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ABSTRACT
The Design and Development of an Organic Comparatdor use in Low Cost
Smart Sensor Systems
Ruth Wanjau
This thesis chiefly examines ways of increasingfteguency response of
circuits through using organic materials with hidtarge carrier mobility
values as well as by reducing the overlap parasagpacitances in thin film
transistors (TFTs) by developing and optimizingaokelf-aligned gap
(SAG) fabrication process. The organic materialgdistd in this work
include: Polytriarylamine (PTAA), Poly 3-hexylthibpne (P3HT),
Poly [2, 5-bis (3-hexadecylthiophen-2-yl) thieng £3b] thiophene]
(PBTTT-C16) and Indacenodithiophene-co-benzothaule
(IDTBT-C16). The electrical characterisation of thbove-mentioned
polymers are carried out using Schottky diodes, GsT&nd saturated-load
inverters. The analysis of these devices is dotie tive aid of appropriate
organic models developed in this work, which asswaneexponential
approximation to the tail of the Gaussian Densitystates (DOS). Key
material parameters of the disordered modelshieeMeyer Neldel energy
(MNE ), the characteristic temperature of the DAS3),(the mobility
prefactor K) and the degree of disordem)(are subsequently utilised in the

design of organic circuits in Cadence design saftwa

A temperature study of PBTTT-C16 and IDTBT-C16 poéys is carried
out using vertical Schottky diode with the aim aivestigating the
conduction mechanisms present in the films. Theeg&bfTo, TcandMNE
of the PBTTT-C16 diode, obtained from the forwaltmcteristics, are
found to be 707.5 K, 523.6 K and 45 meV respegctiaed the values of
the IDTBT-C16 diode are found to be




343.6 K, 382.7 K and 33.0 meV respectively. Thesptar density value\a,

of the PBTTT-C16 diode is obtained from the sengialgthmic plot ofJr
versusVr” and found to be 1.59x30m3. The activation energya, values

of the PBTTT-C16 and IDTBT-C16 devices are 126 nma\d 339 meV
respectively, with the highéfa value obtained for the IDTBT-C16 polymer
being because of the large intermoleculstacking distances present in the
polymer.

A SAG process that utilizes a bi-layer photoresisticture to create an
undercut is developed. The size of the undercumhéar from the process is
found to vary inversely with the soft bake temper@aiand time. Utilizing the
various gap sizes formed from the process, |aBFAlA diodes are fabricated
and characterized accordingly. With the gap sizesasing from 0.05 um to

2 um, the forward current density values decreasesrsely from
15.86 Am? to 0.31 An¥ due to an increase in the series resistance of the
devices. Similarly, the conduction mechanism indeegices is found to be
more limited by contact resistance effects as thp gize decreases. In
addition, theNa values obtained from the devices ranges from 2.6%xm3

to 1.76x16* m3. Interestingly enough, CV measurements and SILVACO
simulations of these devices show that the moduriadf the depletion layer

in devices with a lateral topology is chiefly dedent on the electrode
spacing and area of the active layer rather thanfitm thickness as is

typically observed in vertical diodes.

The parameters of a PBTTT-C16 self-aligned traosisith an aspect ratio
of 50 are utilized in the design and modelling gfamic circuits within this

work. The device has a sub-threshold swing of ¥VId&cade, an on/off




ratio of 4.26x16, a saturation field effect mobility valugse of

0.74 cnt V1 st and a threshold voltagé/r of —1.5 V. Utilizing the
disordered model developed in this work, the vabfeg, K, Tc andMNE
are 0.57, 2.15x18# AV™ 473 K and 41 meV respectively. These
parameters are subsequently used in Cadence dedigrare to create a
compatible OTFT model for subsequent design ofrgardac comparator.
The comparator has a maximum gain of 45.62 dB pedades at a 300 Hz
frequency. A PBTTT-C16 saturated load inverter vatigain of 12.4 dB
and an average propagation delay of 3.4 ms isfalsicated using the
Cadence mask designs developed for the SAG profestudy of the
effect of varying the width of the driver transistif the inverters as well
as the use of materials with lower mobility valigealso investigated. The
challenges of the SAG process are also highlighviddpossible methods

to circumvent and in some cases eliminate themepted as well.
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Chapter 1 Introduction

CHAPTER 1

Introduction

This chapter gives a short summary of organic redseand their use in applications for the
microelectronics industry. A literature survey bétcurrent state of the art organic analogue
circuits is also outlined. The key challenges fgdire realisation of organic materials in circuit
applications are also highlighted. Lastly, the thesganisation, experimental characterisation

techniques and the contributions from this thesagpaesented.
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1.1 INTRODUCTION TO ORGANIC SEMICONDUCTORS AND ORGANIC
CIRCUIT TECHNOLOGY

The field of organic electronics has grown immeyssghce the discovery of the
electrical conductivity of carbon-based materialaden by Chiang et al [1]. Whilst most
electronic applications utilize silicon and its idatives in the semiconductor industry, organic
materials offer a specific set of advantages padity useful in applications that require
mechanical flexibility along with large area intaggon at an affordable cost. These benefits
include amongst others the ease of device faboicatis they do not require high vacuum and
high temperature conditions for processing, medariexibility, lightness and solution
processing capability, which enables the possybdit large-scale mass production through
processes such as roll-to, roll printing. The abmentioned features are well suited for
applications such as flexible displays, RFID tagd mtegrated smart sensor systems.

Presently, there have been quite a number of adwaents in the development of
organic digital circuitry such as RFID tags [2-Shift registers [6-8] and microprocessors
[9,10]. Analogue circuitry, on the other hand,tifl B its early stages because of issues facing
organic electronics, which will be mentioned brrefln spite of this, there has still been
reasonable progress in the design of organic analagcuits such as the development of
analogue to digital converters (ADC) [11-15], comgtars [11,12,16-21] and operational
[12,19,20] and differential amplifiers [22-24]. Netheless, to realise more fully functional

integrated mixed signal circuits, more research amalogue circuit designs is needed.

One of the major challenges of organic materialhépoor intrinsic charge carrier
mobility values, which results in low transconduncta values and low intrinsic transistor gains.
In addition to this, most designs use large pararador the specifications of the channel width
and length of the transistor with the aim of inciag the driving capability of devices. This
results in large overlap parasitic capacitance®theinherently limiting the speed of operation
of the devices. Subsequently, a lot of researchkvinais been undertaken to improve the
mobility of organic materials with reported valuels about 10 cfV s for p-type organic
semiconductors [25] and 0.76 #ivs [26] for n-type organic semiconductors respectively.
However, most organic materials with high mobilitglues greater than 10 éfvis are
typically crystalline organic semiconductors, whiehe usually deposited via thermal
evaporation, which negates the pitch for solutisacpssing as an alternative fabrication

methodology for organic semiconductors. In addititve lower mobility values of the few,
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availablen-type organic semiconductors make it difficult fbe realisation of CMOS circuits.
The development of organic CMOS circuits is equalhallenging because of the added
complexity of fabricating two different polymers dhe substrate without affecting the
functionality of either of the two. Similarly, theeed for different metal layers for the power
supply rails further complicates the fabricatioomgess. This thereby restricts most analogue
engineers to designing circuits using opdtype transistors further limiting the options bét
different device topologies to be used. Currentbstrmature state of the art organic analogue
designs emplop-type only topologies in comparison to a CMOS tggeshown inable 1.1
below.
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Table 1. 1 A summary of the current state of the art analogrtganic circuits in literature.
Most of the analogue circuit topologies use p-tgpey transistors due to the few number of
stable n-type transistors and the lack of robustpeatable complementary fabrication
processes.

Type Circuit | Power | References
of Circuit type Supply
V)
ADC CMOS | 10 H. T. Pham, T. V. Nguyen, L.
Pham-Nguyen, H. Sakai, and T. T. Dao [11].
PMOS | 15 H. Marien, M. S. J. Steyaert, E. v. Veeaahdnd P.
Heremans [12].
PMOS | 20 D. Raiteri, P. v. Lieshout, A. v. Roermamd] E.
Cantatore [13].
CMOS | 3 W. Xiong, U. Zschieschang, H. Klauk, andvBirmann
[14].
CMOS | 40 S. Abdiniat al[15].
Comparator| PMOS | 20 H. Marien, M. Steyaert, N. v. Aerle, andHBremans
[16].
PMOS | 20 D. Raiteri, F. Torricelli, P. v. Lieshoit, H. M. v.
Roermund, and E. Cantatore [17].
PMOS | 10 M. Torres-Miranda, A. Petritz, A. Fian,RZietl, H.
Gold, H. Aboushady, Y. Bonnassieux and B. Stadlober
[18].
CMOS | 50 G. Maiellaro, E. Ragonese, A. Castorindasob, M.
Benwadih, R. Coppard, E. Cantatore and G. Palmisano
[19].
PMOS | 5 I. Nausieda, K. K. Ryu, D. D. He, A. |. Alande, V.
Bulovic and C. G. Sodini [20].
CMOS | 40 S. Abdiniat al[21].
PMOS | 15 H. Marien, M. S. J. Steyaert, E. v. Veelaahand P.
Heremans [12].
Operational| PMOS | 15 H. Marien, M. S. J. Steyaert, E. v. Veeaahdnd P.
amplifier Heremans [12].
PMOS | 5 I. Nausieda, K. K. Ryu, D. D. He, A. |. Alwande, V.
Bulovic and C. G. Sodini [20].
CMOS | 50 G. Maiellaro, E. Ragonese, A. Castorindasob, M.
Benwadih, R. Coppard, E. Cantatore and G. Palmisano
[19].
Differential | CMOS | 40 M. Guerin, A. Daami, S. Jacob, E. BergdteBenevent,
amplifier P. Pannier and R. Coppard [22].
PMOS | 40 J. Chang, X. Zhang, T. Ge and J. Zhou [23]
PMOS | 40 N. Gay and W. J. Fischer [24].

An additional issue of organic based circuits s kbw dielectric capacitance values

and hence high threshold voltage values obtaineduse of using polymer dielectrics with
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low dielectric constants or in other cases usirayganic dielectrics such as silicon dioxide

with equally low dielectric constant values. Altatively, the use of high k-dielectrics that can

be grown or processed with low temperatures haea besearched into in literature [27] as
well as in this thesis. Opting to use higher k-elitlics also helps reduce the power supply rail
values needed for organic circuits thereby reducheg overall power dissipated from the

circuits [28]. It is evident fronTable 1.1that even to date most of the state of the arrooy

circuits operate at relatively high power suppljtages.

TFT parameters such as the mobility and threshaolidige values are unstable because
of environmental factors such as water vapour aygen doping effects, which thereby pose
another major challenge in the design of organicudis. Such variations typically result in
mismatching of devices across a substrate and eB, sffecting the overall circuit
performance. Robust organic circuit designs areetheneeded in order to withstand/ cope
with such variations. Organic material designs lsamade less susceptible to oxygen doping
effects by reducing the HOMO level of materials][20 addition, encapsulation of the devices
[30,31] reduces susceptibility to oxygen and waggrour effects. The latter option is however

not within the scope of study in this thesis.

