphology

3.2.1 Top Contact Devices

Solution processed devices were prepared using a range of spin speeds, with the
carrier mobility and threshold voltage device parameters calculated. An important
parameter in describing the performance of an OFET is the field effect mobility, e,
which is a measure of the field induced carrier transport through a film. The field
effect mobility is influenced by the organisation of the molecules with respect to
each other in the bulk, and at the channel-capacitor interface, which potentially

introduces charge traps thereby reducing charge transport through the channel.[3,
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4] The carrier mobility values presented in this work were averaged from
measurements over a minimum of four devices on the same substrate, with an
variation of ¥15%. From the respective slopes dV/p/6Vs is determined and along
with the device parameters L, W, capacitance per unit area, C; of 10 nF/cmZ, the
saturated field effect mobility; ue n, was calculated using:

Heh = V\ZI—IEI (%If:)z Equation 3.1

The maximum current and switching of a device can be extracted from I[-V

characteristics using the equation:

w 2 .
ID = ICOXHSAT[(VGS_VT) Equation 3.2

Where V. is the threshold voltage (the Vgs point at which the free carrier density
equals the trap density). The threshold voltage is extracted from the x-intercept of

the Vlq vs. Vg plot for devices fabricated from different spin speeds and can be seen

in Figure 3.4.
0.70
+ 1000RPM
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Figure 3.4- Vly vs. Vg curve of solution processed TIPS-DBC OFETs prepared using different spin
rates. Data is theoretically fit using equation (1).

The extracted device parameters for solution processed devices fabricated with spin
speeds 1000RPM- 8000RPM is displayed in Table 3.1. The root mean square
roughness (RMS) was extracted from atomic force microscope images of the
operating area with the obtained atomic force microscope images shown in Figure

3.5.
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Table 3.1.Root Mean Square Roughness and mobility of solution processed films.

Spin speed (RPM) | RMS (nm) | pee cm®V7's™) | wincm?Vis™) | V, (V) | On/ Off
1000 14.0 0.7 x10° 1.4x10™ 25 10°
3000 6.5 1.0 x10° 2.9x10™ 70 10°
4500 4.0 1.0 x10°® 2.5x10™ 60 10*
8000 45 1.5x10° 3.2x10™ 45 10*

Devices fabricated by solution processing show field effect mobility in the range 0.7

x 102 cm?Vst = 1.5 x 102 cm?V'!s?. The best obtained ON/OFF ratio is seen to be

10° and occur in devices fabricated at 1000RPM. ON/OFF ratio for solution

processed devices span the range 103 10°.

5

The threshold voltages of the top

contact devices can be seen to span the range 25V-70V with the lowest measured

threshold voltage occurring for devices spun cast at 3000RPM.

74



65.0nm 32.8 nm

RMS= % 14.0nm RMS= + 6.5nm

Oum 1.5um Oum 1.5um

-58.0nm -26.3nm
12.8 nm 12.2 nm

-~

RMS=£4.0nm RMS= £ 4.5nm

Ooum 1.5um 7 Oum 1.5um

-14.3nm -11.3nm

Figure 3.5. AFM images of solution processed films on top of BCB substrates .A. 1000RPM, B.
3000RPM, C. 4500RPM and D. 8000RPM.

Small molecules provide a much greater opportunity for crystallisation and packing
than is possible in polymeric systems, due to enhanced reorientation and
diffusion.[3, 4] Hence, the field effect mobility can be highly dependent on the
nanomorphology which is a result of the processing conditions employed. TIPS-DBC
films prepared by solution processing with spin speeds at 4500 and 8000RPM
produce films with a nondescript surface as can be seen in the AFM in Figure 3.5C
and Figure 3.5D with a root mean square (RMS) surface roughness of 4nm and
4.5nm respectively. At lower spin speeds, the RMS roughness increases to 6.5nm for
3000RPM and 14nm at 1000 RPM, as seen in Figure 3.5 B. and Table 1. Importantly,
the film prepared by spin coating at 1000 RPM has a polycrystalline appearance as

can be seen in Figure 3.5A.
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Lower spin speeds lead to thicker films, and it can be speculated that due to slower
solvent evaporation, there is a greater opportunity for the crystallisation of small
molecules. It should be noted that the top surface is not the primary current path in
bottom gate transistors, which implies that the top surface morphology is not of
high importance. However, since the films are very thin compared to the
dimensions of the surface features, the highly granular structure observed on the
top surface, is expected to give an indication of the morphology at the gate
dielectric interface region. The film morphology at this interface is well known to
play an important role as charge transport takes place at this interface at applied

high gate voltage.[5, 6]

The thin-film topography is seen to change under various processing conditions and
correlated with the electrical properties of the corresponding FET. To better
understand the role of crystalline order on mobility and device performance,
ultrathin films of TIPS-DBC have been produced by drop casting dilute chloroform
solutions on top of a pre-patterned Au electrode on a SiO, dielectric. This results in
highly ordered films with approximately 2nm high terraces of what appears to be

crystalline shown in Figure 3.6.

A. 22 micron

Optical image

Halght

Figure 3.6. A. Optical image of thin film processed by drop casting producing large crystals on top
of the source-drain Au electrodes. B. 5um x 5um AFM topography image. C. height profile across
surface environment.

A key drawback to in the performance of top contact devices is the semiconductor-
dielectric interface. Due to the architecture the roughness of the dielectric interface
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can effectively increase the effective gate length of top contact devices, increasing
the power consumption and reducing the switching frequency of fabricated devices.
Furthermore, the formation of polycrystalline films can, result in multiple interfaces
and can be a source of further charge traps. Charge traps produce an additional
parasitic capacitance in the device equivalent circuit increasing the threshold
voltage of fabricated devices. The promotion of favourable morphologies with low
roughness at the channel-capacitor interface is critical to device success.[7] The use
of benzocyclobutene (BCB) as a gate dielectric in bottom gate devices provides an
interface with very low roughness and therefore effective gate length is reduced

(BCB surface RMS= 2.5nm).[8]

Top contact devices also possess a parasitic resistance between the injecting
electrode and the accumulation channel formed at the dielectric interface. Despite
the structure producing lower contact resistances in general compared to bottom
contact devices.[9] The parasitic resistance has been reported in the few
monolayers at the dielectric-semiconductor interface and has been shown to
influence the field effect mobility and overall device performance depending on the
thickness of the organic semiconductor.[10-13]The parasitic resistance is described
by the Qcontact and is symmetric for the source and drain electrodes. This parasitic
resistance arises from the increased distance from the charge injecting electrode to
the accumulation channel found in the top contact geometry. The effect of this
resistance increases as the gate length is scaled and the channel resistance
decreases acting as an additional contact resistance in the equivalent circuit.

Ultimately increasing the operating voltages required to operate the device.
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3.2.2 Bottom Contact Evaporated TIPS-DBC devices

In contrast to solution processed top contact OFETs, bottom contact devices were

fabricated on silicon featuring a thermally grown silicon dioxide dielectric. TIPS-DBC

films were evaporated at different temperatures and electrically characterised.

Figure 3.7A shows a representative transfer characteristic plot. Figure 3.7B shows a

representative output characteristic plot.
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Figure 3.7. |-V characteristics of an TIPS-DBC device evaporated at 50°C. A. Transfer curve with
gate voltage sweeping from -80 V to 25V. B. Output curve with gate voltage ramped to -80 V.
Measurements were taken under room temperature in a nitrogen environment.

Table 3.2- Root Mean Square Roughness and mobility of evaporated TIPS-DBC films

Process RMS (nm) | peecm®V7s?h) | pincm?VisT) |V (V) Oon/ Off

Si0, @ 25 °C 37 1.5x10°® 0.6x10° 5 10°

SiO, :PFBT/HMDS @ 2.85 8x10® 1.2x10°® 25 10*
25 °C

SiO, :PFBT/HMDS @ 4.6 2.4x10™ 7.5x10°° 19 10°
50 °C

SiO, :PFBT/HMDS @ 7.3 8x10° 2.2x10°° 6 108
75 °C

Devices fabricated by evaporation of TIPS-DBC in bottom contact configurations

show field effect mobility in the range 1.5 x 10°® cm?Vist—2.4x10% em®vist. The
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best obtained ON/OFF ratio is seen to be 10° and occur in devices evaporated at
75°C. ON/OFF ratio for evaporated devices span the range 10°- 10°. The threshold
voltages of the top contact devices can be seen to span the range 2.5V-19V with the

lowest measured threshold voltage occurring for devices evaporated at 25°C.

For the evaporated films, the highest mobility is found for the 50°C deposition
protocol as summarised in Table 2, corresponding to the lowest roughness.
Importantly the highest mobility for solution processing also correlated to the
lowest roughness, but solution processing resulted in a higher mobility in all cases.
While a higher threshold voltage in transistors using BCB as the gate dielectric can
be expected due to the lower dielectric constant of BCB compared with SiO,, the
increase in threshold voltage observed as the spin speed was increased is
interesting. One explanation could be related to the increasing grain boundaries in
the conduction channel due to the polycrystalline structure of the TIPS DBC. This
would require a larger threshold voltage to accumulate charge or compensate for
the increased defects in the crystal structure. This effect would increase as the

crystallite size decreases and the density of grain boundaries increases.

AFM images of evaporated TIPS-DBC thin-films on SiO, shown in Figure 3.8 display a
granulated, structured and ordered topography with a roughness of approx. 5 nm.
The topography is quite different to the 4500/8000RPM spin coated films despite a

similar roughness.
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Figure 3.7. AFM images of evaporated thin films of TIPS-DBC under various processing
conditions. A. 25 °C anneal temperature. B. 25°C anneal temperature with a PFBT/HDMS
primer treatment. C. 50°C anneal temperature with a PFBT/HDMS primer treatment. D.75°C
anneal temperature with PFBT/HDMS primer treatment.

Evaporated TIPS-DBC films exhibit a highly ordered topography at low temperatures
with increased randomness as deposition temperature is increased (Figure 3.7 B. to
D.). The surface roughness for these films is shown in Table 2. The topography at 50

°C shows a decreased order and grainy surface features when compared with films
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fabricated at 25 °C (Figure 3.7C versus Figure3.7A). The topography at 75 °C shows
fractures and localised regions of roughness and possible polycrystallinity (Figure
3.7D). Device characteristics for evaporated films are summarised in Table 2.
Importantly, although films prepared by evaporation all had lower roughness than
their solution processed counterparts, the hole mobility was substantially lower in
all cases. The highest mobility in solution processed films was 1.5 x10° cm?V's
'compared to the range of mobility from 1.5x10°t0 2.4x10™* cm*V'’stin evaporated
films. These results show that solution processing can offer performance
advantages over evaporation, as well as added ease of deposition and lower cost.
The strong dependence of the mobility on the morphology developed through
different processing condition provides an opportunity to optimise device

performance.

Despite the improved performance of the TIPS-DBC small molecule in the top
contact configuration under solution processing, the majority of high mobility
devices in literature are fabricated utilising bottom contact architectures.[14-18]A
key drawback to the bottom contact architecture is due to the morphology of the
semiconducting material formed during the deposition onto the patterned
electrode surface. Near the electrode-semiconductor interface bottom contact
architectures feature increased disorder at the electrode edge producing devices

increasing the contact resistance and reducing performance.[12, 13]

Furthermore, key to improving the commercial feasibility of these structures is
reducing the operating voltage of these devices. Reducing the power consumption
of the technology can be improved in reducing the scaling of these devices,
reducing gate length and in turn, reducing the effective gate length is a key aspect
in realising complimentary circuits using organic field effect transistors. Devices
fabricated using the above processes are limited in the resolution of the gate
length. The lateral resolution limitations of the applied patterning technology are a
key factor in scaling of the gate length to sub-micron resolutions and reducing
operating voltages. The two architectures featured are examples of

photolithographic processes with reduced scope for scale up. Commercialisation of
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short channel organic devices requires a technology capable of effective and cost

efficient scale up.

3.3 Conclusion

Planar organic field effect transistors were fabricated featuring top contact and
bottom contact planar architectures. Devices were fabricated featuring the organic
small molecule TIPS-DBC. Fabricated devices showed p-type accumulation mode
operation with device properties dependent on the architecture and processing of
the active layer. The TIPS-DBC top contact devices where seen to have field effect
mobility in the range 0.7 x 102 em*v's? - 1.5 x 10 ecm?Vv''s™ with an ON/OFF ratio
of 10° achievable. The threshold voltage in top contact devices was seen to span the
range 25V-70V with operating voltages of up to 80V. Spun cast films of the TIPS-DBC
small molecule showed varied morphology which was seen to affect the device
performance with a polycrystalline appearance observed in the 1000RPM spin coat
films. The polycrystalline nature of the film could result in charge traps at the
dielectric interface effectively increasing the effective gate length and leading to
larger than expected threshold voltages. Top contact devices showed field effect
mobility in the range 1.5 x 10° em*vist - 2.4 x 10 cm?Vv'is™ with an ON/OFF ratio
of 10° achieved. The improved mobility of TIPS-DBC devices under solution
processing shows that solution processed devices are a viable technology to
promote high performance transistor devices utilising the cheap associated cost

with solution processing.

Both architectures feature limitations in effective scaling of the gate length resulting
in high operating voltages of both architectures which could be reduced through
effective scaling of the gate resulting in a lower power consuming device with
improved switching performance. Top contact devices feature a parasitic access
resistance from the source into the conducting channel, acting as additional contact
resistance remains constant during the scaling of device dimensions. Bottom

contact devices feature greater contact resistances due to increased disorder in the
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active channel arising from deposition onto the patterned electrode surface
specifically at the edge of the electrodes. The lateral resolution and cost of the
photolithographic patterning suggests planar architectures will struggle to reach
commercially viable short channel architecture. Providing motivation for the
investigation of vertical architectures capable of short channel lengths to produce

lower power consumption and faster switching devices to meet a market demand.
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Chapter 4

4. Optimised Two Terminal Devices on Polycarbonate for
Vertical Transistor Applications

Introduction

Fabrication of two terminal devices on polycarbonate substrates allows for devices
to be realised on low cost substrates. Plastic substrates also offer advantages in
terms of opacity and mechanical properties allowing for non-traditional device
architectures and processing technologies to be investigated. Optimising processing
conditions for layered functional films on polycarbonate and the resulting devices is
critical to reproducible device fabrication on polycarbonate. To this end, simulation
of current-voltage behaviour provides an important tool in the analysis of
experimental results and extraction of circuit parameters. Allowing equivalent
circuits to be simulated and the performance fitted to current voltage traces
providing a tool to describe changes in device performance. Understanding the
changes and variation in the performance of a device and its equivalent circuit are
critical to accurate future transistor characterisation and an optimised two terminal

device.

85



4.1 Deposition of Polymeric Solutions on Polycarbonate

Early trials of depositing polymeric solutions onto polycarbonate substrates with
gold electrodes were attempted and can be seen in Figure 4.1. Resulting thin films
were observed to be non-uniform in thickness with visible defects and can be seen
in in Figure 4.1B. The underside of the working substrate in Figure 4.1C shows the
underside of the substrate with observable defects throughout the electrode. The
topography of the active polymer layer and top electrode of a completed device is
seen in Figure 4.1D. The defect morphology is presented in Figure 4.1D and E.
Substrates presented with a crazed surface consistent with environmental stress
cracking of polycarbonate material due to solvent induced stress cracking of the
polycarbonate.[1] Devices tested had open circuit resistances measured and were

not suitable for transistor fabrication.
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Figure 4.1. Atomic force microscope images on devices with observed stress cracking behaviour.
A. Deposition schematic. B. Device substrate after the solution deposition of thin film. C.
Underside of device substrate after thin film deposition D. 10um x 10um topographic image of top
electrode in completed device. The area analysed through cross-section measurement indicated
by the red line E. Cross section height analysis of polymer surface.
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To prevent stress cracking UV-NVS resin was investigated as a protective layer to
allow additional films to be cast over the UV-NVS film. Thin films of UV-NVS resin
were spin coated onto polycarbonate substrates and UV cured. The UV curing of
UV-NVS requires photo initiation at 250nm and 320nm wavelength light.[2] key to
the preparation of thin polymeric films are the wetting properties of the UV-NVS
material and the gold electrode substrate. Figure 4.2 shows the contact angle
properties for UV-NVS and gold with water and 1,2-dichlorobenzene chlorinated

solvent.
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Figure 4.2. Contact angle measurements with respect to time. A. Water contact angle for UV-
NVS (red square), polycarbonate (green triangle) and gold (blue diamond). B. 1,2-
dichlorobenzene contact angle for UV-NVS (red square) and gold (blue diamond). C. Optical
image of water droplet on UV-NVS film. D. Optical image of 1,2-dichlorobenzene droplet on UV-
NVS.

Figure 4.2A shows the water contact angles for the electrical platform over a one
hour test period. The UV-NVS protective layer shows a hydrophobic quality with a
contact angle of 95° initially increasing to 101° after 60 mins. By comparison the
pristine polycarbonate has a steady contact angle of 64°. Gold contact angle is seen

to initially be very hydrophilic with a contact angle of 23° increasing to 73° after 60
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mins. This increase in gold contact angle is documented and the result of exposure
to ambient conditions resulting in a tarnished film at the top surface of the
electrode.[3] The wetting properties of the materials using 1,2-dichlorobenzene are
seen in Figure 4.2B. 1,2-dichlorobenzene shows a steady contact angle with UV-NVS
of 50° and 22° increasing to 27° for gold over 60mins. Figure 4.2C and Figure 4.2D
show the optical images for the water and 1,2-dichlorobenzene contact angle with
UV-NVS respectively. UV-NVS forms a hydrophobic surface with high water contact
angle and shows a low contact angle with 1,2-dichlorobenzene. The low contact
angle with 1,2-dichlorobenzene for UV-NVS and gold makes it a viable platform for
the future over coating of polymeric films out of chlorinated solvents. Completed
UV-NVS films allowed the deposition of subsequent polymeric thin films from
chlorinated solvents and prevented the polycarbonate substrate from solvent

induced stress cracking.

4.2 Optimised P3HT Thin Film Morphology

Processing conditions have been shown to have a dramatic impact on thin film
morphology. The choice of solvent,[4] temperature,[5] through to polymer solution
age[6] all have varying impacts on the morphology of a spin coated thin film. The
charge mobility, describing the ability for a material to conduct, is influenced by
morphology. As such, morphology is seen to play a role in the performance of

organic field effect transistors.[7-9]

4.2.1 P3HT AFM Studies

AFM was used to study the role of annealing temperature on the surface
morphology of P3HT thin films. Films were prepared in a nitrogen environment and
annealed for one hour in a nitrogen atmosphere on a temperature controlled
hotplate. Samples were annealed under four test temperatures for 1hr- 50°C,
100°C, 150°C and room temperature measured at 26°C. Surface height profiles were

obtained in tapping mode and can be seen in Figure 4.3.
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Figure 4.3. Comparison of 10um x 10um AFM height images of P3HT thin films with varying

annealing temperatures A. 50°C , B. 100°C, C. 150°C and D. Room temperature. E. RMS

roughness plotted with respect to anneal temperature.
The AFM height images were used to calculate a root mean square (RMS) for P3HT
films. RMS values indicate varying roughness under anneal temperature with the
roughest sample undergoing a room temperature anneal with an RMS of 14.9 nm.
RMS roughness was seen to decrease with the increasing anneal temperature with

50°C samples having an RMS=2.2nm, 100°C=1.7nm and 150°C=1.5nm. Comparing

favourably with the results of Nguyen et al.[10] who in in 2008 studied the internal

89



structure of P3HT and P3HT blends with conductive AFM (C-AFM) and obtained an
RMS value for 150°C annealed thin films of 1% w/v P3HT of 1.7nm.

The roughness of the top surface of the polymeric film is an important aspect in the
development of a two terminal device. The formation of an electrical contact at the
interface of the polymer and working metal electrode is an important aspect in this
research. A large interface roughness can result in the formation of energetic trap
states, increasing the contact resistance within the circuit.[11] The sample at 150°C
offers the lowest surface roughness and the high temperatures are known to
increase the crystalline order throughout the material, increasing material mobility.
[12] Do gain greater insight on the crystalline formation the conductivity of planar
thin films of P3HT was examined with conductive AFM mapping to gain insight into
the polythiophene crystal domains under varied anneal temperatures. Figure 4.4A
shows the resulting topographic height sample with Figure 4.4B showing a cross
section analysis across the specified location on the sample surface annealed at
150°C. Figure 4.4C and D show the corresponding current maps taken at 4V and

cross section analysis.
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Figure 4.4. Conductive mapping of P3HT thin films A. 500nm x 500nm tapping mode height image
of 150C annealed sample with area analysed by cross section (blue line). B. Cross section analysis
showing height at the location labelled in A. C. Peak current conductive map over the imaged area
with area analysed by cross section (blue line). D. Cross section analysis of the peak current
magnitudes with respect to location. E. Superimposed topographic height and peak current cross
section traces. L . .
The cross section over the indicated region shows an average peak to peak spacing
calculated to be 16.4nm corresponding to the known crystal packing of
polythiophenes.[6] P3HT is known to orientate through alkyl chain backbones at a
normal to the surface with the sp® carbon chains down the length of the backbone
responsible for conduction.[13] Conductive mapping shows regions of conductivity
across the sample surface, the pattern of these regions appears to show a
correlation with the height morphology- locations of conductivity which show a

degree of nanoscale order and spacing with a current on the order of picoamps was
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measured as seen in Figure 4.4E. The obtained topography of the room

temperature sample can be seen in Figure 4.5.