The first aim of this thesis is to create compagaaic models within Cadence circuit
design software. This is achieved by modifying exésting Silicon PSpice DC model
parameters to take into account the larger powerféator typically observed in disordered

organic devices.

The second aim is to increase the frequency regpoinsrganic circuits, specifically
the speed and the bandwidth, by primarily develgg@rfabrication process that reduces the
overlap parasitic capacitances within the circuits well known that the overlap capacitance
between the source/drain contacts and the gatectliel accounts for a large percentage of the
load capacitance in organic circuits therefore ddgm self-aligned transistor process would
ideally improve the frequency response of the dirsiwell as the reproducibility of the circuit
performance. Interestingly enough, to the bestokoowledge, there is insufficient literature
on the fabrication of organic analogue circuitsngsa self-aligned process. In fact, in the
previous table, Torres-Miranda et al [18] only mty adopted a self-aligned fabrication
process to address the frequency response of argaalogue circuits, obtaining an organic
comparator having a clock frequency of 10 kHz andoperational amplifier with a gain-
bandwidth (GBW) of 3 kHz using onfytype transistors. In this work,patype saturated-load
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circuit topology is likewise adopted for the perfance analysis of the self-aligned circuits as
it has been shown to be robust in withstandingatiamns of Thin Film Transistor (TFT)

parameters.

Lastly, high mobility solution-based organic maadsiare adopted for fabrication of the
circuits to improve the frequency response of tineuds. In addition to this, the mobility of
the organic semiconductor is enhanced by modifyireginterface of the dielectric and the
semiconductor by reducing the surface energy andhmess of the dielectric layer through
annealing of the dielectric layer as well as thifoggrface treatments such as oxygen plasma,
UV ozone radiation and using self-assembled morota{SAM). Annealing of the dielectric
is known to reduce the surface energy of the dieteand also to improve the electrical
performance of devices through reduction in the ewatapour content between the
dielectric/organic semiconductor interface [32]. ielaver, with the reduction in the surface
energy of the dielectric, the polymer layer wouldbsequently have a better morphology,
which thereby enhances the mobility of the semicetal and hence improves the frequency
response of the organic devices and circuits.

1.2 ORGANISATION OF THE THESIS
The following section gives a brief overview of tihetails of each chapter found within

this thesis.

Chapter 2 begins by describing the equivalent lsamdture of organic semiconductors
utilising the Huckel Molecular Orbital theory. Atdrature survey of the charge transport
models developed for disordered organic semicowdsids also presented. Moreover, the
impact of the Meyer Neldel EnergMNE) within the framework of charge transport in
disordered organic materials is investigated. MINE is widely believed to be associated with
the width of the Gaussian DOS distribution and eébgrprovides a means of assessing the
degree of disorder within a material. An analyticaddel for charge transport is presented in
this thesis assuming the aforementioned sentimémtthe model, the dependency of the
effective mobility on carrier concentration, norigakferred to as the Universal Mobility Law
(UML), is established. By incorporating the develdpmobility model, expressions for the

current density in organic Schottky diodes and O Biffle also modelled. These disordered




Chapter 1 Introduction

models form the basis for the modelling, desigrang development of organic circuits used

in this work.

Chapter 3 is primarily concerned with the studyha&f charge transport mechanisms of
solution based, high charge carrier mobility, tiiepe polymers. The investigation is carried
out with the aid of the temperature variation oé tturrent-density voltage characteristics
of two vertical Schottky diodes having indacenogiiene—benzothiadiazole (IDTBT-C16) and
poly [2, 5-bis (3-hexadecylthiophen-2-yl) thieng 2b] thiophene] (PBTTT-C16) polymers
as the active layer. The activation energy, whech isignificant parameter in understanding
and establishing the mechanism of charge transpaanjugated polymers, is also obtained
from the Arrhenius plots of the forward current signtaken at relatively high temperatures.
Additionally, the quantitative modelling of the Ward and reverse characteristics of the two
Schottky diodes is also carried out using the dised Schottky model developed in chapter
2.

Chapter 4 deals chiefly with the development antimapation of a self-aligned gap
(SAG) process, which is later used for the fabioceof lateral organic devices and circuits on
the same substrate. The optimisation of the prosesarried out via optical characterisation
studies as well as electrical scaling studiessinigj Polytriarylamine (PTAA) lateral Schottky
diodes. Based on the optimised process, PBTTT-CIBTO are realised and the electrical
characteristics are fitted to the disordered OTFIdeh derived in chapter 2. Key material
parameters obtained from the fittings are comp#oexhd validated with those obtained from
the electrical characterisation of the Schottkydd® made using the same material given in
Chapter 3.

Chapter 5 deals with the incorporation of the disoed organic models developed in
chapter 2 into a commonly used circuit design safey Cadence, for later use in the aid of
designing organic devices and circuits. This idised through modification of the in-built
silicon models. By employing the modified modelatigus analogue and digital circuit blocks
are designed using onpytype transistors. The results of the fabricatedutis are discussed
and compared to the simulated designs. Furthernsheglenges of the SAG process are also

presented with possible suggestions for future work

Chapter 6 gives a conclusion of the work carrietliouhis thesis as well as the key
challenges. Recommendations for future works & ekplored in this chapter.
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1.3 EXPERIMENTAL TECHNIQUES/CHARACTERISATION

The fabrication of the organic devices (i.e. lafgmatical diodes and OTFTs) and
circuits is carried out in clean ambient conditi@mgl in the presence of yellow light. Given
that the fabrication techniques vary dependinghentype of device/circuit being made, more
details on the fabrication steps will be providedhe relevant sections of the thesis. On the
other hand, the main characterisation techniquasedaout in this thesis (i.e. electrical and

optical characterisation) are described in thisigec

The electrical characterisation carried out in thiwk includes direct currenDC),
current-voltagely), capacitance-voltag€y), frequency and transient measurements.O®e
andlV characterisation of the circuits and devices réopmed using a PC controlled Agilent
B1500A semiconductor parameter analyser. Temperatudies of thévV measurements of
vertical Schottky diodes are also carried out uaiBd500A semiconductor parameter analyser
connected to a Keithley 615 electrometer and 23mé&ier. Each of the samples is secured
onto a holder, which is then placed into a liquitlagen cryostat under a vacuum pressure of
0.1 mbar.CV measurements of lateral diodes is carried outgusmE4980A precision LCR
meter. The samples are secured onto the sample atéige measurement rig using a vacuum
chuck to cancel out any environmental disturbaddternating current AC) and transient
measurements of circuits are done using a set-uipr@gnt consisting of an Agilent 33320A
signal waveform generator and two power supplysutoinnected to the circuit under test. The
input signal comprised of a 15 V peak to peak stgpal with varying values of frequency and

the output is measured using an Agilent 54621Dlloscope.

The characterisation of the gap sizes obtained fiteenself-aligned process is done
using a Veeco CP-Il Atomic Force Microscope (AFi@he can obtain the three dimensional
profile of a sample using this technique as it messa sample in the horizontal X-Y plane
and the vertical Z dimension. To avoid damaginthefsamples, all characterisation is done in
non-contact imaging mode. Imaging in non-contactlenmay sometimes result in obtaining
a lower image resolution [33]. Unlike contact AFMbde, non-contact AFM mode has a tip
that hovers at a distance of around 50 to 150 Aogst above the surface of the sample [34].
Attractive forces such as Van der Waals forces eledtrostatic forces acting between the
cantilever tip and the sample are detected andgtapbic images are produced as a result of
scanning the tip of the cantilever directly abolie sample surface. In non-contact AFM
imaging, the attractive forces from the surface rateh weaker than those used in contact
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mode. A small oscillation signal is thereby appliedhe cantilever tip so that AC detection
methods can be used to measure the amplitude, phaser the frequency response of the
force gradients from the sample in order to ddteetsmall forces between the tip and sample

surface.

To achieve a high resolution image in non-contamii@) one needs to measure the force
gradients from the Van der Waals forces which ndgrextend a few nanometres from the
sample. Nonetheless, obtaining a high resolutia@gemmay sometimes be difficult particularly
when imaging hydrophilic surfaces which can haweager layer that is significantly thicker
than the range of the Van der Waals forces beingsiigated. In such a case, imaging of the
“actual” surface might possbily be futile as thieefive range of forces are beyond that which
the oscillating probe hovers. Similarly, when a logcillation amplitude is applied to the
sample, the resolution of the image can be degradedresult of the tip of the sample being
unable to dislodge easily from the layer of waters adviseable therefore to perform AFM
characterisation in an ultra-high vacuum environniemrder to avoid having the water layer
on the sample. A surface treatment of the samplestp characterisation in conjunction with
application of the appropriate oscillation sigrerécommended if characterising in ambient
air conditions.

Finally yet importantly, a J. A. Woollam M2000UI nable angle spectroscopic
ellipsometry YASH kit is used to determine the thickness of theanig films used in this
thesis. When light is reflected or transmitted framrmaterial structure, there is a change in the
polarization of the light, which is measured by #igsometry kit. The change is typically
characterized by an amplitude rati#,and a phase differencé, as described using Fresnel’'s
reflection and transmission equations [35]. The suead data varies depending on the
thickness and optical properties of the materldggon measuring, one makes a comparison of
the measured data to a user-defined model in otoleestimate the thickness of the
semiconductor. Given that the samples are charseteon silicon wafers, the first step in
building the model is to extract the thicknesshef hative oxide layer on the wafer by utilising
a Cauchy layer [36] as defined in the software.irgbuilt a model for the first layer, a general
oscillator layer is then used to estimate the tmds of the semiconductor layer using a
regression analysis. The VASE software uses a Msgumared Error ISE estimator to
compute the difference between the measured datdahancalculated data from the model.

Good fits are assumed to be obtained when the MBEevs below 10.
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1.4 CONTRIBUTIONS

The work carried out in this thesis has the follogvcontributions:

A model showing the dependency of mobility on ieariconcentration is
presented. Based on the model, disordered modethdacurrent transport in
organic Schottky diodes and TFTs are developedsaihdequently used for

modelling and designing of organic circuits.

An analysis of the DC characteristics of verticeh&tky diodes based on
PBTTT-C16 and IDTBT-C16 polymers is done. Utilisitige organic Schottky
diode model, key parameters such as the chardatéemperature associated
with the distribution of carrier3o, characteristic temperature associated with
the intrinsic density of statek:, and the Meyer Neldel EnerdgMNE) are
extracted. The respective values for the PBTTT-GCidide are 707.5 K,
523.6 K and 45 meV and for the IDTBT-C16 diodeythee 343.6 K, 382.7 K

and 33.0 meV respectively.