Figure 4.5A shows the resulting topographic height sample with Figure 4.5B
showing a cross section analysis across the specified location on the sample surface
annealed at room temperature. Figure 4.5C and D show the corresponding current
map taken at 4V and cross section analysis. The obtained height images show
topography with an RMS value of 10.4 which compares to the previously measured
value for 10;1m2 samples of 1£14.9 nm. The topographic images for room
temperature annealed samples show a surface with reduced order at the surface
compared to that at 150°C with an increased roughness over the 150°C sample also.
The spacing between peaks remains on the order of 15-20nm however, correlating
with the 150°C annealed sample.
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Figure 4.5. Conductive mapping of P3HT thin films A. 500nm x 500nm tapping mode height image of
room temperature annealed sample with area analysed by cross section (blue line). B. Cross section
analysis showing height at the location (blue line) A. C. Peak current conductive map over the 92
imaged area. D. Cross section analysis of the peak current magnitudes with respect to location. E.
Superimposed topographic height and peak current cross section traces.



The obtained conductivity map shows regions of conductivity with a reduced
magnitude on the order 0.3pA for room temperature annealed surfaces. In
comparison, the surface annealed at 150°C shows current on the order of
femtoamps. The reason for this variation in current is unclear as both samples were
imaged at 4V. The increased roughness of the surface may reduce the cantilever
area in contact with the sample being imaged reducing measured current.[14]
Furthermore, the conductivity map shows minimal long range order across the
surface with the cross section correlation between current and topography seen in
Figure 4.5E. The room temperature annealed conductivity map shows agreement
with the height image suggesting observation of the edge on lamellar packing of the
P3HT polymer under both anneal conditions. The use of the carbon nanotube
tipped conductive probe has allowed for the highest resolution topographic images

of thin films of P3HT to be acquired.[15]

Through in situ conductive mapping the height features of the P3HT thin film show
locations of high current with the ordering of the topographic and height features
seen to be impacted by anneal temperature. An anneal temperature of 150°C was
shown to produce the lowest roughness thin films with an RMS of 1.5nm producible

and was employed to reduce interface roughness and improve device performance.

4.3 Layered Structures on Polycarbonate

4.3.1 Considerations

During the fabrication and development of electrical devices consideration to the
deposition of working electrodes and the device failure rate is essential to
developing a robust electrical platform. Electrical devices require reproducible
electrode contacts capable of consistent electrical contact during measurement.
Two methods to deposit patterned electrodes were investigated for use with
polycarbonate substrates, direct current sputtering of metals through manually

aligned shadow masks and evaporation of samples utilising a mounted sample stage
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and physically alighed shadow masks. Direct current sputter coating with a
combination of manual alighnment of masks provides a faster throughput technology
with a lower associated cost of production.[16] The two deposition methods are
compared using a model spin coated polymer film of P3HT with a thickness of
225nm as the active layer with a gold bottom electrode. The failure rate is
determined by the yield of short circuited devices which will be used to evaluate the

fabrication method.

4.3.2 Sputter Coating of Electrodes via Manually Aligned Shadow Masking

Shadow masks were designed so that polycarbonate substrates with thin polymer
films could have electrodes deposited using a Quorumtech K757X sputter coater
under a pressure of 10> Torr. Figure 4.6 shows the patterning sequence utilised
when using a manually alighed shadow mask. The mask design featured a 25.4mm
stainless steel backing strip and several 20mm fingers spot-welded down the
backing strip at a spacing of ~ 0.2mm, allowing the deposition of several narrow
fingers by masking (Figure 4.6A). The mask patterns a symmetric gold electrode
with two shared equipotential electrodes in the shape of a ribcage (Figure 4.6B) on
to the polycarbonate substrate. Over which the polymeric solution was spin coated.
The mask was further modified through a masking tape to create a pattern for top
contacts to be manually aligned and to register with the bottom electrode (Figure
4.6C). The mask was aligned by matching the straight edge of the mask with the
straight edge of the substrate in situ prior to metal sputtering. The resulting
electrode pattern can be seen in Figure 4.6D. The resulting pattern created two
rows of devices when polymer was spin coated onto Figure 4.6B with all devices in a
row sharing a bottom electrode contact with a total of 12 devices per substrate. The
obtained device failures from short circuits are shown in Figure 4.6E for three

sputtered electrode metals.
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Figure 4.6. Electrode patterning work flow for a manually aligned shadow mask featuring a rib
cage design allowing thin ~ 0.2mm wide devices. A. Manually aligned rib cage shadow mask. B.
Resulting patterned electrode post metal deposition. C. Manually aligned rib cage mask with
functional taping. Resulting patterned top electrode. E. Failure rate for devices with various
sputtered metal electrodes gold, aluminium and chromium.

The devices fabricated with an aluminium electrode resulted in the lowest short
circuit failure rate at 43%, chromium devices performed with a failure rate of 49%
and devices with a top sputtered gold electrode showed the highest failure rate at

67%.

To identify the failure mode, a shadow mask featuring a uniform gold communal
electrode was designed with the work flow is with the steps taken to pattern
substrates using the mask shown in Figure 4.7. A mask featuring a rectangular
25mm x 25mm pattern was created out of brass material (Figure 4.7A). Alignment
involved marking the middle of the working substrate with a stationary reference
point and ensuring that the rectangular electrode was deposited in the middle of
the substrate resulting in the pattern seen in Figure 4.7B. An additional top
electrode was designed which was based on the previous design. This time it
incorporated machined circles through the fingers creating a larger contact patch

on the deposited electrodes to allow for reproducible contact seen in Figure 4.7C.
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Furthermore, the top electrode contact fingers were designed with a controlled
spacing- between 0.1mm-0.8mm creating various device areas and allowing for

assessment of device failure with respect to electrode width as seen in Figure 4.7.
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Figure 4.7. Electrode patterning for a manually aligned shadow mask featuring a rib cage design
allowing for variable cross-sectional area. A. Uniform communal electrode shadow mask. B.
Resulting patterned electrode. C. Top ribcage shadow mask with contact patch and variable
electrode width. D. Resulting patterned top electrode. E. Failure rate for devices with various
sputtered metal electrodes gold, aluminium and chromium with varied electrode width.

The deposition of top electrodes shows an increase in failure rate as the width of
the top electrode and subsequent device area is increased. The high rate of failure
caused by sputter coating has also been attributed to the higher energy of
sputtered ions compared to physical vapour deposition which can damage the
sputtered surface through ion bombardment promoting the shorting of devices.
[17] The ion damage can further hamper the formation of a pure metal-
semiconductor contact.[18] Furthermore, the poor performance for gold sputtering
may be a result of diffusion of gold atoms through polymer and silicon material due

to its inert nature.[19, 20]

96



4.3.3 Evaporation of Electrodes with a High Accuracy Sample Mount and
Shadow Mask
Evaporation was investigated as a lower energy process to deposit top electrodes.

Using the Angstrom Covap |l the shirt circuit failure rate for batch processing of two
terminal devices with patterned electrodes on polycarbonate substrates was
investigated. Three substrates with 24 two terminal cells were examined for two
different electrode pattern depositions. Shown in Figure 4.9 a communal electrode
pattern was compared to a discrete electrode pattern which allowed for each

individual device to have a discrete contact for electrical measurement.
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Figure 4.8. Electrode pattern schematics. A. Discrete electrode pattern. B. Resulting device
fabricated with top electrode. C. Communal electrode pattern. D. Resulting devices fabricated with
top electrode. Cross sectional area 1.5mm” +0.01mm”. E. Failure Rates for gold and aluminium top
electrode devices with communal (blue bar) and discrete source (red bar) pattern.

Devices fabricated with an aluminium top electrode showed a failure rate of 10% in
the communal electrode device configuration. With a discrete electrode
configuration failure rate was shown to be 15%. For gold top electrode devices with
a communal source showed a failure rate of 15%. Gold top electrode devices with a
discrete source showed a failure rate of 25%. Failure rate increased for a device
with discrete source electrode configurations that used aluminium and gold metals

as the top electrode, increasing 5% for Aluminium and 10% for gold. When
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compared to sputter deposited top electrode devices failure rate is reduced in

evaporated devices.

Capable of reduced failure rates with larger cross sectional area an evaporative
approach is ideal in the fabrication of two terminal devices. Gold top electrode
devices show a higher overall failure rate under both deposition methods attributed
to diffusion into the polymer increasing the likelihood of shortages. In 2002 Thran et
al.[21] showed that noble metals can show trace concentrations up to 400nm into
trimethylcyclohexane polycarbonate polymer. It should also be noted a discrete
source configuration is highly advantageous when observing the performance of
two terminal, and three terminal devices. When applying a voltage across a two
terminal device that incorporates a communal source, the bottom electrode acts as
a node, effectively biasing all cathodes with respect to the anode. Constantly
biasing a device could alter the electrical characteristics and prematurely degrade a
device and promote the diffusion of metal through the polymer material.[22, 23]
Discrete electrode devices, employing either gold or aluminium top electrodes were

able to be fabricated with a success rate of at least 75%.

4.4 Schottky Barrier Devices

Producing vertical devices with low reverse current magnitude is a key challenge in
developing a well performing transistor structure. Schottky diodes are a unique and
novel solution to reduce reverse currents in a vertical transistor structure whilst
retaining a large operational area.[24-26] Schottky diodes were fabricated using a
P3HT active layer with aluminium cathode and gold anode. Due to a mismatch in
work functions between Al (W; = 4.2eV) and P3HT (HOMO= 4.9eV) when the two
materials are brought into contact, charges diffuse across the interface forming a
rectifying junction.[27] Schottky diodes were electrically characterised through the
application of a potential voltage across the aluminium electrode and gold
electrode measuring the output current at the aluminium cathode under an applied

potential voltage. With the measured current - voltage trace providing information
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on the behaviour of charge carriers within the two terminal Schottky devices and
the device itself. The schematic shown in Figure 4.9A shows the substrate
schematic for Schottky device substrates and Figure 4.9B shows the testing biases
under which electrical characterisation took place. A portion of the polymer coated
gold contact is exposed post spin coating by dipping a cotton cue tip in toluene and
removing polymer allowing electrical contact to be made with the gold electrode.
Devices are tested sequentially with two sides of 4 devices being fabricated totalling

8 devices on the substrate.

-------------- Aluminum electrode

LUMO -3.8eV | P3HT
W, -4.2eV
HOMO -5.0eV
\
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\ % " P3HT
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Figure 4.9. Fabricated P3HT-aluminium Schottky diodes. A. Energy level diagram at the P3HT-AI
interface. B. Top view substrate schematic for two terminal Schottky barrier substrates C. Side view
electrical characterisation cross section schematic indicating applied biases under testing for two
terminal devices on polycarbonate. [27]
During the testing of two terminal devices the potential applied across the gold and
aluminium electrodes creates an electric field producing a current which due to the
p-type nature of P3HT is conducted through hole charges as the majority charge

carrier.[28] Using the device substrate schematic seen in Figure 4.9B the polymeric

electrical channel is created between the cross-sectional area of the metal
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Qshunt

electrodes. With P3HT a forward current will be measured under negative applied
voltages in the -/- quadrant of the |-V trace operating under forward bias

conditions.

4.4.1 Schottky Diode Equivalent Circuit
Figure 4.10 shows the proposed two terminal device equivalent circuit for use in the

DC analysis of fabricated Schottky diodes. In Figure 4.10A the cross section of a
fabricated two terminal showing passive circuit elements within the device. Figure
4.10B shows the full equivalent circuit of the device. The role of the parameters
CaPjunction , Qshunt, Qseries and ideality factor have been simulated for the Schottky
diode equivalent circuit using the Shockley equation and is presented in Appendix
B. A capacitance term, capjunction describes the parasitic capacitance at the Schottky
junction. The other key characteristics of the equivalent circuit are a series
resistance Qsqries, determining the intrinsic resistance describing the voltage drop
across the bulk channel and the shunt resistance term, Qgnnt describing the reverse

and leakage currents through the device.

D ®
A. B
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onta Ca Piunction_—.© % Qshunt
CaPsubstrate Oseries

Figure 4.10. Schottky diode equivalent circuit A. Side view schematic of a two terminal device
indicating elements of equivalent circuit. The contributions to the series resistance, Qcontact and
Qchannel » the junction capacitance capjyncion » the shunt resistance Qgu,nt and the Schottky barrier. B.
Proposed equivalent circuit based on the Shockley equation.

Theoretically, the introduction of the Schottky barrier between the source and drain
reduces reverse currents and leads to lower reverse currents in three terminal
devices. This is due to the shunt resistance term, Q.nunt being present in the circuit
and a rectifying junction at the drain electrode. The forward current of the device is
determined by the series resistance Qsees and the contribution of the contact

resistance, Qcontact. Understanding the changes in Qseries and Qqpunt in the two
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terminal Schottky devices is an important step in realising a three terminal device
featuring a Schottky barrier. The two terminal device Schottky barrier devices form
the source-drain equivalent circuit and determine leakage currents in a completed
device. Towards the development of a three terminal device, Qseries and Qgpunt Need
to be reproducible and not vary with repeat testing or time ultimately improving
device performance and improving the resolution to observe transistor behaviour

during electrical characterisation.

4.5 Forward Current and Rectification Ratio dynamics.

Electrical characterisation of two terminal Schottky devices on polycarbonate was
undertaken in order to develop a reliable two terminal electrical platform capable
of future processing towards a three terminal device. A nitrogen test chamber
described in §2.4.2 was used allowing for testing and analysis of devices without

exposure to atmosphere.

4.5.1 Time Dependence of Device Performance

Devices were transferred into the inert testing chamber after fabrication and were
tested sequentially. Current-voltage traces were obtained for each point over the
range +4V with a sweep rate of 0.65V.s*. The current-voltage characteristic was
observed over 30 mins with a periodic scan every 60s the difference can be seen in

Figure 4.11.
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Figure 4.11 .Two terminal Schottky barrier device current-voltage characterisation immediately

after fabrication. A. -/- quadrant output plot over a 30 min testing period. Initial trace (solid line)

and after 30mins testing (dashed line) B. Log vs. V characteristic plot for two terminal Schottky

barrier devices. Devices were tested in a nitrogen environment after the deposition of evaporated

aluminiu

m.

Current-voltage traces for newly fabricated devices show an increasing forward

current. In Figure 4.12A the forward current is plotted with respect to time for an

immediately tested discrete electrode device.

Figure 4.12B shows the ON/OFF

rectification performance of the device over that time. The performance over the

sequential 30min study period was analysed with respect to the proposed

equivalent circuit. The obtained experimental current-voltage traces for devices on

the substrate were fitted to the proposed equivalent circuit through the procedure

outlined in Appendix B. with complete performance for the substrate and extracted

circuit parameters presented in Appendix C.
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Figure 4.12. Forward current increases in fabricated devices as a function of time over 30mins of

testing. A. Forward current performance. B. Rectification ratio over 30mins testing.
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Qseries (Oh m)

Figure 4.13 shows the equivalent circuit performance for newly fabricated two
terminal Schottky devices on polycarbonate. Series resistance is seen to start at
high values and decrease over the study period to lower values, reciprocating the
behaviour of forward current during the study. The series resistance is seen to be
highest at the beginning of the experiment with Device 1 showing resistance
Qseries=125kQ reducing to 28kQ changing 97kQ over the 30mins. The lowest series
resistance is measured in Device 5, the final device tested with initial Qgeries= 10kQ

reducing to 8.7kQ changing 1.3kQ over the testing period.
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Figure 4.13. Equivalent Circuit behaviour for an immediately tested device substrate. A. Simulated
series resistance of devices with respect to time after electrode deposition. B. Changes in series
resistance over 30mins of consecutive testing. C. Percentile increase in forward current with respect
to time after electrode deposition. D. Simulated equivalent circuit for a device immediately removed
from vacuum E. Simulated equivalent circuit after 30mins of consecutive testing.

This results in a time varying series resistance element in the equivalent circuit.
With devices tested two hours after electrode deposition showing a reduced change

in the series resistance over the period of study of 1.25kQ. Suggesting two hours
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after deposition the variation in the runs is significantly reduced. Lous et al.[29] has
shown the time based formation of the Schottky barrier due to interface kinetics
between the deposited electrode and polymer in a comparable system that
featured a Schottky barrier between a polythiophene oligomer and eutectic alloy.
This suggests that the time based formation of the P3HT/AI Schottky barrier is

resulting in run to run variation for the platform.

4.5.2 Vacuum Stored Devices.

In order to ensure complete formation of the Schottky barrier devices were
fabricated and stored for 20 hours under vacuum and electrically characterised.
Fabricated devices were stored at 10° Torr vacuum for 20hr after electrode
deposition and transferred into the testing chamber and electrically characterised.

A representative current- voltage trace is seen in Figure 4.14.
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Figure 4.14 . Two terminal Schottky barrier device current-voltage characterisation immediately
after fabrication. A. -/- quadrant output plot over a 30 min testing period. Initial trace (solid
line) and after 30mins testing (dashed line). B. Log vs. log scale characteristic plot for two
terminal Schottky barrier devices. Initial trace (solid line) and after 30mins testing (dashed line).
Devices were tested in a nitrogen environment 20hrs after the deposition of evaporated

Vacuum stored devices show improved forward current magnitude over
immediately tested devices. With the forward current -1.8 to -2.3X10™A
comparable to devices one hour after aluminium electrode deposition and an
increase over newly fabricated devices of over an order of magnitude. In Figure

4.15A the initial forward current is plotted with respect to time and the ON/OFF
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performance plotted in Figure 4.15B. Additional plots for all devices tested are

provided in Appendix C.
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Figure 4.15. Forward current increases in vacuum stored devices as a function of time over

30mins of testing. A. Forward current performance. B. Rectification ratio over 30mins testing.

The series resistance is seen to be in the range of 23kQ-15kQ at the beginning of the
30mins study period shown. A change in series resistance over the 30min testing
period is measured to be 2.5kQ. The equivalent circuit performance for vacuum

stored devices is shown in Figure 4.16.

Figure 4.16A graphs the series resistance across all devices with respect to the time
measured. Series resistance shows no correlation with time for vacuum stored
devices. Figure 4.16B shows the difference between series resistance at the initial
testing point and after the 30min study period. The time variation in the vacuum
fabricated devices is greatly reduced including the resulting increases in forward
current seen in Figure 4.16C. Producing an equivalent circuit with reduced run to
run variation and time based variation. Over the 30min devices are seen to reach
88% of their final current within 5min and 94% over 10 min.

Devices stored in vacuum storage for 20 hours show reduced increases in the
forward current under the same experimental conditions. Due to minimal changes
in forward current, the rectification ratio in vacuum stored devices has greater

consistency over successive runs and is independent of time.
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Figure 4.16. Device substrates stored in vacuum for 20 hours A. Simulated series resistance of
devices with respect to time after electrode deposition. B. Changes in series resistance over
30mins of consecutive testing. C. Percentile increase in forward current with respect to time after
electrode deposition. D. Simulated equivalent circuit for a device immediately removed from
vacuum E. Simulated equivalent circuit after 30mins of consecutive testing.
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20 hours of vacuum resting is seen to produce a more reliable device with improved
performance. Allowing any future processing of the device to yield more stable

electrical performance and improve the resolution of any field effect.
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4.6 Statistical Analysis of Two Terminal Schottky Diodes

To understand variability in fabrication procedures from one substrate and device
to others, a statistical analysis of 60 devices was made with the aim of being able to
produce results with significance from fewer individual samples. Device electrical
characteristics were taken over 10 device substrates that had been stored for 20
hours under vacuum before testing. Collected current-voltage data was analysed
with respect to the position of the device relative to the substrate. The 4 x 2
distribution of devices as produced by the electrode pattern (as seen in Figure 4.9)
produced four sets of positional data with the two columns of devices considered
symmetrical with data categorised by their vertical positions Position 1-4. With
position 1 the top most devices near the substrate edge and position 4 the lowest in
the array. Figure 4.17 shows the distribution of forward and reverse current by
position and the standard deviation measured for each data set. Table 4.1 shows
the statistics for analysed forward and reverse currents over the 60 devices with

respect to the position on the substrate.

The measured standard deviation for forward current in devices is shown in Figure
4.17A,B,C and D and is seen to be largest for position 1 (Figure 4.17A) and 4(Figure
4.7D) at 4.85x10™ A and 2.60x10™A respectively when compared to position 2
(Figure 4.17B) and 3(Figure 4.17C) at 2.50x10™ A and 1.98x10™A respectively. A
similar trend is seen with the reverse current standard deviation with position 1 and
4 (2.63x10° A and 3.80x10™A respectively) when compared to position 2 and 3
(1.56x10° A and 2.06x10°A respectively). The mean measured forward current is
also increased in devices in Position 1 and 4 (lpwp= -6.12x10™ A and -5.65x10™°A
respectively) compared to position 2 and 3 (lpwp= -4.58x10™ A and -4.87x107*A,
respectively). The results show a greater variability in the devices fabricated in
positions 1 and 4 attributed to the positioning of the devices further to the
substrate edge in comparison to position 2 and 3. The higher mean forward current
suggests thinner device active layers for devices in position 1 and 4. Device position

2 and 3 are surrounded by the gold electrodes of position 1 and 4 and are located
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closer radially to the centre during the solution processing potentially improving the

homogeneity and consistency of thin films over the region.
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Figure 4.17. Distribution of forward current (red) and reverse currents (black) with respect to device position and the resulting standard deviation. A. Distribution of currents in
position 1. B. Distribution of currents in position 2. C. Distribution of currents in position 3. D. Distribution of currents in position E. Calculated standard deviation by device position.

Table 4.1. Satistically averaged forward and reverse diode currents.