Forward characteristics of vertical PBTTT-C16 Stkytiodes display a kink
possibly due to resonant tunnelling. Nonethelegga fit is obtained for the
semi-logarithmic plot oflr versusVgr” resulting in an acceptor density of
1.59x132 m3,

The semi-logarithmic plot afk versusvr” of the vertical IDTBT-C16 Schottky

diode has poor fits.

For the PBTTT-C16 Schottky diode, parameters sat¢haforward and reverse
J-V characteristics, the effective mobility and theiea concentration increases
with increasing temperature. The same observatiomaide for the IDTBT-C16
Schottky diode with the exception of the revelsé characteristics, which did

not have any visible temperature dependency.

The activation energ¥a of PBTTT-C16 and IDTBT-C16 is extracted from the
Arrhenius plots of the forward current density agailO00T and is found to be
126 meV and 339 meV respectively.

10
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The turn on voltage of the IDTBT-C16 Schottky diosldfted toward more

negative values with reduction in temperature.

A self-aligned gap (SAG) fabrication process isaleged and consequently

used for fabrication of organic devices and cicuit

Optimisation of the SAG fabrication process is dastmted through variation
of the soft bake parameters of the photoresiseduation in the soft bake

parameters results in an increase of the undemaif@med by the process.

The forward current density values of lateral PT8é&hottky diodes increases
with a decrease in the inter electrode distancetaltiee reduction in the series

resistance of the devices.

A 12.6 % film thickness variation of lateral PTAAI®ttky diodes resulted in
a variation of the reverse current density valueth walues ranging from
2.78x10° Am~ to 8.89x1GAM™.

The current conduction mechanism of lateral PTAAdiky diodes with an
inter electrode spacing of less thaprth is dominated by space charge effects
whereas those with gap sizes greater thamml have a current transport
mechanism dominated more by the bulk resistivityhef film rather than the

contact resistances.

Kinks/roll over effects in the reverse charactasssof lateral PTAA Schottky
diodes with gap sizes less thaprth are observed and attributed to overlapping
of the zero-biased depletion layer of the Ohmictacnwith the expanding
depletion layer width of the reverse-biased Sclyattintact.

The modulation of the depletion width in lateral AT Schottky diodes is
dictated by the field across the gap and the drézeactive layer.

11
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Isolation of the active area of lateral PTAA Sckypttdiodes through
photolithography patterning results in an increaseforward and reverse
characteristics, due to the unintentional dopingtied active layer by the

chemical solvents.

The saturation field-effect mobilityye, threshold voltageyr and on/off ratio
of PBTTT-C16 transistors are approximately 0.74%¢ns?, -1.5 V and
4.26x1G respectively. Using the disordered TFT model, theatemial
parametersm, K and MNEare 0.57, 2.15x108° AV™and 41 meV respectively.

Good fits of the output and transfer charactessticthe PBTTT-C16 transistor
to the disordered TFT model are obtained partibufar gate-source voltage

values lower than -8 V.

Device instability of PBTTT-C16 transistors is doghe occurrence of residual

mobile dopant ions in the film.

An OTFT model is realised in Cadence design softwhy modifying
pre-existing silicon transistor parameters withire tsoftware. The model
displays adequate fits to experimental data atdrighain bias with marginally

poor fits at lower drain bias associated with conhtasistance effects.

An organic comparator circuit comprising of a predfrer, latch and
self-biased output stage is simulated using the @8WwT model. It has a gain

of 45.62 dB and operating frequency of 300 Hz.

Unpatterned PBTTT-C16 saturated-load invertersreatised using the SAG

process. The gain of the various inverters ranges f1.8 dB to 15.3 dB

depending on the aspect ratio of the devices. Ppeeating frequencies of these
inverters also ranges from 242.7 Hz to 538.8 Hz.

12
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CHAPTER 2

Charge Transport Properties of

Organic Semiconductors and its

application in Organic devices

A brief overview of the equivalent band structuoenfed within organic semiconductors is
presented. This is followed by a review of the tieoused to describe the charge transport
mechanism within disordered organic materials. ihpact of the Meyer Neldel Rule in
understanding the charge transport is also expl@edinalytical model used to describe the
dependency of the effective mobility on carrier @amtration is subsequently presented.

Finally, based on the effective mobility model, neguations for organic Schottky diodes and
thin-film transistors are presented.
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2.1 INTRODUCTION

Organic devices and circuits are gradually makimegrtway into the consumer market;
thereby effective use of these materials in intesgt&ircuit applications necessitates the need
to understand the mechanism governing charge toansjthin them, for effective modelling

and designing of circuits.

This chapter begins by briefly discussing the faroraof band structures similar to the
conduction and valence bands in inorganic semicctods, using the Hickel Molecular
Orbital theory [1]. Subsequently, the Density cdt8s (DOS) function is described by means
of a Gaussian or Exponential distribution. Discossiare also presented on the significance
of the Meyer Neldel Energy (MNE) [2] in organic reaals. It is commonly associated with
the width of the DOS;, [3], which could be of practical importance apribvides a means of
assessing the degree of energetic disorder withtganoic materials [4,5] as evidenced by
experimental works carried out using Buckminstéefeine(Go)-based Organic Thin Film
Transistor (OTFT) devices [5,6] and pentacene-b&EdTs [3]. However, the microscopic
origin of the rule is not yet fully understood adlwe discussed in later sections. Charge
transport models based either on the polaron mpebr the disorder formalism [8] are
presented. The charge transport mechanism in tbik 18 described using the latter model
specifically utilising the Variable Range HoppingRH) mechanism [9]. By incorporating the
VRH mechanism, an analytical model for the effeetivobility is expressed in order to explain
the charge mobility dependency on carrier concéatras typically observed in disordered
materials. This empirical relationship between ¢herier mobility and the acceptor (donor)

concentration is commonly referred to as the UsiaeMobility Law (UML) [10].

More information on the material properties of emgted polymers can be obtained
using simple two-terminal devices such as Schattkyges, and therefore the relevant theory
will be briefly discussed in this chapter. Thisludes the current transport mechanisms such
as the thermionic and diffusion mechanism, Schogfiigct and space charge limited current
(SCLC) properties. Typically, the equations usedthia aforementioned mechanisms are
described using a fixed mobility term, and thus aot entirely applicable in describing
accurately the current transport mechanisms ofattganic materials used in this work.
Consequently, different current expressions thabrporate the mobility dependency on

carrier concentration (UML) are expounded on. Ftbese revised equations, key parameters
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such as the characteristic temperature associaitixdthve distribution of carriersTg), the
characteristic temperature associated with the DI@% the MNE and mobility prefactok

can be obtained.

Lastly, the fundamental theory of the inorganicthim transistor is presented, and
applied in understanding the operation of the OTH3ing a similar approach as above i.e.
dependency of the mobility on carrier concentratiamich describes the VRH model,
appropriate drain current expressions of the deed OTFTs are presented, in terms of the
same key parameters as the Schottky diode. Subségube parameter values for different
devices with the same active semiconductor carobgared. Similarly, the parameter values
of other disordered semiconductors can also be iveghand compared where appropriate.
This will allow building of libraries of appropriatdevice models and parameters, which is

important for designing organic circuits.

2.2 MATERIAL PROPERTIES AND CHARGE TRANSPORT IN ORGANIC
SEMICONDUCTORS
2.2.1ELECTRONIC STRUCTURE IN ORGANIC SEMICONDCUTORS

The key building blocks of organic semiconductoms. imolecular crystals and
polymeric films, are monomers (molecular sub unig)ich primarily consist of covalently
bonded carbon (C) and hydrogen (H) atoms. Stroagdc* bonds are formed from either
constructive or destructive overlapping of hybridisatomic orbitals between carbon and its
neighbouring carbon/hydrogen atom. The moleculaekibane and subsequently the structural
properties are based on these bonds. Likewiseyrthgbridised porbitals of adjacent carbon
atoms overlap constructively or destructively tanior andzn* bonds respectively. Electronic
properties are associated with these bonds dueetovweaker bonding energy with respect to
theos andc* bonds. The bonding orbitalg)(result in discrete energy levels consisting &f th
Highest Occupied Molecular Orbital (HOMO), wher#aes antibonding orbitalsf) yield the
Lowest Unoccupied Molecular Orbital (LUMO). The highised orbitals lie within 120from
each other and form stronger bonds with other atwhilst the unhybridised orbitals lie on the
perpendicular plandigure 2. 1(a) depicts the above-mentioned bonding between adjacen
carbon atoms labelled here asadd G respectively with the resultant energy structin@m
in (b).
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Figure 2. 1: lllustration of the bonding betweerotadjacent carbon atoms,@nd G (a)
and the equivalent energy structure (b). The hybeid orbitals lie within 120from each
other whilst the unhybridised orbitals lie on therpendicular plane.

Within a chain, as in polymeric films, or within athmolecules, the molecular orbitals
of repeating adjacent monomer units are coupleld aviveakrt-electron overlap. This linking
results in the interaction and delocalisation aghkouring HOMO and LUMO levels across
the system. Consequently, the equivalent valenak @mduction bands are formed as
described in the Hiuckel Molecular Orbital Theor: [Mhe band gapHg) of the semiconductor
is thus taken to be the difference between thdteegtHOMO and LUMO energy levels.

In the ground state, the HOMO level is filled wélectrons whereas the LUMO energy
level is devoid of electrons. Promotion of an etectfrom the HOMO level to the LUMO
level, for instance through light absorption, casult in the formation of a neutral excited state.
Similarly, other charged excited states can be érthrough the addition or removal of one
or more electrons to the molecule either electrosbally or chemically. This results in
shifting of the orbitals relative to the vacuumdevr he structural geometry of the molecule is
changed as well due to alteration of the electmitBin the o-bonds. The coupling of the
charge with the energy of the altered structurahgetry results in the formation of a polaron.
Furthermore, the addition of one or two electranthe LUMO results in a negative polaron
and bipolaron respectively, whereas the removabr@ or two electrons from the HOMO

results in a positive polaron and bipolaron respelst.
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2.2.2DENSITY OF STATES FUNCTIONS

The shape of the DOS function in disordered orgaeimiconductors is commonly
believed to be Gaussian as made popular in thesizewBisorder Model (GDM) [8]. In his
work, Bassler stipulates that this is the casevakeaced by the shape of the energy spectrum
of an organic material that, in effect, determiapt-electronic properties up to and including
the charge transport properties of organic semigciogds. The Gaussian distribution

expression takes the form below:

g(E)= N e —Ezj
o271 207 2.1

whereN; is the total concentration of the localised statas the variance of the width of the

DOS ancE is the energy of the localised states.

Conversely, Vissenberg and Matters [11] derivedegpression for the field effect

mobility of transistors, assuming an exponentialdd the form given bgquation 2.2below:

N E
E) =—1ex <E<O0,T<T
9E) = ‘{chj = ) 2.2

where k is Boltzmann’s constanfl is absolute temperature afi@d is the characteristic

temperature associated with the exponential DO@EHlision.

The use of the exponential DOS is justified by Taed al.,[12,13] who assert that the
conduction properties, at low carrier densities tardperature, are determined by the tail of
the Gaussian distribution which, for a given enagange, accurately takes an exponential form

as demonstrated figure 2. 2

19



Chapter 2 Charge Tspart Properties of Organic Semiconductors and
its application in Organic devices

>N (E)

Gaussian function

--------------- Exponential approximation

Figure 2. 2: lllustration of the Gaussian DOS diktrtion and the exponential approximation
at the tail of the Gaussian for a given energy mang

On the other hand, recent studies by Oelegichl.,[14] state that the equation for the
exponential DOS should ideally take the form of:

9(E) =%exr{(-§j } ©=1) 2.3

Q=om(p+1)

Here,

wherep is an arbitrary power factor associated with tkgomential DOS.

Values of p > 1.8 are used in the fitting of the experimentahtad of

poly (2-methoxy-5-(3’, 7’-dimethyloctyloxy)-p-phelgne vinylene) (O&Ci-PPV) and
poly-3-hexylthiophene (P3HT). Evidently, fgg = 1, equation 2. 3resembles that of
equation 2.2, which can be termed as the “pure” exponential D@&reas forp = 2,

equation 2. 3esembles the bottom half of the Gaussian DOS spact

Direct measurement of the DOS is carried out uséhgctrochemically doped
OCiC10-PPV [15] and is found to follow an exponential fgrhowever, dopants have a
tendency of changing the shape of the DOS [16iéffore casting doubts on the validity of

the results/measurement technique. Accordingly soregnents of the DOS using a technique
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based on Kelvin-Probe Force Microscopy (KPFM) onthbadoped and undoped
N,N'-diphenyIN, N'-bis (1-naphthyl)-1, 10-biphenyl-4'4liamine ¢-NPD) based TFTs [18]
are carried out. Results from the undopedPD sample show a Gaussian distribution with an
exponential-like tail dependency. On the doped sentpe DOS broadens and has additional
discrete peaks induced. The broadening of the X g0ociated with trapped charges at the
interface of the dielectric and in other casestdygotential fluctuations as a result of internal
dipoles [19].

To summarise, the shape of the DOS in disordergdnic semiconductors may be
either a Gaussian or an exponential form and i&gid by the amount of residual dopants
present in the film as well as the device usecthtracterise the measurement.

2.2.3CHARGE TRANSPORT IN ORGANIC SEMICONDUCTORS

There is a general agreement that the chargeptans1 organic semiconductors
occurs as a result of thermally assisted hoppingvden localized states, whereby the
probability of hopping from an occupied sitéo an unoccupied orjeis described using the

general equation below [16]:

% f(0) =2 W, f OL- O]+ X W f; Ot~ 0] -4 1,0 24

j#i j#£l

wherefi (T) is the probability that site (located aR and with an energy) has a charge at a
given timet, Wj is the transition rate from the occupied $ijeo the unoccupied si{@ and/;

is the decay rate of the excited charge atisite

The transition rate in this equation usually takes forms whereby hopping is either
a single phonon or a multiphonon process. The fosh, commonly referred to as Miller-
Abrahams jump rate model [20], assumes the forared,results in a transition rate equation

given by:
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W, =V, ex{_ Z%JGX;{— ‘Ej - Ei‘z;l_Ej - E.‘J -

wherevp is the attempt-to-hop frequendy; is the intersite distance, is the inverse of the

localisation lengthE; is the energy at the unoccupied site Bnid the energy at the occupied

site.

In the VRH model, Mott and Davis [9] extend the abanodel by further analysing the
distances over which the carriers can hop, sugggeshat carriers may hop with a low
activation energy over longer distances as wdhiaggswith a high activation energy over small

distances.

Alternatively, the Marcus jump rate model [19] hewn inequation2. 6, takes account
of polaron formation, and its resultant effectsabvarge transport. It is based on studies of

electron transfer reactions by Marcus [21, 22].
pol E.-E) (E -EJf 2.6
= - )ouf -EE) (6 -E)
KT 2kT ~ 16KTE!®

EpOI :5
2 2

2 ..
WO = J_O LI exg — i
n \ AEPKT a

whereE; is the polaron binding energg:"° is the polaron activation energly,is the prefactor

Here,

in the transfer integral arfdis the Dirac constant/reduced Planck constant.

Subsequently, numerous debates on the charge eoramspchanism based on either a
dominant polaronic transport or a dominant non-molear transport (disordered transport) have

arisen and are further discussed below.
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¢ Polaron-based transport

Electron-phonon interactions usually result in theformation of the matrix of an
organic semiconductor as showrFigure 2. 3 assuming a polythiophene chain. A polaron is
usually formed as a result of the charge coupliith s matrix distortion energy as explained
in section 2.2.Df this chapter. Polaronic motion is characterisggolarons hopping between
neighbouring sites. In the “small polaron” trangpoodel developed by Holstein [7], a polaron
is described as small when its size is comparabthd spacing within the matrix. Emin [23]
characterised the hopping nature of the small pokRis being adiabatic, which is the case
when the lifetime of a predecessor and successoiissequal in energy and larger than the

carrier transit time.

(a)

Figure 2. 3: (a) Chemical structure of a polythigote. (b) Change in the chemical structure
of polythiophene after a polaron is formed.

Waragai et al have carried out experimental stugiethie temperature and field effects
of pure polaron motion on carrier transport in aigasemiconductors [24, 25]. However, for
charge carrier mobility values to fit the smallg@n model, impractical parameters would be
needed for the polaron binding energy and the teamstegral described in the Marcus jump

rate model. Furthermore, the model developed byagéret al fails to account for the change
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in transport regimes of FETs from a nondispersive to a dispersive one upon reduction of

temperature [26].

On the other hand, studies have shown that temperaiependent carrier mobility
expressions can be explained by a combination tf polaronic and disordered effects [27,
28]. The Correlated Disorder Model (CDM) resolves above-mentioned limitations cited for
the pure polaron model where it states that sn#spn transport takes place in occurrence
with correlated energetic disorder for polaron ieasr that have a polaron binding energy
ranging from 50-500 meV and a transfer integral-@0 meV. In such a case, the zero-field

effect mobility is given by [27]:
(MO ex;{— E, jex - A{ijz
H 2kT KT 2.7

where the arbitrary coefficiem, usually extrapolated from experimental data, lestshown

to be dependent on the ratio of the polaron bindimgrgy to the width of the DOS ifg,/o .

Fishchuk et al., [29, 30] carried out further work on the carrieoncentration

dependency on mobility using the disordered moddl @DM. For values wherg, is large
such thaE, /o = 3, i.e. when the polaron effects are more pronounttedmobility showed a

weaker dependency on the concentration of carngigh is explained to be due to the fact
that polaron activation energy is not dependentenconcentration of the polarons unlike in
disorder-based models where the mobility is gredglyendent on carrier concentration as will

be discussed in the next section.

¢ Disorder-based transport

Most of the disorder hopping models in organic semductors are based on the work
carried out by Bassler [8]. In his work, the modefmed the Gaussian Disorder Model (GDM)),
describes the hopping transport using Monte Cailmulations. In the model, a
non-Arrhenius-like temperatur€, dependency on hopping mobility and a Poole-Frietyke

[31] behaviour for constant field,is obtained as given equation2. 8and2. 9below:
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log ()0 1/T? 2.8

log(¢) 0 €72 2.9

The model however fails to account for the vadsied#nces in values obtained for the
field-effect hole mobilites in field-effect transiss (FETSs) and hole mobilities of diodes made
using the same material as the active layer. Tfferdhces in the two values is because of
failing to account for the dependency of the chaeogerier mobility on carrier concentration.
The aforementioned problem is thereby resolved dking into account the mobility
dependency on carrier concentration [12,13,32]sasommonly done presently resulting in
similar mobility values being obtained from diffatedevice topologies made with the same
material. The modified models result in Arrhenilkel temperature dependent mobility
expressions with varying mobility prefactor valuepending on the averaging procedure used
for the hopping sites. In the Extended Gaussiaoniier Model (EGDM) [32], the procedural
method used averages all the sites using the MAllgaham expression given by
equation 2. 5whereas in [12, 13] a percolation approach isiu3ée resultant field-effect
mobility for EGDM is as given irquation2. 1Q In both cases, as will be discussed briefly,
the dependency of carrier concentratipnpn mobility has remarkable similarities in spite

using different methods for averaging the hoppibess

/I(T, p) = aZZ-Oq C, exp{— czﬁz]exr{% (&2 - 5)(2 pa’ )6} 2.10

Here,

O,Ezln(az _ 22— In(In 4)’ 5220

wherea is the localisation length ara andc; are arbitrary constants with values as follows:
c1=1.8x10° andc,= 0.42.

Alternatively, the percolation approach is introdddy Ambegoakaet al.,[33] and
utilised by Vissenberg and Matters [11] to deriveaarier concentration dependent mobility
model, assuming an exponential DOS. In the pelioolahodel, the system is regarded as a

network of interconnected resistors with an intersbnductancesij, given by:
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oG ors) 2
Here,
E ~E[+[E ~E[+|E-E|

- =20R. +
% ORJ 2kT

whereEr is the Fermi-level an@o is a prefactor.

The total conductivity of the system is then obedirusing the percolation theory.
Theoretically, it is assumed that hopping betweites swith decreasing; is unimportant.
Following this, the conductance value initially r@ms almost constant, until a critical value
S, Where it then drops strongly. This paramedgdetermines the inception of percolation i.e.
the formation of the first infinite clusters anetsubsequent clusters to follow whereby a larger
cluster is formed for smaller valuesgf At s, the clusters are interconnected via a number of
bonds referred to a8.. Subsequently, the conductivity of this systenprigportional to the

critical conductance as given below:

n,ofr 1) 2.12

o(a,T)=

Here,

B, ~ Eg +skT kT
ZaT

= [ dyexp(- y)y**

whered is the fraction of states occupied.

Equation2. 12shows that the conductivity value (related toftakl-effect mobility as
in equation2. 13 exhibits a strong dependency on carrier conceotraas well as an

Arrhenius-like temperature dependence.
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:uFE(p):

) T /T
a, [ (Te/T)" sin(7T/T,) T /Tt
P 2.13

q (2a)’B,

whereoy is the conductivity prefactoBc is the critical number for the onset of percolatmd

p is the hole concentration.

Similarly, other authors have derived the fieléeef mobility utilising the percolation
theory, however, it is assumed that in this caséhtipping is dependent on the average of the
infinite cluster sites that provide percolation [3], unlike in the aforementioned model and
in [16,36] where all the hopping sites are averadfeid shown by Nenasheat al.,[37] that
regardless of the analytical approach used, théteed mobility expression typically takes the

form below:

ve 379/KT
_pVe | gP Ej
H naa{ 8(kT 2.14

wherea is the localisation length amilandB are the analytical prefactors attributed to the
different analytical approaches used in which dasg are dependent on eithgkT or are

arbitrary numerical constants.