Combined Position 1 Position 2 Position 3 Position 4
IFWD (A) IREV (A) IFWD (A) IREV (A) IFWD (A) IREV (A) IFWD (A) IREV (A) IFWD (A) IREV (A)
Mean -5.53E-04 9.58E-07 -6.12E-04 2.88E-07 -4.58E-04 7.99E-07 -4.87E-04 9.79E-07 -5.65E-04 2.05E-06
Standard Error 3.49E-05 1.25E-07 1.18E-04 1.85E-07 6.24E-05 3.90E-07 4.95E-05 5.16E-07 7.22E-05 1.05E-06
Median -5.41E-04 3.49E-08 -6.26E-04 2.79E-08 -3.74E-04 3.42E-08 -4.73E-04 1.54E-07 -6.16E-04 1.16E-06
Std. Deviation 3.21E-04 2.61E-06 4.85E-04 2.63E-06 2.50E-04 1.56E-06 1.98E-04 2.06E-06 2.60E-04 3.80E-06
Largest -2.21E-03 1.41E-05 -2.21E-03 2.24E-09 -8.75E-04 2.43E-09 -8.89E-04 2.90E-09 -8.68E-04 2.45E-09
Smallest -8.89E-04 2.24E-09 -1.20E-04 3.17E-06 -1.66E-04 6.00E-06 -1.57E-04 7.75E-06 -1.83E-04 1.41E-05
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Over the 60 device sample the mean forward current was -5.53 x10™ A over the range -2.21
x 102 A to -8.89x 10 A. The mean reverse current was 9.58x 107 A over the range 1.4 x 107
A to 2.24 x 10 A. The range of the reverse current shows a range over four orders of
magnitude whilst forward currents span one order of magnitude. An averaged capacitance
and shunt resistance was simulated from the current-voltage behaviour and a statistically

determined equivalent circuit proposed in Figure 4.18A.
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Figure 4.18. Statistical analysis of two terminal Schottky barrier batch processing. A. Statistically averaged

device equivalent circuit. B. Bar graph showing the distribution of ON/OFF ratios over 50 devices.
The histogram plot of obtained rectification ratios over the 60 device sample is seen in
Figure 4.18B. This distribution of reverse currents reduces the measured rectification ratio
in devices and produces a distribution of rectification ratios. 31 out of 60 devices show a
rectification in the order of 10%- 10> with the highest recorded rectification measured to be
1.3 x 10° with 3 devices. 29 out of 60 devices showed a rectification of 10* or lower with 13
devices showing rectification less than 10%. Lower rectification ratios are caused due to
increases in reverse currents and are explained in the device equivalent circuit through the
shunt resistance. Devices with high reverse currents possess low shunt resistance as
discussed in Appendix B. The fabrication methodology leads to a device yield of 85%. 19%
of total devices suffered from non-ideal operation; with 14% of total device exhibited short

circuits, 4% inadequate contact and 1% poor operation.
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4.7 Conclusions

Deposition of polymeric thin films on polycarbonate is seen to lead to environmental stress
cracking of the substrate resulting in the loss of electrical continuity along the bottom
electrode producing electrically isolated devices. A UV-NVS protective layer was introduced
and allowed deposition of polymeric films out of chlorinated solvents on polycarbonate
substrates. The UV-NVS protective layer produces a hydrophobic surface with favourable
wetting with chlorinated solvent 1,2-dichlorobenzene providing an ideal layer for

overcasting polymer thin films on polycarbonate.

The p-type semiconductor, P3HT was investigated for use with the substrate and the
morphology characterised. Annealing temperature was seen to influence film roughness
with reduced roughness under high anneal temperatures observed. Utilising a high
resolution carbon nanotube conductive probe conductive mapping of the polymer surface
show long range order in samples annealed at 150°C with regions of conductivity
corresponding to locations of increased height with suspected conduction across the edge
on lamellar structure of P3HT observed. Samples annealed at room temperature show a
disordered morphology with the corresponding conductive map correlating with the
disordered topography. The result is the highest resolution conductive mapping of P3HT to

date showing conduction correlated with topographic features.

Top electrode metal choice and deposition method is seen to play a role in device short
circuit yield with DC sputtering resulting in failure rates as high as 67% for gold sputtered
electrodes, 49% for chromium compared to 43% for aluminium in manually aligned
substrates. The yield of short circuited devices is seen to increase as electrode area
increases for all metals with gold deposition showing the highest failure rate. Moving to an
evaporation based electrode deposition reduced the failure rate for comparable discrete
electrode and shared electrode substrates to 15% and 10% respectively for gold and
aluminium. Evaporated aluminium is the best performing top electrode process due to the
lower energy of evaporation deposition reducing metal diffusion and shorting throughout

the device.
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Evaporated aluminium top electrodes were used to fabricate Schottky barrier diode devices
through the mismatch of work function at the aluminium/P3HT interface, creating a
Schottky junction. Fabricated Schottky diode devices show time dependent performance,
simulation of the equivalent circuit shows a shift in the internal series resistance, Qseries from
125kQ to 28kQ over a 30 min period. These variations are described as a time varying
resistive element in the equivalent circuit and hinder device characterisation. Devices
fabricated with the same method and stored under vacuum for 20 hours show reduced
forward current variation with a maximum shift in the internal series resistance, Qseries from
20kQ to 18kQ. A statistical analysis of 60 devices resulted in a device yield of 85% with a
forward mean current of 5.4 x 10 A over the range -1.28 x 10 A to 8.89 x 10 A with a
mean reverse current of 4.78 x 107 A over the range 3.60 x 10° A to 1.29 x 10° A. A three
magnitude range in reverse currents causes a wide distribution of rectification ratios
negatively affecting device performance. Of the 60 devices, 19% of devices showed non-
ideal operation with the majority being caused through a short circuit failure (14%). The
result is the first reported polymeric devices fabricated on polycarbonate allowing the

unique properties of plastic substrates to be employed in further processing.
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Chapter 5

5. Vertical Walled Architectures in Two Terminal Plastic
Devices

Introduction

A methodology to introduce vertical wall architectures into device substrates is
necessary in the fabrication of vertical walled devices. Previous work has shown the
possibilities of laser processing,[1, 2] silicon etching,[3, 4] shadow masking,[5]
photolithography and high throughput solid state embossing[6] to create vertical
wall structure in device substrates. However, existing techniques are limited by
material and substrate selection reducing the applications for fabricated devices.
One approach that leverages the mechanical properties of polymers is mechanical
cutting. Several mechanical cutting approaches including scalpel scoring, scissor
cutting and CNC milling are investigated as high throughput methods for
introducing vertical wall architecture. Furthermore, focussed ion beam (FIB) milling

is examined as a methodology to introduce vertical wall device architecture.

In 2007 Krishnamurthy et al.[7] examined mechanical drilling of glass fibre
reinforced polymeric films on glass substrates. Delamination was seen to occur in
combination with lateral damage due to the thrust force excreted into the sample
from the feed rate of the drilling action. Krishnamurthy et al.[7] further suggests
thermal strain from these edge interactions can damage and further encourage
edge delamination. The work of Krishnamurthy et al.[7] demonstrates the failure
mechanisms of polymeric material under the forces exerted during mechanical
cutting. Evaluating the lateral damage, delamination occurrences and resulting
electrical properties across a device substrate will determine the feasibility of a

selected methodology for incorporation in transistor fabrication.
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5.1 Vertical Architecture Methodologies

The introduction of a vertical wall in vertical channel device substrates creates an
exposed surface this allows for a functional interface across the polymeric channel
when coupled with a functional film. Reducing lateral damage to the polymer
channel and ensuring a cut edge capable of electrical continuity are essential to
creating an optimised device. The adhesion between materials at this interface is
governed by the strength of the bonding between the materials, physical
interactions such as van der Waal’s forces or columbic forces and the physical
geometry of the interface.[8] Delamination of active materials is a major cause of
device failure in electronics and electronics packaging.[9] Delamination is
considered to be an adhesive failure if localised to the interface or cohesive failure
if delamination occurs throughout the material a distance from the interface.[9, 10]
The resulting roughness is a contributing factor in adhesion between successive
layers and their interfaces.[11]Through the use of using scanning electron, optical
and atomic force microscopy the morphology of the resulting vertical walls and

morphological occurrences will be evaluated.

5.1.1 High Temperature Scalpel Cut Vertical Walls

Hot scalpel cutting of device substrates was investigated as a possible high
throughput technology for the introduction of vertical wall architecture in device
substrates. The cuts were carried out at temperatures near the glass transition
temperature of polycarbonate (T; ~150°C)[12] to reduce the mechanical hardness
of the surface. Polycarbonate substrates with fabricated devices were heated on a
hotplate at 150°C for one hour. The top surface of the substrate was measured to
be 123.7°C by IR Thermometer. Prior to cutting scalpels were heated by immersion
in silicon oil bath heated on a hotplate at 200°C. Heated polycarbonate substrates
with fabricated devices were scored with the hot scalpel blade and the resulting cut
topography investigated through optical and electron microscopy and can be seen

in Figure 5.1.
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Figure 5.1.0ptical and scanning electron microscope images of vertical wall architecture introduced
by hot scalpel cutting. A. Optical microscope image of scalpel cut. B. Zoomed in optical microscope
image of scalpel cut substrates. C. Scanning electron microscope image of hot scalpel cut. D. Zoomed
in scanning electron microscope image showing the top interface of the cut surface and topographic
features of the scalpel cut.

Scalpel scored substrates show a cut width of 5um-10um as shown in Figure 5.1A.
The scalpel cut edge shows lateral damage on the order of 25um from the cut which
can be seen In Figure 5.1B. At the cut edge polymer can be seen to be removed,
under scanning electron microscope (Figure 5.1C and D) polymer material at the
surface of the cut can be seen to be lifted from the cut edge with areas of
fragmented polymer being seen along the length of the cut. Along with this a
deformation of the polymer can be seen in the zoomed in optical image and

scanning electron image running the length of the cut on both edges. The
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topography of the polymer and deformation of the surface can be seen in Figure

5.2.
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Figure 5.2.Film deformation from hot scalpel scoring of device substrates A. 10um x10um
topographic height image of the polymeric deformation across the cut surface. B. Cross-section
analysis of the topographic image.

The deformation across the surface shows a topographic surface with a height
fluctuation with a cross section displacement range of 190nm. During the scalpel
cutting action the movement of the blade creates a lateral force pulling and tearing
the polymer material as it cuts through the material producing a cut edge with
fragments of polymer delaminated at the cut edge and at a distance from the cut
edge suggesting a cohesive delamination failure. Furthermore, the mechanical
cutting action produces a cut without a clearly defined edge with the cutting action

displacing material along the length of the cut.

5.1.2 Mechanically Cut Two Terminal Devices on PET Substrates

Two terminal devices were fabricated on flexible poly(ethylene terephthalate) (PET)
substrates using an epoxy transfer method from a silicon template developed at
Flinders University by Stapleton et al.[13] The transfer method allowed two

terminal devices with gold communal source electrodes to be fabricated on the
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flexible substrate as seen in Figure 5.3A. The device electrical properties and
substrate yields along with a failure analysis are provided in Appendix D.1. PET
substrates had vertical architectures introduced through the mechanical cutting of
the device substrate by scissor cutting the susbtrates with desktop scissors. The

resulting cut edge can be seen in Figure 5.3B.

Epoxy resin

two terminal device substrate on PET. B. Optical microscope image of the cut edge. C. Planar SEM
of the cut surface. D. Cross section SEM of mechanical through PET.

Under optical microscope imaging the cut edge shows removed polymer up to
20um from the cut edge. Down the length of the cut a double edge can be seen

which is also seen in Figure 5.3C. The double edge may be due to bending of the
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substrate during the cutting motion displacing the cutting blades relative to the
substrate resulting in a cut edge which has had a non-uniform shear force applied
over a larger area. The cross section of the surface can be seen in Figure 5.3D. The
cross-section of the device substrate shows the PET substrate where it meets the
epoxy resin and the cut cross section. The cross section shows an overlap in the

epoxy resin (red square in Figure 5.3D) caused by the shear forces during cutting.

5.1.3 Focussed Ion Beam Milling

A Helios D433 Focussed lon Beam (FIB) was used to mill a vertical wall in two
terminal devices on polycarbonate substrate. The FIB technique uses a focussed
beam of gallium ions to mill features with a spatial resolution of 5nm. The beam
was used to cut an angled vertical wall into two terminal device substrates and
monitored in situ. Figure 5.4 shows the application of focussed ion beam technology

in the milling of two terminal devices and the resulting electrical properties of the

substrate.
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Figure 5.4. FIB milling of two terminal polycarbonate substrates. A. In situ monitoring of FIB
milling procedure. B. SEM of resulting milled surface. C. Optical microscope image of completed
device with epoxy gate electrode. D. Representative electrical characterisation of device
substrates before (black line) and after (red line) FIB milling. 120



Figure 5.4A shows a two terminal device substrate with the electrode and electrode
edge labelled. At the electrode edge the FIB was programmed to mill an area across
the device (blue box Figure 5.4A) introducing a vertical wall with low lateral
resolution and a high resolution programmable vertical wall seen in Figure 5.4B.
During the milling procedure a significant change in electrical properties was
observed across all devices on the substrate and can be seen in Figure 5.4C. Post FIB
processing the two terminal Schottky devices show reduced forward currents on
the order of 10”A and an increase of reverse currents with a current of 5 X 10°A
measured at 4V. The result was observed in all devices processed and suggests
significant degradation of the polymeric active layer attributed to the high energy
process degrading chemical structure throughout the polymer. The significant loss
of electrical performance suggests FIB milling of polymeric devices results in
degraded devices with the majority of current produced via ionic conduction or

electrons resulting from the degradation of the polymer matrix.

5.1.4 CNC Mechanically Cut Vertical Trench Walls.

A computer numerical controlled (CNC) A4 circuit board mill was used to introduce
a trench through the middle of a device substrate. The sidewall in contact with the
polymer channel is created through the angled face of 0.2mm tungsten carbide
cutting tool which introduces an angled cut of 45° to the normal via a peripheral
cut. The cutter operates through a mechanical spindle system with ball bearing
stabilisation and can provide rotation speeds of up 40,000 revolutions per minute
(RPM). Figure 5.5 shows two terminal device substrates with machine cut vertical

walls.
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Figure 5.5. The introduction of a CNC machine cut vertical wall A. Two terminal devices prior to
machine cut. B. Two terminal device after the machine cut process resulting in the introduction of
a trench through the middle of the substrate and an angled vertical wall into the device.

Figure 5.5A shows a two terminal device substrate with a mechanically cut trench.
Machine cutting of device susbstrates produces a trench depth of approx 500um in
the substrate. The cut edge can be seen in Figure 5.5B and an optical microscope
image in Figure 5.5C. The cut edge shows reduced lateral damage at the cut edge in
comparison to scalpel cut substrates and the scissor cut substrates. With lateral
damage extending several microns for the cut edge but a clearlly formed cut is
made through the substrate. In Figure 5.5B the periodic cutting action of the tool bit
can be seeen along the lengeth of the cut resulting in a non uniform edge. The
introduction of the cut edge was shown to have no influence on device yields. Due

to the clearly defined edge, and angled surface allowing for favourable wetting and
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solution procesing dynamics CNC machine cutting of two terminal device substrates
was further investigated for the introduction of vertical walls into thin film stacks of

polymer and metal.

5.2 Optimised CNC Mechanically Cut Two Terminal Devices for
Vertical Transistors

A variable in this system is the cutting the speed at which the spindle head moves
the cutter across the sample. Knowing the influence of the tracking speed on
adhesion failures at the cut interface allows us to find an optimal spindle head
speed to achieve an optimal interface. Adhesion failures between the polymeric
film and the metal electrodes introduce changes to the device architecture from the
ideal device cross section and are described in Figure 5.6. The deviations from
idealised structure for P3HT- gold delamination is seen in Figure 5.6B and for gold-
polycarbonate interface shown in Figure 5.6C. The result is an interface with varying

morphology.
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Figure 5.6. Delamination occurring during the CNC machine cutting of substrates. A. Idealised device
structure B. Gold adhesion failure removing/stripping P3HT in the process C.P3HT adhesion failure
and D. Optical microscope image showing a representative vertical cut with damage. 123



The speed of the cutter traversing across the surface is controlled through the
programming interface and can be set between 5mm.s - 20mm.s™. Finalised
devices had vertical walls cut through the CNC circuit board mill. The linear cut
velocity was measured to be 5m.s* and was used to produce a climbing cut (cutter
speed direction in line with traversal speed direction). The cut interface at the edge
of two terminal devices was investigated and adhesion failures measured to

determine the quality of the cut edge at different spindle head tracking speeds.

5.2.1 Adhesion Failures with Respect to CNC Machine Cutting Parameters

Characterisation of adhesion failures was undertaken under optical microscope over
four substrates with two terminal devices fabricated. A methodology for accurately
surveying the cut was established by which a mill path was visualised through the
substrate and locations with defects deviating from the mill path measured as
either P3HT adhesion failure or gold adhesion failure. The methodology was able to
characterise defects on the micron scale across the cut interface. The P3HT
adhesion failures occurring per two terminal device is seen below in Figure 5.7 for

four tracking speeds and the resulting averages and standard deviation.
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Figure 5.7.P3HT adhesion failures at the electrode-cut interface with respect to CNC circuit board
spindle head tracking speed. A. P3HT delamination at 5mm.s’ tracking speed. B. P3HT
delamination at 10mm.s™ tracking speed. C. P3HT delamination at 15mm.s™ tracking speed. D.
P3HT delamination at 20mm.s tracking speed. E. Averaged delamination occurrences. Error bars
represent the standard error corresponding to a 68% confidence interval. F. Measured standard
deviation with respect to tracking speed.

P3HT adhesion failures were observed with 33 # 3.6 occurrences at 5mm.s™
compared to 22 + 2.5 at 20mm.s* indicating faster translation speeds were
desirable. The occurrences of P3HT adhesion failures at the cut edge are seen to
increase as the spindle head tracking speed is reduced. Furthermore, the standard
error appears to increase at slower tracking speeds suggesting not only greater
P3HT adhesion occurrences but greater variability in the quality of the edge. Figure
5.8 shows gold adhesion occurring along the electrode edge with respect to spindle

head tracking speed.
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Figure 5.8. Gold adhesion failures at the electrode-cut interface with respect to CNC circuit board
spindle head tracking speed. A. Gold delamination at 5mm.s” tracking speed. B. Gold
delamination at 10mm.s™ tracking speed. C. Gold delamination at 15mm.s™ tracking speed. D.
Gold delamination at 20mm.s™ tracking speed. E. Averaged delamination occurrences. Error bars
represent the standard error corresponding to a 68% confidence interval. F. Measured standard
deviation with respect to tracking speed.
Across spindle head tracking speeds 5mm.s™*- 20mm.s™ gold adhesion failures were
measured for each device. Gold adhesion failures were observed with 2.7 + 1.1
occurrences at 5mm.s™ compared to 1.3 + 1.2 occurrences at 20mm.s™. Gold
adhesion occurrences were greater at lower spindle head speeds compared to
higher spindle head tracking speeds showing the same behaviour as P3HT adhesion
failures. The ratio of the Au: P3HT adhesion occurrences are shown below in Figure

5.9.
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Figure 5.9. Gold adhesion failures at the electrode-cut interface with respect to CNC circuit board
spindle head tracking speed. Error bars represent the standard error corresponding to a 68%
confidence interval.

The ratio measures the amount of P3HT adhesion failures with respect to gold
adhesion failures at a specific spindle head speed. A ratio of 12.4 + 4.5 at 5mm.s },
13.5 + 4.4 at 10mm.s™, 10.6 * 3.4 at 15mm.s" and 16.5 * 3.5 at 20mm.s™ were
calculated from experimental data. This suggests no correlation between tracking
speed and the adhesion failure mode with respect to one another. When
introducing a lateral cut using a CNC mechanical mill faster spindle head tracking is
seen to reduce adhesion failures. At slower tracking speeds higher occurrences of
adhesion failure are observed which are attributed to greater edge interactions. At
slower tracking speeds it is likely that deflection of drill point as it cuts across the
sample may introduce additional perpendicular force across the cut further

encouraging delamination in comparison to faster spindle head tracking speeds.[7]

5.2.2 Investigating adhesion failure through AFM

An understanding into the electrical properties at the cut interface through
conductive mapping of the device surface allows critical insight on the resulting
interface and device feasibility. With lateral forces causing the adhesion failures
between the P3HT and gold located on the device substrate. The extent of the
damage on the electrical properties can be characterised via conductive AFM.

Conductive microscopy was performed in a moisture filtered ambient atmosphere
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at 26°C. Optical microscope was used to identify a location in situ at the cut
interface to be the imaging location. Figure 5.10A shows an experimental schematic
with applied biases for conductive mode operation B. Shows the AFM tapping mode
height image and C. A three-dimensional render of the topographic height image

compiled through the Nanoscope V software suite taken at the cut interface.

Oum 10um
-3.2um
Figure 5.10 . Obtained topographic images of the cut edge A. Experimental schematic showing
biases applied. B.10um x 10pum AFM tapping mode height image of the cut-polymer interface. C.
Three-dimensional topographic image of the tapping mode two dimensional image.
The cut path (labelled in Figure 5.10) has a periodicity involved in the tracking
through the material due to the cutter action with undulations from the cut path of
2um. In the topographic image the possible polymeric edge can be seen receded
from the cut interface along with a region of possible polymeric or environmental
debris (the square box in Figure 5.10) caused from the cutting process. The

corresponding peak current image is presented below in Figure 5.11. Figure 5.11B
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shows a rotated three dimensional render of the superimposed peak current map

on the three dimensional topographic image. The height and conductive images are

acquired concurrently and ensure 1:1 registration between the images over the

examined area.

Opm Peak Current 10pm

-22.1pA

Figure 5.11. Conductive AFM conductive map and corresponding 3D render of the cut edge A. 10um
x 10um AFM peak current image. B. Rotated three dimensional render of the topographic height
image with superimposed peak current map.

The peak current map in Figure 5.11 shows regions of conductivity up to 93.0 pA at

4V tip bias over the area with the uniform conductive region believed to be P3HT

polymeric material. The conductive region has clearly defined edges with a drop in

peak current occurring at the edge of the conductive region to -20pA. No other

electrical contrast is observed in the image suggesting the underlying gold electrode

is

not exposed at any point on the imaged surface. A labelled region of potentially

polymeric or environmental debris (as seen in Figure 5.11B) shows no conduction

through the area with the defect region aligning with the topographical image

defect. Figure 5.12A shows the obtained topographic 2D image and Figure 5.12B the

peak current map localised on the location of the debris and conductive region

edge.
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Figure 5.12A shows a local height maximum at the location of the debris and the
corresponding peak current map in Figure 5.12B no peak current through the debris
and the area immediately surrounding the debris. This could be the result of the
cantilever failing to come into feedback with the surface due to the height
differential between the local height maxima and the surrounding environment or

an insulating piece of debris.