The multi-trapping and release model (MTR) [38]meoonly used to describe charge
transport in inorganic amorphous materials, hae aklsen adopted extensively in organic
semiconductors [34, 39-42]. The mobility edge ia tbrmer is substituted in the latter with a
slightly temperature-dependent energy level refetoeas the “transport energy “(TE) level,
Er. In the model, the mobility is strongly dependentthe successive hopping of free carriers
between states situated né&ar Carriers located belo®r are essentially trapped in deep lying
states. Upon thermal excitation, charges are rete&desm the traps to the transport level as
shown inFigure 2. 4below. The mobilityu term in this system shows an Arrhenius-like

temperature dependency given by [39]:
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u=
8kT ij 2.15

whereq is electronic charge, is the electron mean velocitlyjs the grain size anfh is the
mean energy.

trap-like
localised states

> Distance

Figure 2. 4: lllustration of the Multi-trap and rehse model. Filled circles represent charge
carriers introduced through thermal excitation ojection.

¢ Impact of Meyer Neldel Rule in Charge transport

The Meyer Neldel Rule (MNR) has commonly been usedescribe the relationship
between enthalpy and entropy of a chemical rea¢H8prit states that in a proces§,that has
been thermally activated, an exponentially incmegsactivation energyEa, is partly

compensated by an increasing prefactes in the relationship:

E
Y =Y, ex —2
0 p_(ij 2.16

Here,
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whereYoo is a constant prefactor akdlc is the MNE.

In semiconductor physics, the MNR has been obsenvEBTs, which essentially have
conductivity and mobility expressions with an asstwmxl temperature dependency.
Nonetheless, there are numerous debates on then arfgthis effect and its physical
interpretation in the context of organic semicortdtgas will be discussed shortly. Studies of
the MNR and its effect on charge transport in imaoig transistors made using amorphous
silicon have been carried out in [43-45]. Chargas$port in this material is explained by means
of the MTR model, assuming an exponential DOS, eingithermally activated carriers hop
from the Fermi level to the mobility edge. In tlugse, the authors claim that the statistical
shifting of the Fermi level with temperature acctsuior the mobility expressions obeying the
MNR whereby the MNE given iaquation2. 16 is then believed to be equivalent to the width
of the DOS [45].

On the other hand, studies of the MNR in organimisenductors have slight
modifications to their explanations, specifically, the context of the hopping carriers that
contribute to conduction. Briefly, hopping is assted with the distribution of occupied sites
in the whole DOS not simply at the Fermi level, amather cases, the equivalent transport
energy level, much like the inorganic counterpadsassumed. There have been numerous
debates on the origin of MNR and its physical iptetation in the context of organic
semiconductors. Some arguments suggest that, aniergemiconductors, the MNR is in fact
not observed but it is instead aapparent compensation effect [4] as experimentally
illustrated by the works of Fischut al.,[4] and Meijeret al.,[46]. In the former work, the
temperature dependency of mobility with varyingriearconcentrations displays the MNR
effect however; the effect is not observed whenattigh of the DOS is varied directly, which
essentially contradicts the MNR. It is expected th@on varying the activation energy (which
is achieved either by varying the width of the D@y increasing the carrier concentration
upon application of an external field), there Wil an accompanying partial prefactor as well.
This suggests that there is not, as yet, any @aiioal between the prefactor of the mobility
term and the attempt-to-hop frequency, which deir@emthe transition rate of carriers.
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On the contrary, Yeloat al.,[47] argue instead that the observation of the M&l&ue
to polaronic transport described by multiphononcpsses [48]. In their model, termed
multiexcitation entropyMEE, a number of activation paths increases exporigntiecause of
multiphonon excitation, which results in an expdraly increasing prefactor with increasing

activation energy.

The previous section already highlighted the litiotas of a purely polaronic transport
model, therefore favouring the superposition ofodigred and polaronic transport. Most
organic FETs exhibit a dominant disordered trantspwchanism whereas others exhibit a
largely disordered transport mechanism coupled wiiinor polaronic effects such that
Ev/o < 3. A recent study by Fishchuét al., [3] shows that in a system which combines
disordered and small/moderate polaron effects, Mi¢R compensation effect is not
significantly altered. Furthermore, it concludeattin a dominant disordered system, which
has a temperature-dependent mobility, the MNE terdgned by the shape of the DOS, the

polaron binding energy as well as the partialrfdliof the DOS due to field-effect.

¢ The Universal Mobility Law and its application to charge transport in

organic semiconductors

The charge-carrier mobility model used in this ihessumes a Gaussian DOS with an
exponential approximation at the band tail, as mivgequation 2.2Mott's VRH mechanism
is used to explain the carrier transport mechantsmever, the model in this work does not
use its transition rate expression to derive amesgion for the effective mobility. As described
earlier, the carrier concentration dependent mighiths a comparable dependency irrespective
of the hopping mechanism used, assuming a disatdienesport system. A Fermi-Dirac (F-D)
distribution function [49] as given iequation2. 17, is used in determining the probability of
carrier occupation within the DOS.

1+6X{E-Epj 2.17
KT
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The conduction processes are assumed to take \ldta the vicinity of the Fermi
level, Er, which is commonly believed to lie within the taflthe Gaussian DOS. Assuming a
p-type semiconductor, hopping takes place clos&ralue to the combined effect of an
exponentially falling carrier occupancy definedtbg distribution function (belor) and the
high number of energy states located a KvbelowEr i.e. at the transport energy levEf,
[41,42].

To obtain an expression for the free carrier cotre¢ion, it is assumed that carriers
above theEr do not contribute to conduction as depictedrigure 2. 5 This assumption is
made because there is a small number of unoccajesdifor carriers to hop to and in any case,
the sites are much further apart and at higherggnlevels making them virtually immobile.
In this case, the probability of occupation ab&yels assumed equal to one, and the carrier
concentration probability belo®r can be replaced with the Maxwell Boltzmann Disitibn

f (E) function given by:

E.-E )
exp ——¢ j ifE<E
f(E): p( KT F 2.18

An increase in carrier concentration upon apploatof field therefore results in
occupation of the lower energy levels, belBnand neaEr, where hopping is enhanced due
to smaller hopping distances, thereby increasiegctrrier mobility. The carriers in this area
hop with an activation energia from Er to Er. Despite the fact that there are more states at
lower energy levels, i.e. belokf, the carrier concentration is lower therefore tasy in no

conduction past this point.
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Figure 2. 5: lllustration of an exponential appraxation to the tail of the Gaussian DOS
distribution for the lower energy range, where ap@atransport in organic devices typically
takes place. Charge carriers above &re trapped and do not contribute to conductioh. A
lower energies, close torEan increase in carrier concentration results in ancrease in
mobility due to the enhanced hopping rates.

Assuming ap-type semiconductor, the free carrier concentragipnan therefore be
obtained from integratingquation2. 19 as shown below (Full derivation is provided in

Appendix A).

p=["N'(E)f (E)E 2.19
p= N'(O)kTO exr{— E} 2.20
KT
Here [50],
- 2.21

=l
0_|||—‘

1_
TO

whereN’ (E) is the effective density of statds) (0) is the rate of change of density of traps

with energy andy is the characteristic temperature associated téldistribution of carriers
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A single mobility term is typically used to desaithe carrier mobility in inorganic
crystalline semiconductors. However, as has beeviquisly discussed, the DOS distribution
in disordered materials follows either an exporamtr Gaussian shape with change in energy
such that carriers at different energy levels &ely to experience different hopping rates
thereby resulting in a mobility value that is notefl hence the term effective mobilifye
Although the device physics in the two materialsywvgreatly, it is still plausible to describe
the movement of carriers in disordered materialthbyuse of an effective mobility term, which
is akin to the conventional mobility term but hasstaonger dependency on the carrier
concentration. The significance pés«in disordered materials can be better appreciajed b
comparing the current density of a disordered sysiisordered With the current density of an

ordered, crystalline systebrdereq @s given byequations 2. 22nd2. 23respectively:

— _E-E
‘JOrdered - NV exr{ KT JqumF 2 .22
J Disordered = N '(O)kTO ex i queff F
KT, 2.23

whereNy is the effective DOS at the edge of the valencedpBnand um is the measured
mobility.

Upon comparison, it is assumed that a disorderst&syis in contact with an ordered
system in the manner shownkigure 2. § whereby current flow, band-bending and trapped
charges at the interface are assumed absent. Fodies it is assumed that the disordered
system has an energy level, referred to as theteféetransport energy levelef) which is

equal in energy t&v in the ordered system.
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Figure 2. 6: lllustration of a disordered system gontact with an ordered system under
thermal equilibrium, for a p-type semiconductor.nBabending and trapped charges are
assumed absent.

When in thermal equilibrium, the carrier flux isuad on both sides and the effective
mobility of a conjugated polymer can be expresse@ims of the measured mobility [51] as

shown below (full details are provided in Appen@ix

U = Kp" 2.24
Here,
.

m=-—=-1 2. 25

N E,

K= +— e exg ——~

e )
2. 26

Equation2. 24shows a power dependenaypf the mobility on carrier concentration,
p as observed in the UML [10], with an additionallitity pre-factor,K. The same observation
of the effective mobility dependency on carrier camration has been made on doped
disordered organic semiconductors [51]. It follofr@m equations2. 24 and2. 25 that the
effective mobility in organic semiconductors is eaffed by the degree of disorder and

temperature such that the electrical conductivieduces with the increase in disorder.
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Conversely, an increase temperature i.e. increag®ithermal energy of carriers results in an

increase the effective mobility.

The bulk of this thesis utilises organic Schottkjod#s and OTFTs in the
characterisation of the materials, thus, understgritie underlying theory of such devices and
subsequently developing and utilising appropriatelels incorporating the newly developed
effective mobility term is essential and is presenn the ensuing sections.

2.3 FUNDAMENTAL THEORY OF SCHOTTKY DIODES AND THIN-FILM
TRANSISTORS (TFTs)
2.3.1METAL/SEMICONDUCTOR CONTACTS — SCHOTTKY DIODES

When a semiconductor with no surface states [52:6d]es into contact with a metal,
the Fermi levels align to reach thermal equilibridfor ap-type semiconductor, if the metal
has a lower work functiolu than its own, carriers move from the metal coniatd the
semiconductor resulting in the formation of a patrbarrier Vi, and a depletion layer of
width W, consisting of uncompensated acceptor ions. Tedtent potential barrier restricts
the flow of carriers from the metal into the semmidoctor leading to subsequent rectification

behaviour at the Schottky contact.

Upon application of a negative voltage on the Silyatontact (i.e. forward bias), the
potential barrier at the interface is reduced, Iteguin reduction of the depletion region, and
thus allowing majority carriers (holes) to easilypwe from the semiconductor across the
interface. In contrast, application of a positiwitage (i.e. reverse bias), enhances the potential
barrier and widens the depletion region therebyednpg the movement of holes across the
interface. In the latter case, the current is tioeeedue to the flow of carriers from the adjacent
metal contactFigure 2. 7 below shows the energy band diagrams of a methlpagpe

semiconductor, with varying application of exterhals.
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Figure 2. 7: Energy band diagram of metal-semicantidu junctions with a p-type
semiconductor (a-d)); where (a) is before the matal semiconductor make contact (b) when
the junction is in thermal equilibrium without aapplication of bias (c) on application of a
forward bias and (d) on application of a reversai

For a semiconductor with a large density of surfstages [55], the situation is different,
such that a space charge region already existh@rsémiconductor side prior to contact
formation. Further to this, surface traps are oedipp to the quasi-Fermi level, such that upon
metal contact formation, carriers moving from teengconductor into the metal are trapped in
the surface states resulting in minimal movementhef quasi-Fermi level as illustrated in
Figure 2. 8 Consequently, the surface depletion layer isrd&gly similar to the unchanged
space charge region. Subsequent band bending auilir@at the bare semiconductor surface

such that the barrier height will be independerthefmetal function.
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Figure 2. 8: Energy band diagram of a p-type meghniconductor junction that is
characterised by surface states at the interfacéhef metal and semiconductor: a) before
contact formation and b) after contact formation.

As indicated earlier, assuming the absence of seirgéates, an application of forward
bias results in the reduction of the potential ieaythereby allowing movement of holes into
the metal. For a low forward bias, the associatedeat density in inorganic semiconductors
is given byequation 2. 27[56], whereby the exponential dependency of theeturdensity,),
is related to the exponential distribution of cansi

Y 2.27
J=J, ex Papn | _q
nkT

wherelJo is the saturation current densityis the electronic charg¥appis the applied voltage,

n is the ideality factork is Boltzmann’s constant aridis the absolute temperature

The value oflpin equation2. 27, depends on the conduction mechanism presengin th
material. More often than not, the transport preces carriers above the barrier can be
explained by either a diffusion process [57, 584 dhermionic process [59] or a combination
of both [60]. In a diffusion process, typically asgted with semiconductors with a low
mobility, thermal equilibrium is established upoetal contact formation such that of the
metal matches with that of the semiconductor. Tove bf current is consequently dictated by
drift and diffusion processes across the depldagar. The saturation current density in this

case takes the form [56]:
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2.28
Jpo = ANV, eXF(_%j = gNy (0 exf{_i_(-%j

whereNy is the effective DOS in the valence bawnsljs the effective diffusion velocityg, is

the barrier heighty is the carrier mobility anéfmaxis the maximum electric field, neglecting
image force effect.

On the other hand, in a thermionic emission protasslicable to semiconductors with
high mobility), current is limited by the amount oérriers with energy high enough to
overcome the potential barrier and move into theahwntact. The saturation current density
in this case is given by the equation below [56]:

* 2.29
Iy = AT? ex;{—i—%j

A* is the Richardson constant agpds the barrier height

When both of the aforementioned processes arergraséhe material, the saturation
current density takes the form [56]:

N GEERN l{_ q%j 2.30
o= o IWexXp -
1+vg/Vp KT

=R,

Here,

wherewr is the effective surface recombination velocity.

For highly doped semiconductors, carriers may tutimeugh the thin potential barrier
at higher electric fields. The field-emission cuntrg61] for this situation is given by:
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G P ex;{— aw2m (ag,)* 2} 28

° T 16mPhg, 30hF, .

wherdiis Plank’s constant and* is the carrier effective mass.

The previously mentioned equations Re27to 2. 31are not suitable for explaining
the current transport mechanisms in the organienads used in this work. Consequently,
different current expressions that incorporatecdugier mobility dependency (UML) are used
for the characterisation of the forward currentsignin the low-voltage regime. In organic
semiconductors, the exponential rise in the curobtained at low voltages is associated with
the exponential rise in the carrier occupancy witbrgy as dictated by the Maxwell Boltzmann
approximation at the tail of the Exponential DOStdbution. The forward current density in

this case takes the form givenequation 2. 3751]. The full derivation of the equation is

2.32
mexp[%]
kT0

whereTy is the characteristic temperature associated twéldistribution of carriers.

provided in Appendix C.

The ideality factory of the organic Schottky diode is relatedltousing the relation given in

equation 2. 33

T, =T 2.33

At higher forward bias, the current density of maarganic diode typically deviates from
its exponential form such that most of the voltdgeps across the neutral region of the film.
Deviation from an Ohmic conduction to a space ohdimited current (SCLC) conduction
occurs when an accumulation layer of a non-unifgrdidtributed layer of excess charge from
the injected carriers exists. In the presence opadential barrier at the injecting
metal/semiconductor interface, the current densiy be characterised by the properties of

the adjourning contact or a combination of bothspace charge effects and contact effects.
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The current density in this case is dependent enagpplied voltage to a power as in

equation 2. 34

10 app)a 2.34

A double logarithmic plot of the forward currentndéy yields the value &, such that
a value ofa~1 suggests that the current density is dictatethbyesistivity of the film and is

essentially given by Ohm’s law asequation 2. 35

2.35

app

L

wherep is the carrier concentration ards the material thickness.

Fora> 2, the current density is thought to be limitectfsy space charge effects in the
material. For an inorganic material with a singd¢ af shallow traps [62], the SCLC current
density [62-64] is commonly expressed asguation 2. 36

9 Va2 2.36
e
Here,
8= Ps :mex ——(ET_EV)
P + P Ny KT 2.37

whereeo is the permittivity of free spaca, is the relative dielectric constant of the maletia
is the ratio of the free carrier concentratipnto the total carrier concentraion,is the trap
carrier concentratio\ris the DOS at the transport energy leeglandEy is the valence band

edge.

The application oéquation 2. 3@&ssumes a constant mobility term, which as has bee
mentioned extensively is not the case for orgaemisonductors thereby prompting the need
for an expression for the SCLC in organic semicatahs. The ternd, commonly found in the
SCLC expressiornis the ratio of free injected carriers to the totgcted carriers whereby in

inorganic semiconductors, the trapped carries ssecated with extrinsic energy levels found
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between the Fermi level and the valence band enexgy [62]. On the other hand, in the
organic model used in this worl,is treated differently such that both the free tnagped
carriers are associated with the intrinsic eneeygls found within the DOS of the material.
With this definition in mind, the modified expressi for 6 takes the form given by
equation 2. 3&nd the SCLC expression for the disordered maisr@ven byequation 2. 39
(full details of the derivation are given in Appénd). The slope of the double logarithmic
plot of equation 2. 39yields the degree of disorderand subsequentljc. In addition, the

mobility prefactor K can be obtained from the intercept.

po Ty T 2.38
TO +TC TC
; K £,6,6(m+1) rml(zm_*_sjmz Varggz 2.39
qg'". m+2 m+2 /) x*™

Alternatively, the application of a reverse biasr@ases the potential barrier at the
interface of the Schottky contact and the semicotatuas well as expansion in the depletion
width. In the presence of image-force barrier langrand applied field [56], the reverse
current densityJr, takes the form given iaquation 2. 4(the full derivation is provided in

Appendix E).

3 IA 2.40
J=3ex i[‘“—'“(m v _k_TD
KT £ q

whereNa is the acceptor density, is the high-frequency permittivity of the semicaotbr,
andVyiis the built-in potential.

By plotting the semi-logarithmic plot dk versusvapp®, the values oNa andVy; can
be extrapolated from the slope and intercept res@dyg as will be done in chapters 3 and 4.

The extraction oNa from the plot is done under the assumption o&b@icability of an abrupt
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depletion edge approximation whereby the carrieceatration is assumed to sharply increase

at the edge of the depletion layer having a widéhgiven byequation2. 41

W= \/%—lﬁff[vapp—vbi —k_Tj 2.41
AN, q

However, the carrier concentration increases gibdahthe edge of the depletion

region by a Debye lengthpenyethat isgiven by:

L _ gogrkTC 2.42
Debye q2 NA

Therefore, the approximation is assumed valid ganic semiconductors when the depletion

width is much larger than the Debye length.

2.3.2THEORY OF TFTs

A thin-film transistor (TFT) is a type of field-ef€t transistor consisting of three
terminals (gate, source and drain). It regulatesthrent on somewhat similar basic principles
as that of the Metal Oxide Semiconductor Field-&fféransistor (MOSFET). The main
differences in the two devices is the thinner actayer found in TFTs, differences in the
material properties and the differences in the moafeconduction. The source and drain
contacts in TFTs are typically made using Ohmictacis, whereas in MOSFET devices they
are usually made of eithertype orn-type doped regions thereby formipgn junctions with
the semiconductor bulk. The off state current InSKETSs is controlled by the depletion region
occurring at the-n junctions formed at the bulk/contact interface][aBereas in TFTs it is
characterised by the bulk resistivity of the orgdiim [65].0On the other hand, in the on state,
p-type TFTs operate in accumulation mode wherebyrthprity carriers (holes), accumulate
at the interface of the dielectric and semiconduafmon application of a negative gate bias
whereas for MOSFETS, the on state is dictated bgnaersion layer of minority carriers formed

at the dielectric/semiconductor interface.
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The very first expressions derived for the draimrent in TFTs was introduced by Borkan and
Weimer [66]. Assuming a conventionaltype inorganic TFT, upon application of a positive
gate bias i.eVs > 0, positive charges get induced on the gateacorthereby resulting in
depletion of majority carriers at the interfacelod gate and the semiconductor as depicted in
Figure 2. 9 a)When a small negative bias is applied at the draintact, holes migrate towards
the drain contact thereby resulting in current flasvinFigure 2. 9 b) This current is mainly
dependent on the bulk conductivisy of the semiconductor and corresponds to the leakage
current/off-state current of the transistor dudack of formation of a channel. The drain

current,lp in this regime takes the form given éguation 2. 43

2.43
Iy =0,X,Vp %

wherex, is the thickness of the semiconductdy,is the drain voltagé/V andL are the channel

width and channel length respectively.

When the polarity of the gate voltage is reversedviz < 0, negative charges are induced on
the gate contact thereby resulting in accumulatidmoles at the gate/semiconductor interface.
Holes begin to accumulate at the drain end withagh@ication of a negative drain bias Me.
< V< 0, as depicted ifrigure 2. 9 c) With further application of a negative gate biasre
holes accumulate between the source and drainater@s shown ikigure 2. 9 d)This results
in an increase in the drain current, which corresisato an on-state regime where the linear

drain currentpiin, [65] takes the form of:

2 2.44
I oin = IB|:(VG —-Vi )\/D _V%}
Here,
B=1c, W[
VT — (Qsc:_Qf)+w

(004

wherep is the field-effect mobilityVr is the threshold voltag€ox is the oxide capacitance,

Qs is the amount of the charge at the interface efdielectric and semiconductd@y; is the
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fixed charge occurring in the dielectric apds the potential needed to induce satisfactory

accumulation or inversion of carriers dependindhentype of transistor.