87.8nm 20.6 pAA

Oum Sum Opm Peak Current Spum

-85.5nm 45 gA

Figure 5.12. Conductive AFM conductive map A.10um x 10um peak current image B.5um x 5um AFM
peak current image.

Peak current is observed consistently across the polymer matter on the sample with
small observable locations of no observable peak current throughout the bulk of the
material. Removal of polymer and underlying gold can be seen to occur from the
cutting process on the order of micron from the cutting interface that was not
observable due to the resolution of the optical microscope. Peak current can be
observed through to the polymeric edge showing similar currents to locations
within the bulk. The result suggests no damage to the electrical properties at the
polymer edge occur due to the cutting process and the thermal energy involved.
Small local areas on the order of nanometres show regions of no observable
conductivity in comparison to the bulk conductivity. The cutting process appears to

largely maintain the electronic integrity of the polymeric material. The
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consequences of this interface on the resulting three terminal device performances

will be probed further in subsequent chapters.

5.3 Conclusion

Two terminal device substrates had vertical wall structures introduced through
several scalable technologies. With the resulting morphology of the vertical wall

assessed for viability in producing an effective interface in a transistor device.

Hot scalpel cutting of the substrate near the glass transition temperature of the
polycarbonate substrate resulted in a vertical wall with significant lateral damage
on the order of 25um. The cutting action of the scalpel introduces tearing of the
polymeric film with displaced material producing a cut edge that is poorly defined.
Scalpel cuts produce a poorly defined edge with significant delamination that would

make the deposition of a functional film unlikely without significant optimisation.

Two terminal devices were fabricated and characterised on PET flexible substrate
and had a vertical wall structure introduced through a scissor cut. The scissor shows
a prominent double edge with lateral damage along the length of the cut on the
order of 20um. The cutting action is suggested to result in a double edge as the
flexible substrate is cut with the blades being displaced relative to the substrate
producing a double edge. The result is a cut surface with significant damage and an

unknown structure at the cut edge.

Focussed lon Beam milling was investigated and produced a clear edge with a well-
defined surface with no observable lateral damage. However exposure to the

procedure produced significant degradation in device performance.

CNC machining cutting of polycarbonate substrates showed machine cut lateral
damage on the order of microns. An angled cut edge was produced allowing for
favourable wetting dynamics for spin casting with a defined that had reduced
topography defects in comparison to scissor and scalpel cut methods. The cut was
optimised to reduce adhesion failure through optical microscope characterisation of

adhesion failures with respect to the spindle head speed. Conductive AFM mapping
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at the operational edge at the cut interface shows consistent electrical conductivity
across the identified polymeric layer on the order of 90pA. Across the polymeric
interface the continuity of electrical properties is seen to remain through to the
edge of the polymeric material. During cutting, the polymeric thin film is torn with
micron scale lateral ripping in devices suggesting a non-ideal device structure
resulting from the mechanical cutting procedure. The results shows mechanical
cutting could potentially be used in the introduction of vertical walls in transistor

structures.
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Chapter 6

6. Fabrication of Vertical Transistors Featuring Solution
Processed Dielectrics

Introduction

Traditional methodologies for incorporation of dielectric films in planar device
structures include thermally grown SiO,,[1], chemical vapour deposition
techniques[2, 3] monolayer self-assembly[4], sputtering[5, 6] and anodization[7] of
thin films. Vertical transistors represent a unique challenge in depositing a dielectric
film due to the topography associated with vertical wall architectures. To date,
transistors incorporating vertical walls have has dielectric films deposited using
PECVD[8, 9] resulting in a conformal film across a multi-phase vertical wall
topography. These depositions often take place under high temperatures limiting

substrate selection and have a high associated cost.

One possible solution for film deposition in vertical wall transistors is solution
processing of functional materials. Solution processed polymers have shown the
ability to be cast[10], printed[11] and surface polymerised [12] in device structures.
Solution processed films offer novel processing conditions allowing deposition at
room temperature and compatibility with scalable printing technologies.
Leveraging the benefits of solution processing to produce conformal dielectric films
is an important step in the development of polymeric vertical transistors.
Understanding the resulting morphology of the dielectric film across the vertical
wall and associated electrical performance are key obstacles in producing a scalable

vertical transistor platform.
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6.1 Deposition of Dielectric Functional Material

6.1.1 Strategy

A machine cut vertical wall has been studied and has shown electrical continuity
across the device operational area towards the cut edge (see §5.2). A device
structure whereby a machine cut wall creates an interface allowing for a potential
vertical transistor is presented in Figure 6.1. Key to the operation is a functional
material applied across the substrate over the machine cut seen in Figure 6.1B.
Over the deposited functional material a silver epoxy electrode is deposited
manually creating a third terminal to apply a potential voltage between the gate

and source and can be seen in Figure 6.1C.

lectrode Semiconductor Functional material ate electrode

£ ec”“%

Figure 6.1. Top view and side view schematic describing deposition of dielectric material towards
a three terminal device work flow. A. Cutting of two terminal device substrates. B. Dielectric film
deposition. C. Gate epoxy electrode deposition.

Effective capacitive coupling between the semiconductor and dielectric material
allows for the enhancement or depletion of the conductive channel between the
source and drain. A well performing dielectric possesses a large dielectric constant,
k and provides low dielectric loss under AC signal. A high breakdown voltage is

desirable and determines the operating voltages of the resulting device. [9, 13, 14]
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Increasing the capacitance of the dielectric film has been shown to improve device
performance of an OFET with high capacitance dielectrics increasing the lateral
electric field at the semiconductor-dielectric interface at a given voltage. Another
approach to increasing the capacitance of dielectric films is scaling to reduce
dielectric film thickness.[9, 15]As a capacitive film is scaled to smaller lengths
greater capacitance is needed to store the same charge area. With equivalent
devices scaling of the thickness of the functional material will reduce power
consumption and increase the magnitude of the lateral electric field at equivalent
applied potential voltage and device dimension. The scaling properties of several

solution processable dielectric films were probed for use in the device structure.

6.1.2 Solution Processable Dielectric Materials

The feasibility of solution processing dielectric functional materials for use on two
terminal device substrates with a machine cut vertical wall cut was investigated.
Two electrode configurations gold-aluminium source-drain and gold-gold source-
drain electrode devices were fabricated and used to study several solution
processed dielectrics. Symmetric gold electrode devices with a machine cut vertical
wall as seen in Figure 6.2A and an asymmetric gold source and aluminium drain

machine cut two terminal device as shown in Figure 6.2B.

A. B.

Gold electrode Semiconductor Aluminium Semiconductor

electrode
Electrode Gold electrode

Figure 6.2.Cross section schematic of two terminal devices with different electrode
configurations. A. Asymmetric electrode configuration with gold source electrode and aluminium
drain electrode. B. Symmetric electrode configuration with gold source and drain electrode.

Two terminal device substrates with processed dielectric functional films had an
epoxy gate electrode applied manually seen in Figure 6.3. The epoxy was applied
using optical microscope to create a third contact over the spin coated vertical wall.

The two terminal device substrates with gate epoxy applied gate electrodes were
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then heat annealed at 100°C for 30mins. The completed devices were probed

through the use of a Fluke multimeter. An experimental schematic showing the

failure testing of dielectric functional material films between the gate-source and

gate-drain electrodes through the use of a multimeter is seen in Figure 6.3.
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Figure 6.3. Failure analysis for three terminal devices A. Gate-source failure testing. B. Gate-drain

failure testing.
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Failure analysis was conducted by observing the resistance in the gate-source and

gate-drain circuit. Measurements that showed a short circuit between gate-source

or gate-drain were considered a failure. This procedure was carried out across all

devices on all substrates tested. Functional materials were spin coated with spin

speeds in the range 1000RPM-3000RPM.

At each spin speed three device

substrates were fabricated with a failure analysis conducted across all 16 devices on

the substrate and catalogued as seen in Table 6.1.

Table 6.1. Failure rates for spun cast dielectric functional materials over symmetric

and asymmetric electrode device configurations.

Gold-gold failure rate (%) Gold-aluminium failure rate(%)
Material 1000RPM | 2000RPM | 3000RPM | 1000RPM | 2000RPM | 3000RPM
UV-NVS 60 85 100 20 60 100
Cytop 45 80 100 20 50 100
PMMA 100 100 100 85 100 100
LiClOg4: 100 100 100 100 100 100
PEO
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At 3000RPM spin speed both device configurations had a failure rate of 100% for all
dielectrics processed. The rate of failure for cytop solution processing was
calculated to be 45% for symmetric electrode devices and 20% for asymmetric
electrode devices at 1000RPM. Increasing the spin speed to 2000RPM the failure
rate for cytop solution processing was calculated at 80% and 50% respectively.
Devices with a top gold electrode show higher rates of failure than aluminium top
electrode device. This is potentially due to the native oxide on the aluminium
electrode improving the wetting of films across the top electrode. UV-NVS and
cytop both show the ability to be spin coated and produce electrically insulating
films across the machine cut surface. Due to its ability to be processed at room
temperature and low failure rate in gold-aluminium electrode devices UV-NVS is
considered a promising candidate for use in vertical transistor devices. The
morphology and electrical properties of the resulting UV-NVS film were studied in

order to further study the dielectric material for use in machine cut devices.

6.2 UV-NVS Dielectric Material

UV-NVS (Ultra Optics) UV cured resin was selected as a dielectric layer because it
can be cured at room temperature, and was seen to produce insulating films across
the cut surface at 1000rpm. UV-NVS is a multiphase optics coating incorporated into
a PMMA polymer matrix.[16]PMMA is a dielectric material with a reported
dielectric constant, k= 2.6 that has been used in field effect transistor devices.[17,
18] A two terminal UV-NVS resistor cell was fabricated featuring a 10um UV-NVS
film and gold electrodes was electrically characterised and can be seen in Figure 6.4.
UV-NVS resistor cells were shown to produce -5.8 x 108A at +4V and a resistance Q=
100MQ resulting in a conductivity o= 1 x 10® S.m™ for the UV-NVS film indicative of

an insulating material.

UV-NVS films were incorporated into transistor structures through solution
processing directly onto two terminal device substrates. The gate-source current
was measured for a completed three terminal device featuring an epoxy electrode
and can be seen in Figure 6.4B. Three terminal devices with UV-NVS solution

processed dielectric films show leakage currents on the order of 10°A-107A over
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the range +4V when tested without a bias across the third terminal. Gate to source
leakage was measured at -2 x 10”A at -4V and a resistance Qss=167MQ extracted.
Gate-drain leakage was measured at 2 x 10 A at -4V and a resistance Qep=17MQ
extracted and seen in 6.4C. In comparison, the reduced Qgp is likely attributed to an
increase overlap between the drain electrode and deposited gate epoxy, increasing

the electrode surface area and reducing the resulting resistance.
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Figure 6.4. UV-NVS resistance measurements taken from leakage current-voltage characteristics
for epoxy gated three terminal devices with UV-NVS spin coated dielectric material. Devices are an
average compiled over 10 devices on 3 substrates. A. Current-voltage characteristic for a two
terminal UV-NVS resistor cell. B. Gate-source leakage current. C. Gate- drain leakage current.

In order for device operation the resistance of the gate-source and gate-drain
circuits need to be higher than the source-drain circuit providing an electrically
conductive path between the injected charges at the source to conduct to the drain
producing a measurable forward current. The measured Qs ies Of fabricated two
terminal devices has previously been shown to be on the order kQ for thin film
devices (as seen in §4.3) and provides a source-drain circuit at lower resistance than
either gate circuits. UV-NVS films produce an electrically insulating surface with
sufficient resistance to be electrically isolating for vertical transistors. The
morphology of the surface was investigated through microscopy to observe the
uniformity of the coating. Figure 6.5 shows the morphology of a completed UV-NVS

spin coated device substrate.
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Figure 6.5.Microscopy images of UV-NVS coating on two terminal device substrates. A. Top-down
optical microscope image of the cut edge with a UV-NVS coating completed over an aluminium
electrode edge. B. Scanning electron microscope image of a coated cut surface C. Coated device
substrate with polymeric active layer peeled off showing UV-NVS morphology over the cut edge. D.
Zoomed in image of the morphology of UV-NVS at the cut edge.

Solution processing of UV-NVS films on device substrate produces substrates with
an observable UV-NVS coating at the cut edge as seen in Figure 6.5A. Figure 6.5B
shows an SEM image of the cut edge on a UV-NVS spun cast substrate. In order to

observe the UV-NVS coating over the lip edge the P3HT polymeric layer was
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removed from a completed substrate and imaged down the length of the cut seen
in Figure 6.5C. UV-NVS spun cast films can be seen to be formed over the cut edge
down the length of cut. The zoomed in image in Figure 6.5D shows the morphology
of the film extending laterally over the cut edge. Solution processing of UV-NVS
insulating films across machined transistor substrates shows insulating films which
extend over the cut edge being formed across the machine cut surface. The films
show resistances on the order of 100MQS in the device structure showing the scope
for the room temperature processing of dielectric films across a machine cut

vertical wall transistor structure.

6.2.1 Failure Mechanism in UV-NVS Dielectric Films

SEM was used to gain an understanding of the microscopic topography over
machine cut substrates. Through the use of a perpendicular sample mount (as
discussed in Material and Methods § 2.3.3) images of two terminal device
substrates with and without solution processed functional materials were evaluated
down the cut axis. Figure 6.6 shows SEM images of fabricated two terminal device
substrates. Imaging the cross section of the device allows for the topography to be

understood across the cut surface and edge.

Figure 6.6A shows the cross section of a two terminal device substrate with a
vertical wall introduced. The depth of the trench cut is measured at 500um and
appears consistent down the cut axis. Minimal schwarf debris is seen across the cut
trench from the cutting process. Figure 6.6B shows the mechanical cut surface
moving up to the edge of the top electrode. Undulations are visible across the cut
surface casued from the cutting process. At the cut lip these undulations also

appear and cause varied topography down the length of the cut at the lip edge.
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2000um

Figure 6.6. Scanning electron microscope images of two terminal device substrates before solution
processing of a functional material. A. Macro scale Image taken down the axis of the vertical cut
showing the vertical wall down the distance of the substrate. B. Zoomed in at the surface cut edge
at the top electrode.

Due to the dimpled topography at the surface of the UV-NVS film it was possible to
observe the distribution across the lip edge of the UV-NVS functional material.
Processed two terminal device substrates were imaged using SEM and possible
failure mechanisms identified. Figure 6.7A shows the cut edge with a UV-NVS
dielectric functional film solution processed. When compared to Figure 6.6B. Figure
6.7A has reduced definition of the cutter undulations down the length of the cut

suggesting a planarising film across the cut surface. Figure 6.7B shows a zoomed in
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image at the cut edge of a two terminal device substrate with a UV-NVS dielectric
functional film. The dimpled topography of the UV-NVS protective film is visible
down the length of the cut on the cut surface and can be seen approaching the cut
edge. At the cut edge the film can be seen coating across the machined surface and
the cut edge. The distribution of the UV-NVS dimpled features across the variable
topography at the cut edge is not homogenous or consistent. With the topographic
dimples not present over the highest points of the topography at the cut edge

suggesting incomplete coverage over the cut edge as a mechanism of failure.

Figure 6.7C shows a two terminal device substrate with UV-NVS functional film
solution processed and imaged angled top down perspective along the length of the
cut. Down the cut edge the periodic undulations from the cutter tool can be seen.
Observing down the length of the cut regions of incomplete coverage can be
observed. The accompanying optical microscope image seen in Figure 6.7D shows
an observable diffraction pattern at the cut edge suggesting regions of variable
thickness. Figure 6.7E shows a two terminal device substrate with UV-NVS
functional film solution processed. The image taken down the length of the cut
shows a fissure caused at the cut edge in the UV-NVS functional film. It is
speculated shrinkage during UV curing caused by internal stress in the UV-NVS
film results in cracking across severe topographic features across the cut
surface.[19] As residual solvent is removed from the film further shrinkage would be
occurring within the film with the amount of shrinkage dependent on the adhesion
to the surface and thickness of the film. With film shrinkage not scaling linearly with

UV-NVS  film thickness under  favourable wetting  conditions.[16]
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Figure 6.7. Scanning electron microscope images of solution processed UV-NVS dielectric functional films and observed failure 144
mechanisms. A. Image taken down the axis of the vertical cut showing the vertical wall down the distance of the substrate with UV-NVS

functional film. B. Zoomed in at the cut edge of the top electrode. C. Angled top-down view of the cut edge UV-NVS. D. Top-down

microscopy image of a device showing poor wetting. E. Zoomed in at the cut edge microscopy image of observed film fissure.



Microscopy images of UV-NVS dielectric films show two failure mechanisms in
completed devices. Regions of inconsistent coverage across severe topographic
features caused by surface tension acting to pull the solution away from the edge.
This failure mechanism is dependent on the viscosity of the applied liquid and the
surface wetting properties between the liquid and the surface being coated.[20]
And shrinkage upon UV curing causing fissuring down the cut surface and
promoting incomplete coverage.[19] Both mechanisms are dependent on the
wetting of the UV-NVS resin across the machine cut surface and the topography
present across the surface. UV-NVS was developed for use as an optical coating on
polycarbonate lenses and has been developed to provide favourable wetting
chemistry for polycarbonate substrates. [16]As such, improving the failure rate of
UV-NVS films is dependent on the topography across the cut surface and the

wetting of UV-NVS across the electrode-active material multi-phase surface.

6.3 Fabrication of Vertical Transistors Incorporating UV-NVS

The effect of transistor fabrication on the two terminal source-drain circuit was
investigated in order to optimise UV-NVS deposition and produce stable device
behaviour. Fabrication of vertical transistor devices is described in §2.2 and was
undertaken in three substrate batches with five devices on each substrate
electrically characterised during fabrication to measure the impact of the

fabrication step on the device electrical characteristics.

6.3.1 Standard Electrode Processing

Devices featuring asymmetric electrodes with a gold electrode matching the work
function of the P3HT semiconductor and an aluminium electrode producing a
Schottky barrier were used to study the source-drain current-voltage behaviour
during fabrication of three terminal devices. Devices were fabricated with 30nm
patterned gold source electrodes evaporated at 1 A.s™* at 10”7 Torr and electrically
characterised during transistor fabrication. Figure 6.8 shows the current-voltage
characteristics and simulation fit for a device during the fabrication of a three

terminal device.
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Figure 6.8. A. Current- voltage traces of a Schottky barrier diode undergoing processing towards a
vertical transistor. 1. Initial current voltage trace. 2. Post machine cutting current-voltage trace. 3.
Post dielectric film deposition current-voltage trace. 4. Post epoxy gate electrode deposition
current-voltage trace. Dotted lines represent simulation model fits for corresponding equivalent
circuit. B. Simulated series resistance changes during transistor fabrication. C. Simulated ideality
factor across transistor fabrication.

During fabrication the source-drain circuit experiences changes in the device
performance. Increases in series resistance are seen with simulated series
resistance increasing from 2.5kQ to 12kQ shown in Figure 6.8B. An observed shift to
higher turn on voltages is seen and is described by a change in the simulated
ideality parameter for the devices seen in Figure 6.8C. The resulting current is seen
to reduce to lower forward current magnitudes with higher observed with turn on
voltages for device. Changes in device performance for the Schottky diode were

measured across three substrates and are seen in Table 6.2.

After the introduction of a machine cut vertical wall a cumulative change in forward
current to 71.7% £9.9% of its initial forward current is seen to occur with an average

turn on voltage of 2.4V measured. This reduction in forward current post machining
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is attributed to a reduction in the operational area occurring during the cutting
procedure leading to an increased series resistance. After processing of a UV-NVS
dielectric functional film forward current magnitude is calculated to be 16.0% +6.5%
of the initial forward current value with a shift to higher turn on voltages to 3.4V
observed. After the deposition of a gate electrode 4.3% +0.9% of the forward
current value was measured with an average turn on voltage of 3.8V. The result
suggests that the fabrication of vertical transistors reduces the two terminal device
performance and produces an unstable electrical device. The reduction of device
performance was attributed to ambient processing and exposure of the operational
area to environmental factors. In 2010 Egelhaaf et al.[21] studied the role of UV-VIS
radiation on the degradation of P3HT. Egelhaaf et al.[21] prepared 100nm spin
coated P3HT films and irradiated the samples at wavelengths across the UV-VIS
range. Through a reaction chamber environmental variables temperature, humidity
and partial pressure were controlled and a xenon lamp source used to generate the
selected radiation wavelength. Egelhaaf et al.[21] established the degradation
proceeds through a radical based mechanism driven by UV light and accelerated by
increasing temperature and humidity. The exposure to UV leads to scission of C-C
bonds and fragmentation within the P3HT molecule. Under this situation it has been
shown that the alkyl groups and thiophene rings disappear leading to the formation
of oxidised species. [22] Furthermore, Egelhaaf et al.[21] propose an empirical

mechanism linking environmental variables to the rate of degradation.

—dE _ dnt _ B(poy 2o ,AT)IH(A)
edt  Adt  1+bT py,~*

+ ¢(Ppo,,T) Equation 6.1

With E= absorbance of the film, £,= the extinction coefficient for a thiophene unit,
A= the unit area, ny= number of moles of thiophene rings, I,= the incident photon
flux, p,,= oxygen partial pressure and 8 an effectiveness coefficient. From equation
6.1 it is shown that the intensity of the light is a key driver in the degradation rate.
In order to improve the electrical stability an electrode pattern was devised that
would reduce the exposure of the operational area to environmental factors that

could result in the degradation of P3HT polymer.
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Table 6.2 Measured Schottky barrier device forward-current during transistor fabrication for standard electrode devices.

Device Initial Post machining Post dielectric deposition Post epoxy gate deposition
Substrate 1 lrwo (A) Von(V) lrwo (A) Von(V) lrwn (%) lrwo (A) Von(V) lrwn (%) lrwo (A) Von(V) lrwn (%)
1 -2.2E-03 1.8 -1.0E-03 2.6 47.3 -4.9E-05 3.5 2.2 -4.8E-06 4.0 0.2
2 -8.1E-04 1.8 -5.1E-04 2.4 63.1 -4.0E-04 3.2 49.8 -1.4E-04 3.6 17.1
3 -4.4E-04 2.4 -2.0E-04 2.5 45.7 -4.7E-05 3.6 10.7 -3.3E-05 4.0 7.6
4 -8.6E-04 2.2 -6.5E-04 2.4 75.7 -1.7E-04 3.5 19.6 -3.2E-05 3.6 3.8
5 -7.4E-04 2.1 -3.9E-04 2.6 52.2 -6.9E-05 3.6 9.3 -2.2E-05 3.8 3.0
Substrate 2
1 -6.0E-04 2.1 -7.6E-04 2.2 127.6 -2.3E-04 3.6 38.4 -2.9E-05 3.8 4.9
2 -6.3E-04 2.1 -5.5E-04 2.2 86.6 -1.0E-04 3.6 16.2 -1.4E-05 3.8 2.2
3 -6.7E-04 2.0 -4.6E-04 3.0 68.3 -7.2E-05 3.2 10.8 -3.0E-05 3.8 4.5
4 -7.1E-04 2.1 -6.7E-04 2.2 94.6 -1.3E-04 3.2 19.1 -2.8E-05 3.8 4.0
5 -6.3E-04 2.4 -5.8E-04 2.5 92.4 -6.3E-05 3.2 10.1 -1.0E-05 3.8 1.7
Substrate 3
1 -7.0E-04 2.0 -4.9E-04 2.2 69.9 -1.0E-04 3.2 14.9 -4.3E-05 3.6 6.1
2 -8.0E-04 2.0 -6.1E-04 2.2 76.0 -1.6E-04 3.4 20.1 -4.9E-05 3.7 6.1
3 -7.3E-04 2.0 -3.7E-04 2.4 50.4 -2.9E-05 3.5 4.0 -3.5E-06 3.8 0.5
4 -8.8E-04 2.0 -5.6E-04 2.2 63.8 -7.2E-05 3.5 8.2 -1.2E-05 3.7 1.3
5 -8.9E-04 2.0 -5.4E-04 2.2 61.3 -5.7E-05 3.5 6.4 -8.2E-06 3.7 0.9
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6.3.2 Encapsulating Electrode Processing

In order to reduce the exposure to ambient conditions and improve electrical
stability an encapsulating electrode pattern was developed and studied. Figure 6.9
describes the standard electrode structure and compares it to the encapsulating

electrode structure.

A. B.
Drain electrode

Drain electrode

Polymer
Polymer

Source electrode Source electrode

C. D.

Figure 6.9. Graphical schematic of batch processed electrode patterns. A. Standard electrode
pattern. B. Encapsulating electrode pattern .C. Top down schematic view of the showing standard
electrode pattern D. Top down schematic view of the showing encapsulating electrode pattern.

Figure 6.10 shows the current-voltage characterisation and simulation fit for devices
during the fabrication of a three terminal device featuring an encapsulating

electrode.
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Figure 6.10. A. Current- voltage traces of an encapsulating electrode two terminal device
undergoing processing towards a vertical transistor. 1. Initial current-voltage trace. 2. Post
machine cutting current-voltage trace. 3. Post dielectric film deposition current-voltage trace. 4.
Post epoxy gate electrode deposition. Dotted lines represent simulation model fits for
corresponding equivalent circuit. B. Simulated series resistance changes during transistor
fabrication. C. Simulated ideality factor across transistor fabrication.
Table 6.3 presents the forward current performance for devices featuring an
encapsulating electrode pattern. The change in forward current was calculated for
the processing steps for two terminal devices with encapsulating electrode and
compared to the standard configuration. After the introduction of a machine cut a
cumulative change in forward current was calculated to be 72.2% +9.4% of its initial
forward current value with an average turn on voltage of 2.1V. The value is
comparable to the drop in forward current for standard electrode devices of 71.7%
19.9% seen in Figure 6.8A. However, the average turn on voltage is seen to be
comparably higher for the devices processed with the standard electrode pattern.
After processing of the UV-NVS dielectric functional film forward current magnitude

is calculated to be 146.9% *36.9%of the initial forward current value with an

average turn on voltage of 2.2V. After the deposition of a gate epoxy the cumulative
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change in forward current is calculated to be 96.4% +25.0% of the original current

with an average turn on voltage of 2.4V.

Devices with an encapsulating electrode device show more reliable and improved
device performance across transistor fabrication in comparison to standard
electrode devices. Encapsulating electrode devices maintain a lower turn on voltage
and more reliable forward current behaviour. Maintaining consistent device
behaviour is essential to accurate transistor characterisation. The generation of
transistor data requires a repeat voltage cycle for electrical characterisation.
Understanding the stability of the two electrode platforms under a repeating
voltage signal helps improve the resolution to extract transistor behaviour and

understand the device stability.
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Table 6.3. Measured device forward current during transistor fabrication for encapsulating electrode devices.

Device Initial Post machining Post dielectric deposition Post epoxy gate deposition
Substratel lewo (A) | Von(V) lewo (A) Von(V) | lewn(%) lrwo (A) Von(V) lrwn (%) lewo (A) Von(V) | lewn(%)
1 -5.7E-04 2.0 -4.4E-04 2.0 77.1 -1.1E-03 2.4 196.8 -6.1E-04 2.6 107.9
2 -4.9E-04 2.0 -3.9E-04 2.1 79.7 -8.1E-04 2.2 166.4 -5.0E-04 2.4 102.1
3 -3.4E-04 2.0 -2.7E-04 2.1 78.5 -7.5E-04 2.0 217.8 -4.4E-04 2.4 129.0
4 -5.7E-04 2.0 -5.0.E-04 2.1 87.3 -9.9E-04 2.2 174.3 -5.8E-04 2.5 102.4
5 -3.2E-04 2.0 -2.8E-04 2.1 88.5 -7.6E-04 2.2 239.0 -4.9E-04 2.4 152.4
Substrate2
1 -8.9E-04 2.0 -8.0E-04 2.1 90.0 -1.0E-03 2.2 116.2 -6.6E-04 2.4 74.2
2 -2.7E-04 2.0 -2.6E-04 2.1 96.0 -5.2E-04 2.0 193.4 -3.4E-04 2.5 126.2
3 -4.3E-04 2.0 -4.6E-04 2.1 105.3 -8.4E-04 2.0 194.3 -5.4E-04 2.5 124.9
4 -8.4E-04 2.0 -4.6E-04 2.1 54.1 -7.2E-04 2.2 85.4 -3.0E-04 2.4 35.6
5 -7.1E-04 2.0 -6.7E-04 2.1 94.6 -1.4E-04 2.2 19.1 -2.8E-04 2.4 40.1
substrate 3
1 -3.3E-04 2.0 -2.5E-04 2.1 75.6 -5.2E-04 2.1 157.8 -1.0E-04 2.4 315
2 -2.9E-04 2.0 -2.4E-04 2.2 81.0 -3.2E-04 2.1 108.8 -2.2E-04 2.4 73.4
3 -4.1E-04 2.1 -3.3E-04 2.1 81.4 -4.3E-04 2.2 105.1 -4.9E-04 2.5 121.8
4 -2.3E-04 2.0 -1.1E-04 2.1 48.0 -2.3E-04 2.2 97.8 -3.1E-04 2.4 135.9
5 -2.9E-04 2.0 -2.7E-04 2.1 91.0 -3.8E-04 2.2 130.6 -2.6E-04 2.4 87.9
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6.3.3 Electrical Stability under Transistor Characterisation.

The stability of Schottky barrier vertical transistors during a transistor output test
cycle was investigated and compared for two electrode configurations. A five trace
test cycle seen in Figure 6.11A was used to reproduce a transistor test cycle and
measure the changes in forward current between standard and encapsulating
electrode devices without the application of a gate voltage. Figure 6.11B shows the
normalised forward current behaviour for the two configurations across the test

cycle for a device.
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Figure 6.11. Forward current behaviour for three terminal devices incorporating a Schottky
barrier for two electrode patterns A. Test cycle voltage input. B. Normalised forward current
comparison for representative standard and encapsulating electrode devices. C. Forward
quadrant current-voltage trace for a standard electrode device. D. Forward quadrant current-
voltage trace for an encapsulating electrode device. E. Measured forward current at the
beginning of the test cycle (black dot) and at the end of the test cycle (red square) for all 15
standard electrode devices. F. Measured forward current at the beginning of the test cycle
(black dot) and at the end of the test cycle (red square) for all 15 encapsulating electrode
devices.
The standard electrode device reduces in forward current across the test cycle
dropping to 25% of the original measurement. The representative device with an
encapsulating electrode experiences a marginal increase in the forward current
behaviour within 9% of the original current. Figure 6.11C shows the measured
forward current traces for a standard electrode device during the test cycle. Figure
6.11D shows the measured forward current traces for an encapsulating electrode

device during the test cycle. The change in forward current at the beginning of the
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test cycle compared to the end of the test cycle for fifteen devices can be seen in

Figure 6.11E and Figure 6.11F respectively.

Across the test cycle the forward current is seen to drop by -3.9% +5.6% on average
for devices with an encapsulating electrode. In comparison devices with a standard
electrode pattern show a forward current change of -63.7%%9.9%. The standard
electrode device is seen to shift to higher turn on voltages with reduced current
magnitude during the test cycle. This behaviour is consistent with changes in device
behaviour during transistor fabrication seen in §6.3.1. In comparison the
encapsulating electrode has reduced variation providing a more consistent platform
with better device performance across the test cycle consistent with the improved

performance across fabrication seen in §6.3.2.

During processing and testing fabricated devices experience changes in device
performance. The use of an encapsulating electrode pattern improves the stability
of devices and the reliability of transistor characterisation at the point of testing.
The improvements are attributed to a greater encapsulation of the operational area
resulting in less atmospheric exposure and increased electrical stability across

fabrication.

6.4 Conclusions

In order to create vertical transistors with high lateral electric field strength the
scaling possibilities of several dielectric materials were evaluated for producing
dielectric films across a machine cut surface. UV-NVS, cytop, PMMA and LiClOy:
PEO were chosen as possible functional materials and solution processed with the
short circuit failure rate calculated with respect to spin speed. Electrode
composition is seen to affect the failure rate with symmetric gold-gold electrode
devices showing greater failure rates compared to asymmetric gold-aluminium
electrode devices. This is attributed to the formation of a native oxide on the
aluminium electrode improving the wetting. UV-NVS and cytop were the best
performed materials capable of creating insulating films across the machine cut

topography with a UV-NVS failure rate of 60% in gold-gold devices and 20% in gold-
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aluminium devices at 1000RPM spin speed. Cytop offered the lowest failure rate
with a failure rate of 45% at 1000RPM in gold-gold devices and 20% failure rate at
gold aluminium devices. Due to its ability to be processed at room temperature and
low failure rate in gold-aluminium electrode devices at 1000RPM the PMMA based
resin UV-NVS was chosen to be optimised for incorporation into vertical transistor

devices.

Microscopy images of solution processed UV-NVS films across the machine cut
surface show the formation of a film extending across the cut edge. In completed
vertical transistor devices UV-NVS films produce gate-source and gate-drain circuits
with resistances of Qgs=167MQ and Qgp=17MQ resulting in effective resistive films
by spin coating films over machine cut topography. The performance of the source-
drain Schottky barrier circuit was examined during UV-NVS processing. Fabrication
of UV-NVS vertical transistor devices reduces device performance of the source-
drain circuit with a cumulative drop in forward current to 4.3%+0.9% of the initial
forward current value with an average turn on voltage of 3.8V measured. The drop
in performance is attributed to ambient device processing and the UV exposure

during curing.

An encapsulating electrode which reduced ambient exposure of the operational
area was developed and tested. Encapsulated devices produce 96.4%+25.0% of the
original current with an average turn on voltage of 2.4V post fabrication. Under a
repeat voltage signal designed to replicate transistor characterisation encapsulated
devices vary -3.9%+5.6% across the test cycle. In comparison devices with a
standard electrode pattern show a forward current change of -63.7%+9.9% across
the repeat signal. The encapsulating electrode limits the exposure to environmental
dopants and improves device stability across device fabrication. This shows the
benefits of an encapsulating electrode structure in improving device performance
and stability in devices featuring ambient sensitive polymers. Resulting in an
optimised P3HT vertical transistor platform that can be fabricated in ambient

conditions featuring a solution processed dielectric.
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Chapter 7

7. Channel Enhancement in Machine Cut Vertical OFETs

Introduction

The switching performance and operating voltages of the transistor devices which
comprise a circuit ultimately determine the circuit performance. To this end,
reducing gate length and increasing operational area in transistor structures is
known to improve the performance criteria and commercial feasibility of
prospective devices.[1-3] In 2008 Yang et al. demonstrated a large area vertical
architecture VOFET capable of mA current and an ON/OFF ratio of 10°.[4]The
layered structure operates in part due to penetration of the electric field through a
thin metal electrode into the device active layer allowing a large enhancement
region to form under relatively low operating biases. The work demonstrates the
scope of vertical architectures to create field effect devices utilising the penetration
depth to increase enhancement current through the conductive channel, however,
the configuration is ultimately limited by the inherent need for a very thin

conductive layer within the structure which will limit device power.

In order to improve device performance and create a more generally applicable
architecture, a novel VOFET architecture is presented and studied for potential
enhancement operation. The device structure allows for varied operational area
and easily controlled gate length defined by the thickness of an active layer polymer
film. The structure can be fabricated in ambient conditions without the use of

lithography and incorporates a spun cast dielectric film.
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7.1 Device Operation

7.1.1 Device Fabrication

The VOFET incorporates a 45° gate created using a machine cut wall is shown in
Figure 7.1. A polycarbonate substrate is employed and a two terminal vertical
layered structure is deposited sequentially (Figure 7.1B) featuring 30nm thick
contact electrodes. The mechanical properties of the plastic substrate facilitates a
machine cut trench to be introduced with the operational area of the device
determined by the width of the electrodes and the semiconductor thickness (Figure
7.1C). A 10um thick dielectric layer is spin coated over the machine cut substrate
seen in Figure 7.1D. An epoxy gate electrode is deposited manually over the
functional film creating a capacitive cell (Figure 7.1E). An optical image of a

completed device is seen in Figure 7.1F.

Semiconductor Gate electrode

/ / I\Dielectric

Electrodes

F.

Polycarbonate

Figure 7.1. Machine cut VOFET fabrication. A. Commercial polycarbonate sheets are laser cut to
25.4mm” with a working electrode deposited by means of sputtering or evaporation through a
shadow mask. B. A semiconducting polymer is spin coated from solution onto working electrode
and annealed with a second working electrode deposited through shadow mask. C. A CNC
machine cutter introduces a vertical wall into the device architecture D. A dielectric functional film
is spin coated across the surface. E. Silver epoxy gate electrode manually deposited. F. Optical
image of a P3HT machine cut VOFET. 160



The structure has been optimised in line with findings in previous chapters to
improve device stability, yield and dielectric deposition. The methodology allows for
the scaling of gate length with the thickness of the spin coated semiconductor layer

and control of the device operational area.

7.1.2 Principle of Operation

Unique to the architecture is an angled machine cut wall at an angle of 45° to the
normal resulting in an angled interface at the dielectric-semiconductor interface
seen in Figure 7.1. The penetration of the electric field into the active layer from the
gate for the structure is expected to introduce polarisation through the material
resulting in a region of increased conductivity known as an enhancement region
that ultimately determines device performance.[5] In order to determine
operational voltages, the electric field lines produced at the dielectric-active layer
interface are sketched under various high-low bias conditions for the three terminal
structure and presented in Figure 7.2. The enhancement channel is not expected to
be symmetrical in the device and is dependent on which electrode is chosen for
charge injection. Field lines indicate that greater channel enhancement will be
possible using the bottom electrode for charge injection. Due to P3HT exhibiting p-
type conduction[6]with holes the majority carriers the biasing conditions in Figure
7.2C and 7.2D are expected to allow for the creation of an enhancement region.
Planar OFETs featuring P3HT devices have shown enhancement in the -/- quadrant

and are studied under source high, gate low biasing conditions.[7, 8]
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Semiconductor
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Dielectric

(C ; D D D
Figure 7.2. Cross-section schematic of a vertical device architecture with angled vertical wall and the resulting electric field lines
under various three terminal operation biases. A. Source low, gate high operational biasing B. Source low, gate high operation

with alternate charge injection electrode. C. Source high, gate low operational biasing. D. Source high, gate high operational
biasing with alternate charge injection electrode. Electric field lines depict the force experienced on a positive charged particle.
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An estimate of the electric field strength produced by the gate was calculated using

a parallel plate capacitor approximation for a 20um P3HT active layer device seen in

Figure 7.3A. The electric field at a distance from the gate was calculated down the

length of the source electrode. With the parallel plate capacitor distance, d

calculated for the 45° gate electrode using the cosine law with the resulting electric

field profile at five distances seen in Figure 7.3B.
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Figure 7.3. Electric field calculation for vertical VOFET with a 20um active layer. A. Calculation
schematic. B. Electric field profile incident into the channel under varied gate voltage, Vgs -1Vgs
(red line), -5Vgs, (green line), -10Vgs (purple line), - 20Vgs (blue line), - 30Vgs (orange line). The
source-drain electric field at an applied Vps=1V (blue line).C. J vs. E curve for P3HT organic
semiconductor. D. Current flux profile for the active layer at Vg=0V (black line) at an applied Vgs=

-30V.

An electric field magnitude on the order of 10’ V.m™ is calculated to be incident into

the device active layer at an applied gate voltage -30V. In comparison at a source-

drain operating bias of 1V, the source-drain electric field is calculated to be 5 x

10" V.m™. During an additional gate voltage the increase in field magnitude within

the active layer is expected to produce a region of higher conductivity, increasing
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the current flux of the P3HT active layer. The current flux vs. electric field behaviour
for P3HT is seen in Figure 7.3C. With current flux increasing linearly under applied
electric field over the range 0 V.m™ to 1.5 x 10’ V.m™. The resulting current flux
profile within the device for an ON state (Vgs=-30V) and OFF state (Vgs=0V) can be
seen in Figure 7.3B. A three order increase in the current-flux magnitude 10um
from the gate electrode. The calculation suggests a gate controlled enhancement

region to be formed within the active layer resulting in an enhancement current.

The device structure features a large operational area producing a leakage current
between source-drain during operation. Key to validating the structure is an
enhancement current that is resolvable from the two terminal source-drain leakage
current. The influence of the device dimensions operational area and active layer
thickness on leakage current can be seen in Figure 7.4A and Figure 7.4B with drain
leakage current increasing with increasing operational area. Leakage current is also
seen to increase as active layer thickness is reduced. The device structure is capable
of producing 0.9mA leakage at an operating voltage of -4Vps. The high possible
currents with the structure and low operating voltages make the structure a
candidate for a Schottky barrier VOFET. Figure 7.3C shows the electrical
performance of a large operational (1.5mm?) area P3HT/Aluminium Schottky
device. With the change in the conductivity of the device under incident electric

field shown in Figure 7.4D and E.

The conduction of the device under forward bias conditions shows over the range 3
x 10® S to 3 x 10™S a change in conduction of four orders of magnitude under an
incident electric field 1 x 10° V.m™. Under reverse bias conditions the conductivity
spans the range 3 x 10%S to 5 x 10°7S increasing with increasing incident electric
field. Under forward bias there is a threshold point at which conductivity increases
rapidly. This threshold region represents the greatest rate of change in conductivity
with respect to electric field. With P3HT conduction increasing until the intrinsic
conductivity of the material is exceeded and charge injection is space charge
limited. In order to realise a potential enhancement mode structure space charge
limited current must be avoided. A device operating in the space charge limited

regime is charge injection limited and defines the physical dimensions possible of
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layer thickness on forward current. C. J vs. V current curve. D. Changes in conductivity state for the

device under forward biasing (square marker) and reverse biasing (diamond marker). E. Changes in

conductivity state at low electric field strengths F. Experimentally obtained space charge voltage values

(red marker) compared to calculated values (black marker).

The space charge regime for P3HT was experimentally determined for P3HT

extracting Vscc using the method outlined by Smetjek et al.[9] and is plotted with

respect to active layer thickness in Figure 7.4D with the current-voltage traces

supplied in Appendix C. An active layer thickness of 225nm, corresponding to a

1000RPM spin coated active layer will allow ohmic injection up to 4.5V whilst drop

cast P3HT is not forecast to become space charge limited until a voltage of 100V is

applied. In order to probe a structure for enhancement current a voltage range of
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+4Vps is selected, corresponding to the region of greatest change in conduction for
the diode forward current and allowing ohmic injection for active layer thicknesses

with two dimensions, corresponding to 225nm and 20um active layer films.

7.1.3 Simulated Device Performance

The expected enhancement current is calculated for 225nm and 20um active layer
device dimensions and the electrical performance simulated and presented in
Figure 7.5. A consistent Schottky barrier height is assumed and the total drain
current is calculated using the electric profile shown in Figure 7.3D and the current
flux vs. electric field relationship seen in Figure 7.3C. The role of penetration depth

and its effect on device performance is shown in Figure 7.5E.
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Figure 7.5. Simulated transistor performance. A. Output plot for 20um active layer
thickness. B. Transfer plot. C. Output plot for 225nm active layer thickness. D. Transfer
plot. E. Role of penetration depth on transistor performance.