By plotting Ip versusVg (i.e. the transfer characteristics), the transootahce,gm
given byequation 2. 45an be obtained from the slope. Consequentlylinlear field-effect
mobility, win can be extrapolated from the linear regime.

ol 2.45
gm = 6VD = lulincoxV\%_(V D)
G

Furthermore, from the plot f versusvp (i.e. the output characteristics), the channel
conductanceq given byequation 2. 4&an be obtained from the slope in the linear regas

well.

2.46

al
Jg = aVD = /ulinCoxWA (VG_VT)
D

In conventional inorganic TFT¥t corresponds to the gate potential required for the
onset of conduction or in other words, it defifes dnset of a drift mechanism from a diffusion
one. On the other hand, as OTFT devices operatdftrmnechanism even at low operational
voltages\/tinstead corresponds to the amount of gate biagtiah substantial charge carriers
are accumulated at the dielectric/semiconductaerfiate in comparison to the bulk of the
semiconductor thereby turning on the transistoe fidgion belowr is commonly referred to
as the subthreshold region. Consequently, the segithld swingS is a parameter used to
typically define the amount of change of gate \gdtaequired to turn the transistor off and on.
By definition, it is theVe needed to increase the drain current by one demadlé takes the

form [67] below:

2.47

oV, 0V..In10 _ kT qt
5= Nos - VesINO_KTyy 5, Ao 2N 4N
oflogly)  a(nly) g [%-l-g (VeN.. +a )}

0X

wheretox is the dielectric thicknesBlscis the density of space-charge per unit volumenper

volt andNssis the density of surface states per unit aredplervolt.

44



Chapter 2 Charge Tspart Properties of Organic Semiconductors and
its application in Organic devices

It follows from equation 2. 47 that the subthreshold swing in inorganic TFTs is
dependent on the dielectric thickness and densgyrdace states. For low power consumption

and high speed in circuits, smaller valueSafe desirable.

Upon further increasing the gate voltage Ye-Vt = Vp, pinch-off condition takes place,
such that the field from the source towards thendigrminal gradually drops down and the
drain current begins to saturate due to fewer@arpresent at the drain terminal a&igure

2. 9d). Increasing the drain voltage i¥ < Vg - V7, results in changing the direction of the
vertical field at the gate/semiconductor interfabereby reducing further the number of
carriers at the drain end such that there is naretlgoresent at the edge of the drain contact,
leaving the drain current to remain nearly constartt independent of applied drain bias. The
saturation currentpsa, ignoring channel length modulation is thereforeeg by:

e -v,) 2.48

| psar = B 5

In addition, the saturation field-effect mobilifysaitakes the form:

Gm = 'usatCOXV\%_ (V G_VT) = (ZlusatcoxV\%_ I )05 2.49
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Small
Vp=0 V,<0

Source

Oxide

Source Source
Oxide Oxide

Source

V<< 0

Figure 2. 9: Basic theory of the operation of a TEJ Holes accumulate at the surface of the
semiconductor with application ofcVb) Holes move toward the drain with applicatioh o
small \b. ¢) Accumulation of holes at the oxide and sendootor interface with negativegV

d) Increased accumulation of holes in the chann# imjection of carriers at the drain. €) No
carriers at the drain end whernp¥Vgs—Vr resulting in pinch off.

To analyse the OTFT results in this thesis, an@ppate model that takes into account
the carrier-dependent mobility, as predicted byUML, is developed just as it is done for the
Schottky diodes before. The expressions for treaif O TFT drain current and saturation drain
current used in this work are given éguation2. 50andequation 2. 5kespectively. The full

details of the derivation of the equations are jgtes in Appendix F.
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2.50
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> m[( G_VT)2 2:|

By differentiating and taking the logarithm afquation 2. 51 as shown in
equation 2. 52the material parametemsandK can be obtained evaluated. The values of such
material parameters will be extracted and compdmedhose obtained from Schottky

measurements taken for the sgmtgpe semiconductor, as discussed in chapters 3.and

dl WKG™ 2.52
logl —2 |=lo +(2m+1)log(V, - V.
g[dvg] g[L(2m+1)(2k£0£,ch)m] (2m1)iog(Ve =)

An expression for the effective mobilifyesr can be obtained by equating the disordered
saturation current expressiagg(ation 2. 51 to the square-law MOSFET saturation current,

equation2. 48 resulting in:

2.53
KCzm

(2m+1)(2m+2) (2ke,E KT, )"

(VG _VT)ZITI

/Jeff =

2.4 CONCLUSIONS

This chapter gave a brief overview of the physitsanjugated polymers. The band
structure in these materials is explained usingttiekel Molecular Orbital Theory where the
LUMO and HOMO energy levels are analogous to thedootion and valence band energy
levels in inorganic semiconductors.

In organic materials, the number of states pergnerterval at a given energy level
can be explained using a DOS function, which foosither a Gaussian distribution or an
Exponential distribution. Evidence for both typels @OS has been shown in literature;
however, the amount of residual dopant ions preisetiite film as well as the type of device

used for making the test measurements may haveaect on the shape. Nonetheless, in this
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work, an exponential approximation to the tail lné tGGaussian DOS is assumed as the curves
at the lower energy ranges of the Gaussian DO®gmonds accurately with the Exponential
DOS which is the range in which decisive chargedpart in OTFTs and Schottky diodes takes
place.

Charge transport in organic materials generallgsgilace through thermal activation
of carriers between localised states. It is shdvah the charge transport can be explained by a
superposition of polaronic and disordered effediengby a disordered charge transport is said
to be dominant when the polaron binding energyeslare small in comparison to the width
of the DOS. In such a case, the effective mobgiypws a strong dependency on carrier
concentration as described by the UML whereasprmaounced polaronic transport regime,
the mobility shows a weaker dependency on carr@rcentration because the polaron

activation energy is independent of the concemtnadif the polarons.

The basis of the MNE and its physical understandmghe framework of organic
semiconductors is also discussed. The MNR has bbsarved in experiments where the
carrier concentration is varied, however, in sompeements, the same dependency is not
observed when the width of the DOS is directly edyithereby contradicting the MNR in
organic semiconductors and leading other authorsugmest that the MNR is instead an
apparent compensation effect related to chargepah rather than the DOS. The so-called
compensation effect is recently observed in orgamaterials having a dominant disordered
system, such that in this case, the MNE is founbletaletermined by the partial filling of the
DOS due to field-effect as well as the shape of @S and the polaron binding energy.
Evidently, the debate on the significance of the BMiN organic materials is not settled yet,
however, in this work, the MNE has been assumdx tieelated to the width of the exponential
DOS.

An analytical model for the expression of the effeemobility is also described in this
work. It is derived by making a comparison of aoditered system in contact with an ordered
system whereby movement of carriers can be destchiganeans of a charge transport level
similar to the valence band in a crystalline semérator. The model shows a carrier
concentration dependency on mobility similar to Ulsthd similar to the expressions obtained
using a percolation theory approach. Utilising tigsv expression for the effective mobility,

disordered models for the current transport in 8&liaiiodes and TFTs are developed as well
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resulting in additional material parameters suciMak, K andm. These parameters can be
used instead for designing circuits, as they arenah constants, which are independent of the
carrier density unlike the effective mobility terrRurthermore, the experimental values
obtained from Schottky and TFT devices can be usefliture as a characterisation and

validation tool for a given material as will be @oim Chapters 3 and 4 of this thesis.
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CHAPTER 3

A Comparative Study of the Charge
Transport Properties of
Thiophene-Based Polymers made

using Schottky Diodes

This chapter discusses the charge transport stddywo thiophene-based polymers:
indacenothiophene—benzothiadiazole (IDTBT-C16) and

poly [2, 5-bis (3-hexadecylthiophen-2-yl) thieng £3b] thiophene] (PBTTT-C16) which were
provided by Prof. M. Heeney from Imperial Collegendon. The study is investigated with
the aid of temperature variation of the currentsitgnvoltage characteristics of vertical
Schottky diodes, made using these materials. Thiwadion energy is evaluated using
Arrhenius plots of the forward current density meaments taken at relatively high
temperatures. Forward and reverse current denkiyacteristics of the devices are also

discussed.
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3.1 INTRODUCTION

Research into material design strategies of salttmsed semiconducting polymers
has led to a substantial increase in the achievateeffect mobility values of conjugated
polymers, whereby values 1 cnf/Vs [1-3] have been reported. Among these organic
semiconductors, some of the highest charge camidnility values have been obtained from
thiophene based polymers containing alkyl siderchaSuch high mobility values have been
attributed to their highly ordered two-dimensiof@D) structural motif. The polymer family
series of poly [2, 5-bis (3-hexadecylthiophen-2thieno [3, 2-b] thiophene] (PBTTT) [4], has
emerged as a prime example of the correlation lofja charge carrier mobility to a highly
ordered 2D structural motif. The as-mentioned nwds long been believed to facilitate charge
transport along the polymer chain (intramoleculgpping) as well as between adjacent chains
(intermolecular hopping) throughtin stacking. The PBTTT film is typically charactexsey
individual monomer units, lying along the monomackbone in a coplanar manner, thereby
facilitating a tilted, face to face arrangementtloé adjacent polymer backbone [5,6] as
represented ifrigure 3. 1 a) The latter arrangement results in an extendeekaldy ordered
structure typically referred to astestacked lamella backbone [7]. The polymer filmridered
further through interdigitating of the alkyl sideains via thermal annealing facilitating a closer

n-n stacking motif as shown fRigure 3. 1b).
a)

normal

2 o ® 0 ® ©
chams} Py oo

B ol o®

e o0 o
conjugated 22°
backbones v vector

¢ @ in substrate plane

substrate e® ob o
°
side

[
P viewed along
® the backbone axes

Figure 3. 1: (a) Coplanar arrangement of the indival PBTTT monomer units lying along a
monomer backbone. (b) Structure of the interdigdedlkyl side chains resulting in closer
n-r stacking. Image taken from [8].
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On the other hand, the latest advancements inngskave seen the birth of conjugated
polymers made with interchanging donor-acceptokbae configurations [8-10] that exhibit
significantly higher values of mobility (1-10 éf's) despite lacking long-range order, unlike
the previously mentioned thiophene polymers. Thetiributed to the backbone rigidity found
within the copolymers. For instance, indacenothem@-benzothiadiazole (IDTBT-C16)
copolymer has been shown to have mobility valueseeding 1 crfiVs due to its
“near-torsion-free” backbone and its planar confation whilst in solid form [11,12]. In such
materials, the charge transport is believed to batrolled by conduction along the
disorder-free backbone with minimal intermoleculapping thereby resulting in the observed
higher charge-carrier mobility values [12]. The abmbservation highlights the fact that
further research work is needed in order to geeteb understanding of the underlying
phenomena/structural features that facilitate ahdrgnsport in conjugated polymers, thus
resulting in higher charge carrier mobility valuksother words, further insight into the charge
transport mechanism in conjugated polymers is rsacgdor future design strategies of organic

semiconductors.