Figure 7.5A shows the output performance over the range 0Vgs to -30Vgs for the
20um active layer structure. Simulated performance shows enhancement current
on the order of 10”A and an increasing drain current with increases in gate voltage
at low voltages. At OVgs the channel series resistance, Qseries is 120MQ reducing to
60MQ under an applied 30Vgs. The transfer plot of the device over the range 0Vps
to -4Vps shows an on/off ratio of 2 seen in Figure 7.5B. Figure 7.5C shows the
output performance over the range 0Vgs to -30Vgs for the 225nm active layer
structure. Simulated performance shows enhancement current on the order of 10°
“A. At OVgs the series resistance, Qseries IS 65kQ reducing to 33kQ 0Vgs under an
applied 30Vgs with an on/off ratio of 2 seen in the transfer plot. The on/off
performance for varying penetration depth of the lateral electric field is seen in
Figure 7.5E. Sufficient depth is necessary for the device to experience transistor

function.

The equivalent circuit presented in Figure 7.6A is proposed to describe the electrical
performance of the Schottky barrier VOFET device. The change in the source-drain
equivalent circuit from the OVgs OFF state to the -30Vgs ON state for a 225nm

active layer device is seen in Figure 7.6B and C respectively.
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Figure 7.6. A. Proposed equivalent circuit for three terminal Schottky based OFET devices. B.
Source-drain equivalent circuit with OVGS gate bias. C. Source-drain equivalent circuit under an
applied -30VGS gate bias.
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Under an applied gate voltage the channel series resistance, Qgeries is reduced
resulting in an increased total drain current. The enhancement current is described
as a current in parallel with the two terminal leakage current. In both cases
enhancement currents are on the order of leakage current suggesting real world
devices with comparable dimensions should yield devices with a resolvable

enhancement current.

7.2 Three Terminal Devices Based on Schottky Two Terminal
Devices

7.2.1 Electrical Characterisation of VOFET Devices.

Fabricated devices underwent output characterisation with current-voltage traces
Vps Vs. Ips obtained for sequential gate voltages at 15s intervals over the range Vps=
+ 4V at a ramp of 0.65V.s". The range +4V was selected to provide adequate
resolution for threshold behaviour, the range of greatest change in conduction
within the proposed Schottky barrier device. Gate voltage was sequentially
increased up to Vs =-30V increasing the lateral electrical field magnitude by over a
magnitude and creating a lateral field on the order of 1 x 10’V.m™. The three
terminal device schematic can be seen in Figure 7.7A with testing biases. In order to
study the transient behaviour of the device two applied gate signals were applied
with respect to time and drain current-voltage traces captured. A gate signal
applying -30Vgs turning the device from an OFF (OV) to an ON (-30V) was used and
can be seen in Figure 7.7B. And an ON/OFF signal switching between an OFF state
(OV) and ON state (-30V) repeatedly seen in Figure 7.7C. Completed devices were
tested in ambient conditions using the testing probe station described in Material
and Methods §2.6.1. Current-voltage characteristics were measured using a contact
probe station utilising a LabVIEW data acquisition GUI described in Materials and
Methods §2.4.
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Figure 7.7. Planar schematic of two terminal Schottky substrates and gate input signals. A. Cross
section and biasing schematic of a discrete device. B. Turn on gate signal input in which -30V;s is
applied turning the device from an OFF (0Vgs) to ON state C. -30V gate signal input turning the
device from an OFF state to an ON state. Source-drain current were measured under the incident
signals to determine drain current magnitude during the applied signal.

7.2.2 Thin Film Schottky Barrier VOFETs

A thin film Schottky barrier VOFET with an active layer thickness of 225nm was
fabricated and electrically characterised with the output characterisation of the
device shown in Figure 7.8. In the representative output plot Figure 7.8A forward
current magnitude spans the range -4.85 X 10™A to -4.55 x 10™A with the measured
drain current at -4Vps plotted with respect to the applied gate potential in Figure
7.8B. The Voy for the device was measured at 0.1mA and graphically extracted and
plotted with respect to Vgs and is seen in Figure 7.8C. Graphical analysis of the
output behaviour of the device suggests no increases in drain current magnitude or

changes in Vgy, the diode on voltage.

In order to resolve any enhancement current the change in current, Alps was
calculated for each output trace with respect to OVgs. An increase in drain would be
a negative magnitude Alps and indicative of enhancement current. A positive Alps is

a reduction in forward current at that point on the output trace. The Alps values
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were calculated across the 4Vps range and plotted on the same axis as the Alps for
control devices. For a resolvable change in current to be measured the magnitude
of Alps must be outside the variation in control devices. The output traces with their

equivalent control traces can be seen in Figure 7.8D, E, F and G for the

corresponding gate voltages of -5Vgs, -10Vgs, -20V s and -30Vs.
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Figure 7.8. Electrical chracterisation of thin film schottky VOFET. A. Forward current output plot

under application of a gate potential. B. Measured forward current with respect to applied gate

voltage. C. Graphically extracted Voy with respect to applied gate potential. D. Calculated Alpg

for -5Vgs (red diamond) plotted with Alps for equivalent control trace (black square).E.

Calculated Alps for -10V¢s (red diamond) plotted with Alps for equivalent control trace (black

square).F. Calculated Alys for -20Vgs (red diamond) plotted with Alys for equivalent control trace

(black square). G. Calculated Alps for -30Vgs (red diamond) plotted with Alps for equivalent 170

control trace (black square). Errors bars represent the standard deviation for a 68% confidence

interval.



Normalised drain current

The plots of Alps vs. Vps show positive Alps for each output trace across the range
OVps to -4Vps.With the Alps magnitude within standard deviation of control devices
indicating no enhancement current. In order to observe any time-based behaviour,
devices were probed under the gate signals seen in Figure 7.7. The Ips current-
voltage behaviour was measured from OV to -4V during applied O0Vgs OFF state
(black marker) and -30Vgs ON state (red marker) gate signal. The normalised drain

current magnitude at -1Vps, -2Vps, -3Vps and -4Vps is seen in Figure 7.9.
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Figure 7.9. Normalised device drain current during applied gate signals A. OFF/ON gate signal input
with OFF current (black marker) and ON current (red marker).B. Application of a gate potential,
Ves=-30V after five traces C. Application of a gate potential, Vgp=-30V after five traces. Each graph
has the normalised current for -4Vys (diamond marker), -3Vps (square marker), -2Vps (triangle
marker) and -1Vps. Normalised currents for -3Vps,-2Vps and -1Vps are offset by an interval of 0.5.

Figure 7.9A shows the device switched from an OFF state to an ON state repeatedly
and the normalised forward current at -1Vps, -2Vps, -3Vps and -4Vps. Any
enhancement would be discerned by an increase in the normalised current during
an -30Vgs ON state measurement. The drain current of the device show no
increases in drain current and trend to lower magnitude with no change under an
ON or OFF gate bias consistently across the four Vps potentials. Figure 7.8B shows
the behaviour with the device in an OFF state and switching ON through an applied
gate potential of -30Vgs after five traces. No increases in drain current are observed
with switching from the OFF state to the ON state for 10 traces designed to observe
a time based enhancement current region being formed within the device.
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The field line sketches presented in Figure 7.2D suggests biasing the devices with
respect to the drain electrode, Vgp may allow for lateral field penetration into the
Schottky junction of the device and possible channel enhancement. The alternate
biasing regime was examined for enhancement operation with drain current
behaviour showed in Figure 7.9C. The deviations in drain current were measured
under an applied Vgp= -30V with the device going from an OFF state to an ON state
after 5 traces. The drain current behaviour shows a strong correlation with the
behaviour under an applied Vgs with no increases in drain current at an applied gate
voltage and drain current trend consistent between the OFF state and ON state

measurements.

The trend towards lower drain current magnitudes is consistent with stability
testing of devices under output characterisation in §6.3.3 and general ambient
testing (Appendix C.3) of P3HT devices and is the result of ambient exposure
degrading the electrical properties of the device under repeat testing. The
behaviour is described as a time varying series resistance in source-drain equivalent
circuit. With the drain current contribution in the device described through a
parallel transistor diode circuit with the equivalent circuit for a thin film device
presented in Figure 7.10A. The low series resistance of the thin film active layer is
potentially masking enhancement current due to high leakage currents. In order to
improve the resolvability of possible enhancement current device the active layer
thickness was maximised to 20um with the expected equivalent circuit in Figure

7.9B.
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Figure 7.10. Proposed equivalent circuit describing the parallel currents contributing to the drain
current. B. Source-drain equivalent circuit for a thin film schottky showing series resistance and
OFF state currents. C. Source-drain equivalent circuit with labelled series resistance and OFF state
current for drop cast three terminal devices. The current magnitude at -4Vps is used to represgpp



7.2.3 20pnm Active Layer Schottky Barrier VOFETSs

A drop cast Schottky barrier VOFET with 20um active layer was fabricated and
electrically characterised and can be seen in Figure 7.11. In the output plot drain
current magnitude spans the range -4.0X 10°A to -2.8 x 10°A for a 20um thick
active layer and is plotted in Figure 7.11B. A two order reduction in drain currents
compared to thin film devices. The Voy for the device was measured at 0.1pA and
graphically extracted and plotted with respect to Vgs and is seen in Figure 7.11C.
The Alps vs. Vps plots with their equivalent control traces can be seen in Figure
7.11D, E, F and G for the corresponding gate voltages of -5Vgs, -10Vgs, -20Vgs and -
30Vgs.
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Figure 7.11. Electrical chracterisation of 20um active layer schottky barrier VOFET. A. Forward
current output plot under application of a gate potential. B. Measured forward current with
respect to applied gate voltage. C. Graphically extracted Voy with respect to applied gate
potential. D. Calculated Alyg for -5Vgs (red diamond) plotted with Alps for equivalent control
trace (black square).E. Calculated Alps for -10Vgs (red diamond) plotted with Alps for
equivalent control trace (black square).F. Calculated Alps for -20Vgs (red diamond) plotted with
Alps for equivalent control trace (black square). G. Calculated Alps for -30Vgs (red diamond)
plotted with Alys for equivalent control trace (black square). Errors bars represent the/4



Normalised drain current

The Alps values for each data point were plotted on the same axis as the Alps for
equivalent control traces during transistor characterisation. The changes in current
show similar behaviour to thin film devices with no Alps point falling beyond the
standard deviation of control devices. However, Alps variation in control devices is
reduced for all traces when compared to thin film devices. This reduction in the
standard deviation between the two gate length structures provides greater scope
to resolve device behaviour and is attributed to the reduced current produced by

the device.

The structure was probed under varied gate signals with the normalised drain
current presented in Figure 7.12. The lps current-voltage behaviour was measured
from OVps to -4Vps during applied 0Vgs OFF state and -30Vgs ON state gate signals.
The normalised drain current magnitude at -1Vps, -2Vps, -3Vps and -4Vps is seen in

Figure 7.12 for the applied gate signals.
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Figure 7.12. Normalised device drain current under applied gate signal for 20um active layer
VOFETs.A. OFF/ON gate signal input

marker).B. Application of a gate potential, Vgs=-30V after five C. Application of a gate potential,

with OFF current (black marker) and ON current (red

Vgp=-30V after five traces Each graph has the normalised current for -4V;s (diamond marker), -3Vps
(square marker), -2Vps (triangle marker) and -1Vs. Normalised currents for -3Vps,-2Vps and -1Vs are
offset by an interval of 0.5.

The behaviour during time based gate signals shows strong correlation with thin
film structures. Under all three gate signals drain currents are seen to show a
reduction in magnitude across gate input signal. After the application of an ON -

30Vgs voltage the drain current shows no increase for either structure or biasing
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regime. The device performance is consistent with the measured control devices

under an applied test cycle in §7.2.1 and ambient processing (seen in Appendix C.3).

P3HT active layer devices show significant variation in control devices reducing the
resolution for observing an enhancement current or Schottky barrier lowering
during electrical characterisation. This variation is the result of ambient exposure of
P3HT and was previously observed during stability testing in §6.3.3 and ambient
device testing (supplied in Appendix C.3). As a result, the two terminal leakage
current is potentially masking any created enhancement current in the structure. In
order to realise transistor behaviour in the structure decreased leakage current and

electrical stability is required.

7.3 PCDTBT Active Layer Devices

poly[N-9’-heptadecanyl-2, 7-carbazole-alt-5,5-(4,7-di-2-thienyl-
2’,1’,3’benzothiadiazole (PCDTBT) polymeric material was investigated as the device
active layer. PCDTBT is a highly temperature and ambient stable p-type conducting
polymer with lower intrinsic conductivity compared to P3HT.[10] PCDTBT has a
reported ON/OFF ratio of 10° compared to the measured ON/OFF ratio of 10* for
P3HT.[10] The use of the material as an active layer was investigated with PCDTBT
two terminal devices fabricated with 20um active layer thickness and electrically
characterised. The two terminal source-drain behaviour was electrically

characterised and is shown in Figure 7.13A.
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Figure 7.13. A. Proposed equivalent circuit for PCDTBT based OFET devices. B. Source-drain
equivalent circuit for a thin film schottky showing series resistance and OFF state currents. C. Source-
drain equivalent circuit with labelled series resistance and OFF state current. D. Current flux profile
for the active layer at Vgs=0V (black line) at an applied V5= -30V.

Two terminal PCDTBT active layer devices show ohmic charge injection in the -/-
guadrant with asymmetric gold-aluminium electrodes. The current is reduced by
two orders of magnitude compared to P3HT devices with equivalent device
architecture effectively reducing leakage currents. The PCDTBT devices were tested
under the transistor output test cycle to act as a control and the can be seen in
Figure 7.13B. Completed three terminal PCDTBT devices show excellent stability at

the point of testing with no significant deviation in the measured drain current. The
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proposed equivalent circuit for the source-drain circuit can be seen in Figure 7.13C.
Under incident electric fields the PCDTBT is expected to increase in flux seen in
Figure 7.13D. The high stability and low leakage currents make PCDTBT an ideal

candidate material to observe enhancement current in the structure.

PCDTBT drop cast devices were tested for transistor behaviour as p-type
enhancement mode devices using output plot characterisation and probed under
the two gate signals discussed in §7.1.2 . Electrical characterisation for PCDTBT

VOFETs can be seen in Figure 7.14.

Figure 7.14. Output electrical chracterisation of a PCDTBT VOFET devices. A. Forward current outp
plot under application of a gate potential. B. Measured forward current with respect to applied ga
voltage. C. Alps vs. Vps for OVgs(black square) plotted on the same axis as -30Vgs(red diamond).
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Application of a gate potential, Vgs=-30V after five traces with OFF forward current (black marker)
ON forward current (red marker) E. OFF/ON gate signal input with OFF current (black marker) and

ON current (red marker).

Graphically the output plot for drop cast PCDTBT devices shows no changes to

forward quadrant behaviour. The measured drain current at -10Vps for applied gate
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potential 5Vgs, 10Vgs, 20Vgs, 30Vgs, is plotted in Figure 7.14B. The Alps for the
output plot is plotted for -30Vgs on the same axis along with a OVgs trace. Changes
between each trace are on the order of a nanoamp. With increasing gate potential
the drain current Alps behaviour shows no meaningful negative values. Under time
based gate signals the drain current shows no enhancement behaviour. Due to the
high stability of the PCDTBT and resulting devices an enhancement current of
nanoamps would be resolvable given the magnitude of Alps between successive
traces and control samples. However resulting devices show no change in current
magnitude correlated with applied gate voltage. The result suggests no
enhancement current being generated in the device active layer suggesting poor

lateral field penetration into the channel within the device structure.

7.4 Machine Cut Interface

The machine cut interface plays a critical role in device operation forming the
capacitive couple at the gate electrode. During machine cutting variations to device
architecture were observed and discussed in §5.2. The architectural changes are
seen in Figure 7.15 and can be categorised as polymeric adhesion failures resulting
in the structure shown in Figure 7.15A or gold adhesion failures resulting in the
structure shown in Figure 7.15B. The resulting architecture show deviations from

idealised structure that result in changes to the lateral field lines are sketched.

Figure 7.15. A. Polymer delamination at the polymer-gold interface and B. Gold delamination at the
gold-polycarbonate interface. The architectures represent deviations from the ideal device
architecture resulting innon-ideal lateral electric fields.Schematic depiction of possible lateral
electric fields and resulting charges induced at the semiconductor-dielectric interface. 17



In both instances increases in the thickness of the dielectric are expected.
Increasing the thickness of the dielectric film leads to a reduction in lateral electric
field magnitude incident into the active layer. Reducing the likelihood of an
enhancement current being produced during operation. A further consequence of
the lateral friction during machine cutting is tearing of polymeric chains within the
P3HT material. The scale of these tears and the resulting topography introduces a
roughness at the dielectric-semiconductor interface increasing the gate length of

the device.

In 2004 Sirringhaus et al.[11] examined the influence of the dielectric-
semiconductor interface roughness on device properties. Devices were made using
the p-channel polymer poly(9,9-dialkylfluorene-alt-triarylamine) and a 40-60nm
cross-linked bisbenzocyclobutene derivative with pre patterned 15nm gold source
and drain electrodes with 3nm Cr adhesion layer. The device used poly (3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) as a gate
electrode. Using vertical phase separation in ternary solutions of the
semiconducting polymer, gate-dielectric and solvent self-alighed semiconductor-
polymer dielectric bilayers were fabricated within the device. Through varying the
speed of the solvent removal roughness at the phase separated interface could be
controlled. In Figure 7.16 the effect of interface roughness on the resulting field

effect mobility of fabricated devices can be seen for three roughness scales.

10'3: LU L AL L L R B~ S B R AL R B S R B " BN L R R B L R LR
FA. iB. . i C .
z [ i £ I _{_ ...... _P_ 1 .}__}_._
e - T ] T ie
= ! [
= 104 E3 VT Vo
£ ‘e ® e %
=] H
=} i
e L ] L L2
g 105k 4 :'1 -4 .
T U . i ¢ 3 te ]
= i [
@ %
L H
10_6 1 i 1 1 1 1 1 1 i 1 1 1 i 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.3 0.5 0.0 0.5 1.0 0.0 1.0 2.0

Roughness Gy,m (hM)  Roughness Gyg9,m (NM)  Roughness Ggygnm (M)

Figure 7.16. Linear regime Wy With respect to interface roughness over three legnth scales
with an evaluated gate field 2-3 MVem™ as produced by Sirringhaus et al.[16] A. 8,0nm B.
6100nm C. O6oonm- Straight lines are used as a visual guide of correlation.
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Sirringhaus et al.[12] found that field effect mobility was constant for low interface
roughness values with a critical roughness threshold determined as the point at
which prer reduces dramatically with respect to roughness, &6.. The work of
Sirringhaus et al.[12] shows roughness at the semiconductor-dielectric interface in
OFETs needs to be limited for device operation and can reach a critical point post
which a device may not operate as intended. With the machine cut observed to
create lateral damage on the order of microns, the roughness of the resulting
interface in three terminal devices post machine cutting is a key issue that needs

addressing with further optimisation required.

7.5 Conclusion

A three terminal device architecture featuring an angled machine cut vertical wall
was examined for operation as an enhancement type VOFET. The device is seen to
produce current on the order of 1 x 10* A at -4V using a P3HT semiconducting layer
with an operational area up to 2 x 10°m? achievable. Due to the large operational
area a mechanism of operation featuring a Schottky barrier in the equivalent circuit
was hypothesised with channel enhancement and field induced barrier lowering
simulated as possible modes of operation. Simulation of the structure for two
active layer thicknesses- 225nm and 20um shows a device with an on/off
performance of 2 producing enhancement currents on the order 10™A for 225nm
active layer and 10”A for a 20pum active layer at low voltages. It should be noted the
simulation does not account for any possible Schottky barrier lowering which has
the scope to greatly improve performance but does show a resolvable

enhancement current is possible with the two architectures.

Schottky barrier VOFETs were fabricated with active layer thicknesses on two
scales-225nm and 20um and electrically characterised for enhancement behaviour.
The output characterisation showed no graphically observable enhancement or
barrier lowering for the device structure. To resolve any enhancement current, the

incremental change, Alps between each output curve was calculated and compared
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to control devices. The changes in current output for both devices were within
standard deviation of control devices. The devices were probed to resolve a time
based channel enhancement using two gate signal inputs, a repeat OFF/ON (-
30Vss/0Vgs) gate signal and a turn on signal with baseline OFF state for five traces
turning the device to an ON state of -30Vgs for ten traces. The drain current showed
no increases under either time based signal and trended towards lower magnitudes.
The trend was consistent with the device stability prior to testing and the general
repeat testing of P3HT devices. The resulting standard deviation in control devices,
attributed to ambient processing is a key hurdle in resolving transistor behaviour

utilising P3HT active layers.

The air stable, low intrinsic conductivity, p-type polymer PCDTBT was introduced as
an active layer material and used to fabricate 20um active layer devices. The
devices showed linear current-voltage behaviour replicating a traditional planar p-
type OFET. The device structure was electrically characterised and probed using the
same analysis as P3HT devices and showed no enhancement current. Ultimately,
PCDTBT was capable of resolving an enhancement current on the order of
nanoamps and was processed in ambient conditions. However, the result suggests a
shortcoming in the device architecture, with the sum lateral electric field not

penetrating into the operational area sufficiently to meet simulated expectations.

The machine cut interface and the capacitive couple formed is of critical importance
in future investigations. The lack of enhancement current means the lateral
electrical field incident on the active layer is not penetrating into the active layer
sufficiently to produce an enhancement region. A key shortcoming of the machine
cut interface is variations from ideal architecture produced by delamination
occurrences during machine cutting resulting in regions with significant dielectric
thickness variation and interfacial roughness. Effectively reducing the sum lateral
field and not producing a field effect device. Further optimisations to the machine
cut interface are necessary to help understand the lateral field penetration depth

for the device structure and potential device performance.
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8. Summary & Conclusion

In order to improve the prospects for organic electronics, a vertical three terminal
device was fabricated featuring solution processed functional films and machine cut
vertical wall architecture. The platform allows for the deposition of polymer
solutions from a variety of solvents to be deposited on plastic substrates with
preferable mechanical properties in comparison to silicon. For this to be achieved a
UV-NVS resin buffer layer successfully eliminated environmental stress cracking to
underlying polycarbonate substrates and produces a surface with favourable
wetting for chlorinated solvents allowing for over coating subsequent thin films.
With evaporation technology vyields on the order of 80% were reached for thin film
two terminal polycarbonate devices. This resulted in reliable production of two
terminal devices with variable electrode configuration on polycarbonate substrates,

the first reported polymeric devices on polycarbonate.

Key to resolving transistor behaviour under characterisation is a stable two terminal
equivalent circuit. As such devices were optimised to produce reliable forward
current behaviour. Variations in the performance and equivalent circuit were
greatest in immediately tested devices. This was shown to produce a changing
equivalent circuit up to 150 mins post electrode deposition with device ON/OFF
performance improving over that period. Devices stored in vacuum for twenty
hours prior to testing show minor changes in the equivalent circuit and improved
performance under immediate testing compared to immediately tested devices.
The result suggests a time varying series resistance element in the equivalent circuit
post electrode deposition due to Schottky barrier formation at the P3HT/Aluminium
interface. Highlighting the need for optimised storage and handling of polymeric
devices in reliable performance. A statistical analysis of fabricated devices was
undertaken resulting in a statistically derived equivalent circuit for the batch

processing.

CNC mechanical cutting was used to produce a machine cut through device
substrates resulting in a vertical wall capable of being used as an interface in a three
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terminal device. Machine cutting resulted in devices with no macro scale damage
and consistent electrical performance post processing. Cutter tracking speed was
seen to influence the adhesion failures. Adhesion failures were caused by
delamination of gold at the gold-substrate interface and polymer at the polymer-
gold interface introducing deviations from idealised device architecture. At lower
spindle head tracking speeds both adhesion failure mechanisms increase and
decrease as spindle head speed was increased. Conductive AFM mapping was used
to investigate the cut edge with electrical conductivity observed to the edge of the
P3HT material. The resulting conductivity map of the cutting procedure shows torn
polymer at the cut edge on the order of microns. However electrical continuity
across the material suggests the feasibility of the cutting procedure in creating
vertical wall architectures. Solution processing of UV-NVS films across the cut
surface was seen to produce a film over the cut edge that proved electrically
insulating with a resistance of 167MQ between gate and source. Resulting in a three
terminal device able to be fabricated in ambient conditions with solution processed

functional films.

During device fabrication changes to the two-terminal equivalent circuit were
observed with two terminal diode devices trending towards reduced forward
current behaviour and high on voltages. An encapsulating electrode configuration
greatly reduces degradation of device performance during the fabrication of
transistor devices featuring the UV cured dielectric film. Any resolvable transistor
behaviour is required to be statistically resolvable from the variation of the device

post processing.

The device performance was simulated as an enhancement mode device and
showed an on/off ratio of 2 and enhancement currents on the order of 10™A for
225nm active layer device and 10”A for 20um devices. However, the fabricated
devices with these dimensions showed no observable enhancement in forward
current under output characterisation and no statistically significant current change
between traces across the output range. In order to resolve a time based
enhancement current, time varied gate input signals switching the device from an

OFF (OVgs) to an ON (-30Vgs) state were applied to the device and the normalised
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drain current measured across the output range. The testing showed no
enhancement current under the time based gate signals. Using a lower intrinsic
conductivity material such as PCDTBT in the active layer improves the resolvability
of an enhancement current. It does this by reducing the parallel two terminal
current contribution during device operation with PCDTBT device featuring leakage
currents on the order of 10®A. Displaying ohmic injection the PCDTBT devices
showed excellent stability under ambient condition with stability on the order of nA
between traces. PCDTBT devices with 20um active layer thickness were electrically

characterised and showed no enhancement current.

Due to the low variation and electrical stability of PCDTBT the device structure was
ultimately capable of resolving an enhancement current on the order nanoamps.
Under varied gate lengths and active layer material composition the structure did
not produce resolvable enhancement current.. Due to the large operational area of
the device a key question is the penetration depth of the electric field produced by
the gate and incident onto the device operational area with the polymeric active
layer attenuating the field as neither a metal nor insulator. With simulations
suggesting the electric field was sufficient to produce a resolvable enhancement
current the device shortcomings appear to be related to the semiconductor-
dielectric interface. Reported literature shows interface roughness on the order of
nanometres sufficient to reduce field effect mobility and device performance. The
roughness of the machine cut polymer is unclear, however lateral tears have been
observed across the interface. These tears and adhesion failures Introduce
deviations to the device architecture across the semiconductor dielectric interface
producing variable thickness of the solution processed dielectric layer and
deviations from ideal device geometry resulting in a reduced sum lateral electric
field. New cutting technologies that result in low roughness cut surfaces or
improvement of the existing cut surface would help realise the structure further.[4-

6]

Secondly, a larger lateral field magnitude could be achieved through scaling of the
dielectric functional film or use of high dielectric constant dielectric materials.

Atomic layer deposition has been shown to create conformal dielectric films of high
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capacitance materials such hafnium oxide at thickness on the order of
nanometres.[1-3] While this may not lead to an optimised device in itself, it may
overcome interface factors and lead to an operational device. Despite the relatively
high cost of atomic layer deposition due to precursor gases and vacuum deposition
necessary it would provide further fundamental insight into the structure feasibility.
As it stands, improving the machine cut and the resulting interface and dielectric
scaling are immediate opportunities to increase the sum lateral electric field and

realise a three terminal field effect device within the structure.
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Appendix A. Physical Chemistry of Two Terminal Devices on
Polycarbonate Substrate

A.1. Spin Coated P3HT Thickness

Controlling the thickness of the P3HT layer will provide a means to reduce the gate
length and scale the device architecture. AFM was used to measure the film
thickness of P3HT films obtained from prepared films with varying spin speed from
100RPM- 3000RPM. Films were prepared on glass slides on top of a 30nm gold
layer. A scalpel was used to scratch the film and create a step height over which the
film thickness could be could be measured using the AFM height image cross
section. Operating in tapping mode, the AFM was used to image over the scratch
height and measured the displacement between the top of the cut and the bottom
of the cut, providing a value for the step height and the thickness of the film. An

example step height measurement is seen below in Figure A.1.
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Figure A.1.Example of P3HT step height calculation. A. Schematic of scratched sample. B. Example
height profile obtained across scalpel cut. C. 2D section analysis showing step height (nm) vs.
position analysis. A step height of 276nm was obtained in this example.

The Three step height were calculated for each sample with 5 spin speeds being
tested- 100RPM, 500RPM, 1000RPM, 2000RPM and 3000RPM. The spin speed curve
for two solvents- 1,2- dichlorobenzene and Toluene were measured over this range
and the thickness compared. The thickness measured for films under varied spin

speed is presented in Figure 3.12.

190



1200

1000 | =
€ 800 - ® Toluene(nm) -« 1,2-DCB (nm)
[
Td 600
g 7 | ]
£ 400 -
| |
k3
200 - . ]
=
O T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Spin Speed (RPM)

Figure A.2. Plot of measured film thickness (nm) vs. spin speed (RPM) for P3HT thin films prepared
using 3% w/v 1,2- dichlorobenzene solvent (red dot) and toluene (blue dot). Error bars are the
relative error calculated over three trials.

With increasing spin speed the thickness of the films is reduced when both toluene
and 1,2 —DCB is used as the solvent. With spin speed curves showing a parabolic
trend with film thickness increasing rapidly as spin speed reduces below 1000RPM.
To determine the thickness of drop cast films, drop cast films were prepared by
pipetting a controlled volume on a glass slide with 30nm gold layer. 10uL of solution
was dropped on the surface and allowed to dry in Nitrogen environment. Samples
were snap frozen in liquid nitrogen and mounted perpendicularly on a custom
scanning electron microscope (SEM) sample mount and the cross section was
imaged for solutions drop cast out of 1,2-dichlorobenzene and Toluene. Three
locations where the interface was free from glass debris were chosen and value
averaged. Films created by the drop casting of polymer solution were seen to be
18.3 £ 2.6 um for films prepared using 1,2- dichlorobenzene. Whilst films prepared
using Toluene solvent had a thickness of 21.8 + 3.4 um. Drop cast SEM images are
presented further in Appendix A.2.Through varying the spin speeds and the method
of deposition a range of P3HT thicknesses from 200nm through to several microns
was achieved. The controlled deposition of varying thicknesses of polymer film
allows the study of various gate length device configurations in a vertical, out-of

plane device architecture.
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A.2. Drop Cast Film Thicknesses

The thickness of drop cast films was probed through scanning electron microscope
and showed a visible contrast between the glass slide and drop cast film. Using the
scale bars was used to obtain a measure of drop cast film thickness. However, It
must also be considered that the sample is sitting with an inherent angle, masking a
portion of the interface. Due to these factors a clear image of the film interface is
difficult to achieve, drop cast films are on the order of several microns. The cross

section of a drop cast P3HT aliquot on glass side is seen in Figure A.3.

Figure A.3 — Cross section SEM images of drop cast 30mg/mL P3HT films on liquid nitrogen snapped
glass slide.
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A.3. Influence of Processing on Wetting of Working Electrodes

A quantitative understanding of the wetting properties is key to the preparation of
thin polymeric films and can be obtained through contact angle measurement. A
measurement of the angle between a liquid droplet (typically water) and substrate
at the three phase (solid, liquid, and atmosphere) interface provides a measure of
the materials contact angle. A contact angle < 90 ° corresponds to a hydrophilic or
wettable surface, a contact angle > 90 ° corresponds to a hydrophobic poorly
wetting surface. [1] This study aims to establish the contact angle and wetting of
gold thin films under two conditions- cleaned gold prepared by cleaning in Pyroneg
solution at 70°C for 30mins followed by rinsing in de-ionised water followed by
reagent grade Ethanol and evaporated gold that has not been cleaned and was as
deposited. An understanding of the behaviour of the two different gold systems will
allow for the improvement of handling procedure allowing for the immediate spin
coating of polymer films onto gold electrode after deposition. Figure A.4 shows the
comparison between measured contact angle with respect to time for
measurements conducted on cleaned (blue dots) and evaporated (red dots) gold

thin films with water droplet.
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Figure A.4. Contact angle vs. time for evaporated (blue dots) and evaporated (red dots) gold
samples. Example digital capture of obtained contact angle droplets for A. 1,2-DCB on cleaned Au
after 30mins. B. 1,2-DCB on UV-NVS cleaned surface after 60mins C. Pyroneg cleaned UV-NVS with
water D. Cleaned Au with water droplet.

Cleaned gold samples show an initial contact angle of 23° indicating a hydrophilic
surface. Evaporated films show an initial contact angle of 29° also indicating a
hydrophilic surface. Over the 60 min period the contact angles were seen to
increase for both systems. With a contact angle of 35° for cleaned gold compared to
evaporated gold which had a contact angle of 37°. Over the 60min experimental
period the contact angle of cleaned gold was seen to further increase to 45° with
evaporated gold rising to 48°. Both samples- cleaned gold and as deposited gold
were seen to increase over the trial period whilst showing very similar contact
angle. This suggests that s evaporated gold films produces clean, wettable surfaces.
And that a cleaning step is not necessary for devices to immediately be solution

processed after metal deposition.

Appendix B. Schottky Device Parameter Extraction and
Simulation of Equivalent Circuits.

B.1. Parameter Extraction

Beginning his work on electron emission from metals in 1901, Owen Richardson
observed the temperature assisted emission of bound electrons from a metal.
Whereby bound electrons when provided kinetic energy via light radiation were
seen to breach the energy barrier to the vacuum level emitting from the material,
discovering the photoelectric effect.[2] The release of bound electrons was seen to
be related to the amount of thermal kinetic energy incident on the sample and with

increasing thermal energy the amount of electrons emitted increased.[3]

A mathematical model incorporating field- enhanced thermionic emission was later
developed from Richardson’s work to explain the electric field assisted emission of
charges from electron guns, known as Schottky emission. The Schottky emission
model is used to describe the current-voltage behaviour over a potential barrier

assisted by an electric field.

194



The field enhanced- thermion emission model was the basis for the Shockley ideal
diode equation, named after William Shockley which allowed the extraction of a

barrier height through examination of the saturation current shown in Equation B.1.
I=1I,exp(—) Equation B.1
= Toexp(—— quation B.

With | = drain current (A), |g = reverse saturation current (A), V= potential difference

(V), n=ideality, k= Boltzmann constant and T= temperature.
The equation for the reverse saturation current, |, is provided by:

I, =AA"T? exp(—%) Equation B.2

With A= cross sectional area (cm?) A** = Richardson constant for a free electron=

120 A/cm?” K?, and @p = potential barrier height (eV).

Through the In | vs. V plot and extrapolation to the origin a value for the barrier
height can be obtained when the temperature, Richardson constant, majority
carrier and area are known. The linear segment of the In | vs. V plot is extrapolated
over a domain kT/g< < V << IR to obtain a barrier height at the intersection of the y-
axis. The empirical use of the Richardson constant in current-voltage characteristics
was first examined in 1965 by Crowell[4] and showed the role of interface
properties, crystal alignment and temperature had on calculating the barrier height.
A 1% error in device variables could lead to a 30% error in the Richardson constant
suggesting poor validity with high variability in examined devices. In 1979 Norde
further developed parameter extraction based on the laws developed by
Richardson which allowed improved reproducibility over a range of device
resistances and allowed barrier height from non-ideal diodes with high series
resistance. [5] Norde developed a mathematical function using a modified version
of the field enhanced thermionic emission model Shockley equation to account for

series resistance seen in Equation B.3 and B.4.

I1=1, exp(%) Equation B.3
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In 1985 Yasamura et.al showed how the Norde function can be used to determine
series resistance along with a barrier height over a range of ideality values through
the Norde function.[6] In 1986 Cheung et.al [7] showed an approach to use a single
forward current-voltage trace to determine series resistance, barrier height and

ideality from modification of the original Norde Function.

This work hopes to achieve an understanding of device parameters- ideality and
series resistance through the simulation of a proposed device equivalent circuit. The
development of a circuit simulation provides a tool to examine and predict the
behaviour of our devices in real world application. And in the development of a
three terminal electrical platform provides a lumped sum element to be introduced
into an equivalent circuit for a three terminal equivalent circuit. Furthermore,
experimental current-voltage traces can be fitted to a simulated data, linking the
behaviour of laboratory devices to an equivalent circuit. Through the simulation a
current-voltage trace can be fitted to obtained experimental data. Through the
fitting values equivalent circuit elements can be obtained and evaluated. This
approach allows for a real world tool that can be expanded as required to describe

further future devices built with this platform.

Numerical simulation has been used to probe the inhomogeneity of the Schottky
barrier and the variations from the thermionic emission model, [8] and field effect

dependent mobilities via Monte Carlo simulation.[9]

B.2. Simulation

Simulating programme with integrated circuit emphasis (SPICE) is an open source
simulation language utilised for circuit simulation of integrated circuits with
extensive use in integrated circuit fabrication, electrical engineering and physical
sciences. SPICE was developed in 1973 at Harvard University by Professor Donald O.

Pederson. In 1971 Pederson et.al had issued lead the development of Computer
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Analysis of Nonlinear Circuits, Excluding Radiation (CANCER) the precursor to SPICE
to allow the analysis of circuit transient behaviour through nodal analysis.
[10]CANCER was an open access program that utilised non-linear systems of
equation from resulting nodal analysis to simulate the time dependent response
from a circuit. The on-going evolution of CANCER resulted in the SPICE
programming language which has become an open source tool for the study and
fabrication of integrated circuits and has been modified and incorporated into
simulation programs for study in semiconductor devices,[11] organic electronics[12]
and nanotechnology.[13] One such program is National Instruments Multisim 9.0,

a graphic based simulation suite that features SPICE as its simulation algorithm.

B.3 Computational Algorithm Overview
A flow chart for the procedural solving of a SPICE circuit through iterative simulation

is presented below in Figure B.1.
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Figure B.1. SPICE computational flow chart describing the nodal analysis undertaken in a transient

analysis and the iteration steps for determining a complete time analysis.
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The computational algorithm proceeds by setting an initial operating point voltage
for nodal elements in the circuit. Linear companion equations are generated and
describe the behaviour of non-linear circuit elements (energy storage elements
such as capacitance and inductance) at the operating point. Nodal analysis proceeds
across steps 3-4 with a nodal matrix G where nodal equations are solved for the
circuit voltages across nodal points within the circuit. Steps 2-6 show the iteration
process for a solution to the non-linear circuit equations, within a £0.1% tolerance
or #6pA error of convergence conditions to establish nodal operating voltages

throughout the circuit.

The work undertaken in this thesis focuses on the response of an electrical circuit in
response to time. A programmed input signal that varies over time allows for
accurately replicating laboratory-based voltage ramps used for testing. A time
based transient analysis is performed through the combination of the inner loop
(steps 2-6) and the time step iteration loop (steps 7-9) to create equivalent linear
models for non-linear elements. Linear circuits are simulated through the use of the
outer loop, bypassing blocks 2 and 5. After determining the initial operating voltage
energy storage components are transformed into linear models for solving through

the nodal matrix.

B.4 Multisim 9.0
Multisim 9.0 is an electronic schematic capture environment capable of circuit

simulation through the SPICE algorithm. A graphics user interface (GUI) allows the
user to construct a circuit schematic visually utilising a database of electronic
components. The response is then simulated through the SPICE algorithm. The

Multisim schematic used to evaluate the equivalent circuit presented in Figure B.2.
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Figure B.2. Multisim 9.0 electronic circuit schematic for Schottky diode with functional elements
labelled 1. Piecewise linear voltage, 2. Resistor 3. Resistor 4. ABM current source. 5. Capacitor.

The schematic consists of 5 functional elements

1. Piecewise linear voltage (volts): Allows for the input of custom voltage
sweeps that can be broken down into linear segments with respect to time.
The use of this element allows for the simulation of ramps as they were used
in laboratory experimental data.

2. Series resistor, Qseries (0hm) an element representing the contact resistance
and channel resistance.

3. Parallel resistor, Qqnunt (0hm) an element allowing for the shunt resistance to
be evaluated.

4. ABM current source: A current source representing the Schottky diode.
Based on the thermionic emission and Shockley ideal diode law seen in

Equation 3.2. With a value for the reverse saturation bias setto 1 x 107 124.
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5. Parallel capacitor, capjunction (farad): A capacitive element representing the

junction capacitance.

By introducing an ideal diode element into the equivalent circuit it allows for the
simulation of voltage-current response and the influence of series resistance Qseries,
ideality n , shunt resistance Qgnne and capacitance capjuncion ON current-voltage

characteristics.

B.6 Understanding Diode Equivalent Circuit

The Multisim schematic in Figure B.2 was used to better understand device
variables on current voltage response. The simulation schematic allows the
magnitude for components to be set and for a current-voltage trace to be obtained.
Measuring current-voltage traces with simulated physical device variables.
Equivalent circuit variables series resistance Qseries, Shunt resistance Qgnunt, ideality n
and capacitance capjunciion Values were input and current-voltage curves simulated.
Transient analysis was performed with a programmed input signal providing a (+) to
(-) 4 volt linear ramp taking 8s for the sweep resulting in a voltage ramp of 1V/s

(Piecewise linear voltage Figure B.2 Element 1).

Series resistance was studied through varying the series resistor element Qgeries
(Figure B.2 Element 2). Series resistance Qseries Was varied over the range 15k0Q-90
kQ to observe the influence of series resistance on forward current in two terminal
devices. Figure B.3A. shows the influence of a changing series resistance Qqeries With
Qshunt, N, CaPjunction kept constant. Shunt resistance was varied through the parallel
resistor Qqnhunt (Figure B.2 Element 5) over a range of 0.25MQ-10 MQ with Qgeries, N
and capjunction kept constant. The ideality term was varied in the ABM current source
(Figure B.2Element 4) with the ideality term in the current equation (Equation 3.7)
being simulated over the range n= 1 to n= 5 in 0.5 increments. The parallel
capacitance was varied through the parallel capacitor (Figure B.2 Element 5) over OF

to 100nF and studied through a hysteresis sweep. Figure B.3 shows the simulated
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current-voltage characteristics with varied series resistance, ideality and shunt

resistance generated through simulation of the proposed equivalent circuit.
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Figure B.3. Simulated current-voltage traces. A. Influence of ideality on current-voltage
characteristic. B. Influence of shunt resistance on current-voltage characteristic. C. Influence of
series resistance on current voltage characteristic. D. Influence of junction capacitance on current
voltage characteristic.

Through simulation over a range of series resistance forward current is seen to
decrease with increasing series resistance and can be seen in Figure B.3A. Over the
series resistance range 15k0Q-90 kQ the forward current (-/- quadrant) is seen to be -
1.6 x 10™* A at 15kQ to -3 x 10 A at 90 kQ. The effect of an increase in series
resistance on forward current is plotted Figure B.4. The relationship between

forward current and series resistance is seen to be non-linear.

The simulation of shunt resistance over the range 0.25-10MQ is seen in Figure B.3B.
The shunt resistance is seen to have no impact on forward current values. However
with an increasing shunt resistance the magnitude of the reverse current is seen to
reduce. At 0.25 MQ a reverse current of 1 x 10”A is simulated decreasing to 5 x 10°

A at 10 MQ.

The simulation of ideality over the range n=1 to n=5 is seen in B.3C. A changing
ideality term sees forward current curves shift towards larger voltages across the x-
axis. This result is an increase threshold voltage (V:) with increasing ideality. The
role of ideality in forward current is plotted in Figure B.4A. With increasing ideality

the forward current values are seen to increase linearly over the range n=1 to n=- 5.
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The simulation of junction capacitance over the range OF to 100nF is seen in Figure
B.3D. Increase in capacitance sees forward current remain consistent at high
voltages. However at the origin an increasing in capacitance can be seen with an
increase in non-zero current. The direction of the sweep is seen to play a role in the
sign of the non-zero current with sweeps (+) to (-) in direction resulting in an
increased positive current and sweeps (-) to (+) showing an increasing negative
current at OV with increasing capacitance.
A.

Ideality

0.0 2.0 4.0 6.0
0.0E+00 : .

y = 3E-06x - 3E-05
-5.0E-06 - R?=0.9995

-1.0E-05 -

-1.5E-05 -

I1‘wd (A)

-2.0E-05 - —_— fwd

-2.5E-05 - Linear (I fwd)

-3.0E-05

Resistance (kQ)

0 20 40 60 80 100
0.0E+00 T T T T
-2.0E-05 -
-4.0E-05 -
-6.0E-05 -
-8.0E-05 -
-1.0E-04 -
-1.2E-04 -
-1.4E-04 -
-1.6E-04 -
-1.8E-04

— |fwd

I1’wd (A)

Figure B.4. Plotted forward current relationship A. lqq Vs. ideality n and B. lg,q VS. Qqeries- A linear regression
fit is used in A.

Series resistance, capacitance, shunt resistance and ideality are seen to play a part

in the shape and magnitude of forward and reverse currents in current-voltage

204



behaviour. Being able to simulate experimental current-voltage traces will allow a
value for the series resistance, shunt resistance, capacitance and ideality to be
obtained. The procedure for fitting a simulated result with an experimental result
will be shown along with a means to provide a quality of fit for the fitted data with

the experimental data will be shown.

B.7. Curve Fitting and Quality of Fit.

Through the fitting of simulated current-voltage traces with real world experimental
traces an equivalent circuit that describes experimental data is obtained. In order to
measure the validity of a simulated fitting a metric by which the fitted current-
voltage traces can be compared to experimental traces is required. Two numeric
approaches were used- Pearson’s chi squared test and the Microsoft Excel
correlation function. Simulated current-voltage values were exported into Microsoft
Excel and allowed for direct comparison. A variation of Pearson’s chi squared seen
in Equation B.7 produced a fit measure between a simulated and experimentally

obtained trace.

_F)2
r¢ = ?:1% Equation B.7

With, O; = simulated current, E;= experimental current.

For two sets of current-voltage data, the value for the simulated O; is directly
compared to the experimental result E; and summed over the entire data set. The
summed result provided a measure of the curve fit. With the lower the number, the
better the obtained fit. The Excel correlation function is described below in

Equation 3.8.

Z(x:f)(y‘y)_ Equation B.8
L(x-D*X(r-»)*

Correl (x,y) =
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With X the mean value of the measured array x, and y the mean value of the array

y.

In combination, Pearson’s chi-squared and the correlation functions are used to
provide an evaluation of the quality of fit of the simulated current-voltage response
to the simulated response of a proposed equivalent circuit. Through ensuring a high
quality of fit equivalent circuit variables can be extracted and used for the

evaluation of experimental data.

Appendix C. Device Electrical Characterisation and Testing

C.1 Probe Contact Station Statistics

Table 4.1 shows the percentage of devices that were scratched resulting in the loss
of electrical contact for devices measured the probe contact station and the

previous testing arrangement.

Table C.1. Percentage of electrodes damaged

Testing Electrode
failure %

Previous Testing 20

Probe Contact Station 4

Devices tested using the probe contact station would experience electrode damage
that prevented electrical testing in 4% of devices tested. The electrodes appear
scratched and to restore electrical contact conductive paste was used to build up
the electrode. Previous attempts to test devices encountered 20% loss of devices to
electrode scratching. The probe station was seen to improve the losses during

testing of samples and improved the testing protocol of this work.

C.2 Influence of testing period on Annealed Devices.
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The effect of the testing period between each electrical trace on vacuum rested
devices was studied to determine the influence of repeated testing on forward
current variation. Vacuum rested devices were transferred into inert atmosphere
for testing and allowed to rest for 30mins to provide as little fluctuation as possible.
To fully determine the influence of the period of testing six devices were electrically
tested under each testing period and the forward current variation measured as the
difference between the forward current at the beginning and end of the testing
experiment. The average variation in forward current with respect to the period of

testing is seen below in Figure 4.16.
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Figure C.1. Forward current variation with respect to trace period. Error bars represent stand
error.

Devices show a variation in the range of -5.63x 10° A to -3.6 x 10° A. These values
correspond to approximately 1% of total current over the 30min period of testing.
The role of the testing period seems to be irrelevant in influencing the forward

current in these devices.

This result suggests that the period of testing contribution potentially less than 1%
to total currents and is a small contributor to the run to run variation in these
devices. A period of 15s allows for greater data acquisition and potentially reduces

the role of various exposures when testing in transistor configuration and as such is

207



seen as an appropriate period. The role of period of testing and the influence of

transistor curves will be re-evaluated later in this work.

C.3 P3HT Device testing under ambient conditions

The stability of devices under ambient testing was examined. A two terminal
substrates is exposed and a discrete device on the substrate measured after
exposure times of 1, 4, 8 and 20 hours exposure to ambient atmosphere. A 60min
stress test was performed to replicate device testing in which devices were tested
every 60 seconds for 1 hour over the range * 4V. The traces for each device are
measured and then compared to measure deviation between the electrical
characteristics due to testing conditions. The forward current change across the
experiment for each exposure period is plotted over the test period with the initial
measurement after exposure (referred to as Omin) and the final trace in the 60min

characterisation (referred to as 60min) and presented in Figure C.2.

208



Current (A)

A.

-5.0

5.0E-05
0.0E+00
-5.0E-05
_-1.0E-04
<C
-1.5E-04
C
.2.0E-04
3-2.5E-04
-3.0E-04
-3.5E-04

-3.1E-04

Voltage (V)
-40 -3.0 -2.0 -1.0 0.0

e— OMin

eseeeee 50Min

Time (mins)

10 20 30 40 50 60

-3.1E-04 +
-3.2E-04
-3.2E-04 %
-3.2E-04 -

-3.2E-04 - *
32604 %

-3.3E-04 -
-3.3E-04

seeeses Ifwd_Ohr

Figure C.2. 60min device stress test in ambient conditions showing forward current electrical characterisation
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A general trend can be seen in the changes occurring during stress testing. Shifts in
forward current characteristic shape with the threshold voltage shifting towards
higher voltages characteristic of ta change in diode ideality and a reduction in
current can be seen to occur. At Ohr an ideality factor shift of An= 0.3 is seen to
occur, however the forward current total remains comparable with the initial value
seen in Figure C.2A. After 1 hour exposure a reduction in forward current from -3.1
x 10" A to -2.8 x 10 A over the testing period is measured and can be seen in
Figure C.2B along with an increasing shift of the curve to larger diode on voltage
with an ideality factor shift An= 0.35. After 4 hours exposure a reduction in forward
current from -3.7 to -3.1 x 10™* A over the testing period is measured and can be
seen in Figure C.2C. The observed ideality shift is calculated to be An= 0.55. After 20
hours exposure a reduction in forward current from -2.6 to -1.1 x 10™ A over the

testing period is measured and can be seen in Figure C.2D.

The observed ideality shift is calculated to be An= 1.8. The shift in ideality factor
over the stress testing period is graphed with respect to exposure time and can be

seen in Figure C.3.

0.0 10.0 20.0 30.0
2.0
*
1.5 -
<
< 1.0 -
0.5 y =0.0747x + 0.237
R?=0.9706
0.0

Exlposure (houlrs)

Figure C.3. Shift in the ideality factor with respect to exposure time. A linear fit is applied to
the data and a regression r’= 0.97 calculated.

The change in ideality factor over the testing period is seen to increase with
increasing exposure time. A strong correlation with a linear fit is observed.
Extrapolating the equation of fit y= mx + ¢ with m= slope of the line the rate of
change in the ideality factor during a repeated testing block is calculated to be

0.07An.hr™ exposure to ambient conditions.
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This trend follows the simulated expectations of an ideality shift. Testing in ambient
condition shows once devices have been exposed for long enough the principal
degradation method is a shifting ideality and reduction in forward currents during

testing.

C.4 Space Charge Limited Currents in Two Terminal Devices

When the intrinsic conductivity of a material is exceeded under electrical
conduction injected charges will form a space charge region and deviations from
ohmic conduction occur. In 1972 Smetjek et al.[14] described the mechanics for
space charge current emission for an insulating material with a Gaussian trap
energy-voltage distribution. [14] Smetjek et al.[14] show that under space charge
emission the current voltage relationship precedes | a V". With n dependent on the
temperature and the width of the Gaussian trap states. It has been reported an
electric field on the order of 1 x 10° V.cm™ will result in space charge limited current
in P3HT polymeric devices.[15] Figure C.4 calculates the magnitude of the electric
field over a range of applied potential voltage under film thicknesses resulting from

two terminal processing using the sequential processing methodology.

0.0 2.0 4.0 6.0 8.0 10.0 12.0

6.0E+05
E_DC

5.0E+05 e E 500RPM
T4.0E+05 - E_1000RPM
§ e E_2000RPM
< 3.0E+05 -
% e E_3000RPM
E2.0E+05 Teeeees SCIC

1.0E+05 -

0.0E+00 - T T

Voltage (V) '

Figure C.4. Calculated electric field strength with respect applied potential voltage. The electric field
strength is calculated using thickness measurements acquired in §3.X.X. The electric field is
calculated for several thicknesses drop cast film of thickness ~20um (dark blue line). 500RPM spun
cast films of thickness 479.6nm + 3.51nm (red line). 1000RPM spun cast films of thickness
276.4nmz 2.51nm (green line). 2000RPM spun cast films of thickness 170.1nm * 17.7nm (purple
line). 3000RPM spun cast of thickness 106.2nm + 3.2nm (light blue line). The electric field strength
of 1x 10° V.cm™ is labelled as a dotted line.
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A dotted line shows the electric field strength of 1 x 10° V.cm™. The intercept
between the dotted line and the trace for a selected thickness will provide a
calculated value in which the two terminal device conducting channel will be space
charge current limited. Devices with a film thickness of 106.2nm + 3.2nm (light blue
line) had a calculated space charge regime of 1.9V. Devices with a film thickness of
276.4nmz 2.51nm (green line) had a calculated space charge regime of 4.6 V.
Devices with a film thickness of 479.6nm * 3.51nm (red line) had a calculated space
charge regime of 5.8V. Drop cast films with a film thickness on the order of 20um
were not forecast to become space charge limited within the range 0V-10V.
Graphical extrapolation of the Log J vs. Log V characteristic can be used to
determine the charge injection regime.[16-18] calculated space charge limited
voltage was compared with measured current-voltage traces. The Log J vs. Log V

curves for current-voltage traces are shown below in Figure C. 5.
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Figure C.5. log J vs. log V plots for Schottky barrier devices with varied active material thickness .A. Drop coat B. 500

RPM C. 1000RPM D. 2000 RPM. E. 3000RPM.
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Observing the Log J vs. Log V curves in Figure C.5 three regimes can be distinguished
at high spin speeds. At low voltages < 0.7V an ohmic relationship | a V is observed
across all thicknesses. At V.0.7 V current increases quickly with the relationship | a
V™. Beyond this an inflection point can be observed most prominently graphical
analysis was used to extract the space charge voltage regime for experimental

current voltage traces.

C.5 Time Based Device Performance
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Figure C.6. Forward current increases in newly minted devices as a function of time over 30mins of testing. A. Forward current over 30mins after electrode deposition.

Forward current over 30mins for a device 30mins after electrode deposition. C. Forward current over 30mins for a device 60mins after electrode deposition. D. Forward

current over 30mins for a device 90mins after electrode deposition. E. Forward current over 30mins for a device 120mins after electrode deposition. The corresponding

ON/OFF performance is presented in F,G,H,l and J respectively.

Table C.3- extracted series resistance over the course of the experiment

Nomin 130min N 30min AQseries
lomin (A) Qseries gar (Q) | (A) Qseries finish (Q) (Q)
Devl -3.6E-05 2.8 125000 -1.4E-04 2.8 28000 97000
Dev2 -8.7E-05 2.8 62000 -2.5E-04 2.8 15000 47000
Dev3 -1.4E-04 | 2.8 28000 -2.8E-04 2.8 13250 14750
Dev4 -1.6E-04 | 2.8 23500 -2.8E-04 2.8 13750 9750
Dev5 -4.8E-04| 28 10000 -6.6E-04 2.8 8750 1250
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Figure C.7. Forward current increases in devices 20hours after electrode deposition over 30mins of testing. A. Forward current over 30mins after electrode deposition.

Forward current over 30mins for a device 30mins after electrode deposition. C. Forward current over 30mins for a device 60mins after electrode deposition. D. Forward

current over 30mins for a device 90mins after electrode deposition. E. Forward current over 30mins for a device 120mins after electrode deposition. The corresponding
ON/OFF performance is presented in F,G,H,l and J respectively.

Table C.4.Extracted series resistance over the course of the experiment

lomin (A) omn 05 10t Q)| smn (A) f3omn RS somn (0) | ARS(0)
Devl -2.2E-04 3.2 20500 -2.7E-04 33 18000 2500
Dev2 -1.8E-04 33 15000 -2.3E-04 33 14500 500
Dev3 -2.5E-04 33 23000 -3.1E-04 33 23500 -500
Dev4 -1.6E-04 33 15500 -1.7E-04 3.4 14750 750
Dev5 -2.3E-04 3.3 15500 -2.9E-04 3.3 15500 0
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Appendix D. Supplementary Electrical Characterisation

D.1 Two Terminal Schottky Barrier Devices on Flexible PET
Substrate
A roll-to-roll compatible, high throughput processfor producing planarised

transparent electrodes developed by Stapleton et al.[21] was investigated for
incorporation with layered structures of metal and polymer. The lift-off technique
was adapted for use with a silicon substrate, allowing the fabrication of devices on
silicon and through a lift-off procedure using a resin adhesive the layered structures
on the silicon master are transferred onto a flexible PET substrate. Production of
devices on flexible substrate provides scope to utilise the unique material
properties of the substrate in unique fabrication methods for potential transistor
devices and application specific uses such as flexible displays. The schematic for the

process can be seen in Figure 4.12.

Resin PET
\

EIechde
|

Electrode

P3HT

Gold P3HT

Figure D.1. Lift-off technique for the fabrication of layered structures on flexible PET
substrate.

Devices were fabricated on silicon in nitrogen environment featuring a communal
gold electrode with a spun cast 220nm P3HT thin film deposited and finished with
an aluminium top electrode. The completed substrates were electrically

characterised and statistics compiled to test the feasibility of the reel to reel
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Count (#)

technology to produce devices. The device operational area was varied through
graduated electrode width over the range 0.1mm-0.8mm examining for any area
based effects. Figure 4.13 shows the yield of devices for layered structures with
electrode thicknesses 30nm and the distribution of short circuit and open circuit

devices over 48 devices on three substrates.
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Figure D.2. Histogram plots for lift-off technique in the fabrication of layered device structures on
flexible PET substrate.

Devices fabricated with 30nm electrodes show a device yield of 6 devices (12.5%)
and were produced at electrode widths 0.5mm or greater. This result demonstrates
the feasibility of fabricating layered structures on flexible substrates incorporating
thin metal films using the reel to reel scalable lift off technique. 11 devices were
observed to have short circuited with short circuits also appearing in devices with
electrode widths 0.5mm or greater. Predominantly devices were seen to present as
an open circuit with 32 devices. The operational area was examined under optical
microscope to gain information on the failure mechanism and can be seen in Figure

D.3.




Figure D.3. Lift-off technique for the fabrication of layered structures on flexible PET substrate.

Electrodes processed through the lift-off technique are seen to have fracturing
across the metal electrode. A likely result of bending forces produced during the
peeling off of the PET substrate from the silicon master. The fracturing of the
electrodes could lead to a loss of electrical continuity across the electrode and lead
to the observation of an open circuit during electrical characterisation. The lift-off
technique was analysed for devices fabricated with 100nm thick electrodes and can

be seen in Figure D.4.
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Figure D.4. Histogram plots for lift-off technique in the fabrication of layered device structures
on flexible PET substrate.

Devices fabricated with 100nm electrodes show a device yield of 16 devices (33%)
and were produced at electrode widths 0.3mm or greater. 4 devices were observed
to have short circuited with short circuits appearing in devices with electrode
widths 0.4mm or narrower. Predominantly devices were seen to present as an open
circuit with 28 devices. It is speculated the increase in electrode thickness reduces
the susceptibility to fractures through the electrode resulting in a reduction in open
circuits and increase in functional devices. Observed short circuits may have been
present on this silicon substrate prior to application of the lift-off technique may
have occurred during the deposition of layers due to surface particulates on the
silicon substrate. During processing the adhesion of the layered structure on the

silicon relative to the adhesion on the resin is of key importance. It was observed
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that cleaned pristine silicon hampered the successful transfer between the silicon
and PET devices resulting in partial transfer of the deposited layers on the resin
adhesive and incomplete devices. To this end, surface modification of the silicon
surface may be a viable avenue of future work to improve yields and the scope of
the technology. Furthermore, the interaction between the binding and the polymer
may have resulted in diffusion into the operational area at the edge of the
electrodes increasing the resistance potentially explaining the poor yields of narrow

electrode devices.

Devices were successfully fabricated using a lift-off technique allowing for layered
structures incorporating thin metal films to be fabricated on flexible plastic
substrates. Low device yields were largely due to the formation of open circuits
between the layered structure, the likely result of fracturing of metal electrodes and
loss electrical continuity across the electrode surface. Despite the low yields, several

promising avenues have been identified to help realise the technology.

Appendix E. CNC Machine Cutting

E.1. Reducing Operational Area

With three terminal Schottky barrier devices featuring P3HT polymer as the active
channel showing no channel enhancement during device testing several measures
were taken to improve the three terminal platform to improve potential three
terminal behaviour. Reducing the OFF state current between the source and the
drain increases the scope for observable field enhancement being observed during
applied gate potential. Reducing the operational area of the structure is expected to
reduce the OFF state current produced. The resolution and capabilities of the

manually aligned machine cutting procedure were examined in order to reduce the
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operational area of the resulting machine cut two terminal devices. Devices were
fabricated with inverted electrode pattern with 30nm gold electrode evaporated at
1 A.st at 10° Torr. 1% w/v PCDTBT in 1,2-dicholorbenzene solution was drop cast
with a 10uL aliquot deposited on the polycarbonate-gold electrode surface in
controlled nitrogen atmosphere. Films were left for 60mins and then transferred
onto a hot plate and annealed at 150°C to remove residual solvent. A gold electrode
was deposited at 1 A.s™ at 10° Torr. The width of the trench machine cut into
device substrates was increased as seen in Figure E.1A. shows a schematic
representation of the machine cut before optimisation and the resulting 3 device
forward current average is seen in Figure E.1B. After optimisation to increase the
trench width a width of 65mm was achieved and can be seen in Figure E.1C. The

resulting three device average forward current can be seen in Figure E.1D.
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Figure E1. Reduction of operational area through increased trench width. A. Initial machine cut trench with
width w= 42mm. B. 3 device average forward current with trench width = 42mm C Reduced operating
area device with increased trench width of 62mm. C. 3 device average forward current with trench width=
65mm.
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Drop cast PCDTBT devices with machine cut trench widths of 42mm produce a
forward current magnitude of 1.2 x 10°®A at -4V with a calculated operational area
of 1.3x10° m%. The equivalent device with P3HT discussed in § 7.X produces a drain
current of -4 x 10® A. The reduction in drain current is attributed to the lower
intrinsic conductivity of the PCDTBT which should improve the visibility of the
enhancement channel induced drain currents under electrical characterisation.
With a trench width of 65mm devices produce a forward current of -1 X 10”° A with
an operational area of 9 x 10-"m?%. With the wider machine cut trench a reduction in
forward current is observed the order of a magnitude of the total drain current.
The device of that area is decreased by 30 % and forward current is reduced to 8%
of the previous total current. The lack of a direct relationship between decreasing
area and decreasing forward current may be attributed to variation in the thickness

of compared devices in PCDTBT material.

Further reductions in the operational area are limited by the electrode pattern of
two terminal devices. In order for contact pads to be accessible during device
testing an electrode pattern with a contact pad with narrow interconnect was
designed. Due to design consideration the narrow interconnect allows a reduction
in the cross sectional overlap at the electrode edge. A thickness distribution was
determined through C-AFM in § 5.X which reduced thickness towards the electrode
edge, in order to limit short circuit occurrences and improve device yields reducing
the cross sectional edge is considered favourable. At larger trench widths (Wrench>
70mm) the inter-connect is removed by the machine cutting path and device testing
not capable. For further operational area reductions to occur an alternative pattern
will need to be incorporated into the three terminal electrical platform to allow
wider trench widths and reduced operational areas to be achieved. The three
terminal platform with manually machine cutting procedure allows for control over
the device operational area through the increase in programmed machine cut
trench width. Further improvements in operating area require an alternate
electrode pattern with interconnect positioning away from the machine cut edge

allowing for wider cut paths programmable.
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Appendix F. Lateral Channel Charge Distribution

Assuming a constant voltage potential profile across the length of the channel the

charges in the channel can be described by Equation F.1.

Qchannet = —Csutator (vgs-vr) Equation F.1

Assuming a non-uniform distribution of potential and charges across the
semiconductor-dielectric interface requires an adaptation with an effective
capacitance at the interface describing the capacitance at a point and is described in

equation F.2.

CInsulator = Clnsulator_effective = Clnsulator_effective (VGSr y) Equation F.2

Using the Poisson equation and boundary condition for the electric field over which
to integrate over the boundary conditions and an equation for the electric field can

be described by Equation F.3.

E= ’ZzDh tan[ Ckn (x L)] Equation F.3
h

The influence of the electric field in inducing a change in energy levels by the

resulting band bending is described through Equation F.4.

AVenanner = _foL Edx = — % fOL tan[ %(X - L)] dx = _2—log coS[ /CuhL]

Equation F.4

With the density of charge induced at the charge interface described by Equation
F.5.

p = &fqﬁz_i CE’TEO ( [ / Hh (x — L) + 1) Equation F.5
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And the total capacitance described by Equation F.6

€ins 2CD cu )
o Eins = / Mhh tan[ /ﬁ(o - L)] Equation F.6
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