In this chapter, a charge transport study is caraet with the aid of temperature
measurements of the current density-voltagé characteristics of vertical Schottky diodes,
made using high charge carrier mobility polymeBSIBT-C16 and PBTTT-C16 respectively.
Figure 3. 2shows the chemical structure of the two polymers.

L C1eH33/ CigHas
(a) (b)

Figure 3. 2: Structure of (a) Indacenothiophene—wmhiadiazole (IDTBT-C16) copolymer
and (b) Poly [2, 5-bis (3-hexadecylthiophen-2-hignho [3, 2-b] thiophene] (PBTTT-C16)
polymer.
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Whilst the vertical diode topology is used for derisation in this chapter, the lateral
diode topology is also fabricated and used forteted characterisation in the subsequent
chapter; therefore, the differences of the two kogies will be briefly discussed here. The
vertical organic Schottky diode structure normadiynsists of an organic semiconductor
inserted between the Ohmic and Schottky contabis pfocessing steps for this device include
the thermal deposition of the contacts and the rpelydeposition of the semiconductor
achieved either by drop casting, spin coating ontipg from solution. Film thicknesses
ranging from a few hundred nanometres to aroungni@an be obtained as a result depending
on the deposition process. The film thickness antphology of the organic semiconductor in
vertical diodes is vital as it defines the elecfield strength, with thinner films being the
preferable option for yielding high forward curretgnsity values. On the other hand, thicker
and uniform films are also desirable as they redinmet-circuiting effects between the metal
contacts although at the cost of an increase inrelierse current density values thereby
resulting in poor rectification properties of thevite. A good balance/trade-off between the
two characteristics would therefore be neededdieroto achieve optimal device performance
with this topology.

In lateral diode structures, both of the contacts thermally deposited onto the
substrate whist the semiconductor is typically dgted via spin coating onto the top of the
contacts. Depending on the solution concentratimhthe spin speeds used, relatively uniform
films of a few hundred nanometres are formed a®sult. Unlike vertical diodes, the
inter-electrode distance between the contacts mdétes the electric field strength with very
small gap sizes (<1 um) being the preferred odbointensifying the field. However, this is
quite difficult to achieve using conventional phatmgraphy processes because of the low
resolution of the equipment. The lateral diode togg is a desirable topology as it enables the
realization of diode integration in circuits, whietould otherwise be complex and more
expensive to implement with vertical diodes. Howeites more difficult to chemically modify
the interface of the Ohmic contact and the semiagotadt without simultaneously altering the
properties of the Schottky contacts as well paldidy when using devices with small feature

sizes.

Using the organic Schottky diode model developedhapter 2the forward current
density at high applied bias, with changes in tenaijpee, can be used to extract the activation

energy Ea, of the materials under study. As mentioned irpiteious chapter, charge transport
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in conjugated polymers is attained through thentfaéhopping of carriers from an occupied
site to an unoccupied site. The thermal hoppingaofiers is characterised by an activation
energy. The activation energy signifies the eneliffgrence between the trapped carriers and
the mobile states, which is a significant paraméteunderstanding and establishing the
mechanism of charge transport in conjugated polgmiar addition to studying the charge
transporting nature of such materials, the forveard reverse current density characteristics of
the Schottky diodes are also analysed using thanargSchottky diode model, and where
applicable, the limitations of the models are higjitied.

3.2 FABRICATION OF VERTICAL IDTBT-C16 AND PBTTT-C16 SCH OTTKY
DIODES
The structure of the vertical diode used in thiskne as represented kFigure 3. 3

Vap

Ohmic
Glass substrate

Figure 3. 3: Structure of the vertical Schottkyakowith aluminium and gold as the Schottky
and Ohmic contacts respectively. The polymer (IDTA®B or PBTTT-C16) with a thickness

Xp, IS sandwiched between the contacts.

A 100 nm gold layer purchased from Alfa Aesar, idkhermally evaporated onto two
pre-cleaned glass slides ordered from Corning parated, USA. To reduce the work function
of the gold contacts in order to make an Ohmic acinwvith the organic semiconductor layer,
samples are immersed in a 0.5 mM solution of pardedbenzenethiol (PFBT) and propanol,
for 10 minutes, followed by a thorough rinse inganol. The PFBT molecules are believed to
bind to the metal surface thereby inducing the ftram of strong surface dipoles that shift the
vacuum level. This shift results in a reduction tbé work function of the metal and

consequently a reduction in the barrier heighthatinterface of the metal contact and the
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semiconductor [13,14].The aforementioned chemiaal®FBT and propanol, are respectively
acquired from Sigma-Aldrich Company Ltd, UK andHes Scientific Ltd, UK.

For the first sample, 10 mg/ml of IDTBT-C16 polymerdissolved in chlorobenzene,
followed by drop casting and annealing of the sa&mgil 100 °C for 30 minutes in ambient
conditions. For the second sample, a PBTTT-Clétisolus formed by dissolving 10 mg/ml
of PBTTT-C16 polymer in hot (100 °C) dichlorobenegand leaving it to stir on a magnetic
stirrer hot plate for about three hours. Whild $tit, the solution is drop cast and annealed at
180 °C for 10 minutes, followed by a slow coolingwdh step at 5 °C/minute, through the
liquid-crystalline mesophase region of the polynidre ordering ana-packing morphology
of PBTTT-C16 is widely known to be influenced bymgerature, such that annealing the film
in its mesophase, results in melting of the alkgéschains belonging to the polymer, which
when left to slowly cool results into an ordered arell-interdigitatedt-stacking structure [4].
Such deposition processes of both polymers resuttsck films x,, of typically 1 to 1.5 um.
Both polymers are obtained from Imperial Collegendlon, UK whereas the chlorobenzene
and dichlorobenzene chemicals used to make themgolysolutions are bought from
Sigma-Aldrich Company Ltd, UK. To reduce the oxidat effects brought on during
processing, both samples are left in vacuum ovbktnign the following day, an aluminium
wire purchased from Testbourne Ltd, UK is thermalyaporated via a shadow mask onto the
samples resulting in the formation of 100 nm thadlkminium dots that act as the Schottky
contact to the polymers. This is believed to bectme given that the injection barrier between
the Al layer and the respective polymer layerdgsificantly larger than the injection barrier

formed between the Au layer and the polymer layers.

The differences between a Schottky contact and lani©contact are briefly highlighted in
the following section. A Schottky contact is atednwhen a metal comes into contact with a
semiconductor such that a high resistance, potdaatiaer is formed at the interface as a result
of the difference in work functions of the two nréés [15]. The barrier formed from the
Schottky contact limits the flow of carriers betwebe two materials as discussed@ttion
2.3 of Chapter 2. To obtain a Schottky contact with aaganic p-type semiconductor, a
potential barrier is formed when the semicondudioaligned with a metal having a work
function lower than its HOMO level. In the absemdesurface states occurring within the
semiconductor, when the two materials come intdaminelectrons move from the metal into

the semiconductor to reach thermal equilibrium. Ateptial barrier consisting of
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uncompensated acceptor ions is subsequently foomélde polymer side as a result. With the
Fermi levels of the two materials aligned at thdrewpiilibrium, energy band-bending occurs
at the interface and a barrier to hole transpoforisied. With the application of a bias, the
potential barrier can be reduced thereby facifitaturrent transport across the barrier. The
theoretical band diagram of a Schottky contact petype semiconductor is as illustrated in

Figure 3. 4

metal organic metal organic
EL['\I()
\\7 E/vvo /,7
"""""""""" (;\\} e EEL rrereeneeneneseseenesneages|eresnesne e e e ae e e e aenenanenenens %%r
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a) b)

Figure 3. 4: (a) The theoretical band diagram opdype semiconductor in contact with an
Ohmic metal contact at thermal equilibrium. Thewoalation layer width, W, depends on the
intrinsic carrier concentration of the polymer. (Bhe theoretical band diagram of a p-type
semiconductor in contact with a Schottky metahatrhal equilibrium. The built-in potential

and energy barrier form because of the differenndle work functions of the two materials.

Unlike the Schottky contact, an ideal Ohmic confaca contact where no potential
barrier is formed at the metal/semiconductor iieefthereby resulting in the free movement
of carriers between the two materials. Nonetheldggsterm ‘Ohmic contact’ is often times
used to define low resistance contacts i.e. comthat have negligible resistance in comparison

to the resistance associated with the bulk of émiconductor that it is in contact with [16].

To obtain an Ohmic contact with an orgapitype semiconductor, an accumulation
layer is formed when the semiconductor is in cdnteith a metal having a higher work
function than the HOMO level of the semiconduciidre resultant energy band bending due

to the work function difference between the two enials attracts holes to accumulate at the
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interface thereby giving rise to a small contasistance associated with the accumulation
layer as demonstrated Figure 3. 4.The free carrier concentration of the semiconducto
determines the width of the accumulation lay&r With the application of a suitable bias, the
hole density increases resulting in the reductidhe@width of the accumulation layer and thus
allowing passage of carriers with relative easeftbe metal into the semiconductor and vice

versa.

Current-voltage characterisation of the devicepadormed in ambient conditions
using a HP4145B semiconductor parameter analyseraMe temperature characterisation is
carried out at a pressure of 0.1 mbar, wherebysémaple is cooled using a liquid nitrogen

cryostat and heated using an electric heater.

3.3 PBTTT-C16 SCHOTTKY DIODE
3.3.1CURRENT DENSITY-VOLTAGE CHARACTERISTICS OF PBTTT-C1 6
SCHOTTKY DIODE

The current density-voltagé-{/) characteristics of the PBTTT-C16 diode measuted a
room temperature and in ambient conditions arehasvis in Figure 3.5 The diode has a
rectification ratio of 8.1 x10 As mentioned earlier, the polymer solution ispdoast, which
results in thicker films thus reducing the probigpibf short circuiting/punching through the
top contact during probing of the samples. Howesech thick films could also result in lower
rectification ratios due to the larger bulk resista of the polymer, which is in series with the
potential barrier [17]. Moreover, chemical oxid&tidoping of polymers has been shown to
occur when the ionisation potential (HOMO energxelg of the polymer is around or higher
than —4.9 eV relative to the vacuum energy level @loser to the vacuum energy level) [18].
The theoretical value of the HOMO level of PBTTT&Xolymer is —5.1 eV [4], which is quite
close to the threshold limit, thereby making itible to the aforementioned effect with
time. The latter effect results in higher reversd aff current density values of the measured
Schottky diode and OTFTs respectively.
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Figure 3.5: Semi-logarithmic plot of the currentdgy-voltage characteristics of PBTTT-C16
Schottky diode. The voltage is applied to the Skhobntact with respect to the Ohmic contact.

Upon application of a forward bias, the currentsignincreases exponentially due to
an increase in carrier concentration, reflectivahaf exponential increase of the density of
states distribution with energy as described inptdra2. The characteristic temperature
associated with the distribution of carri€fg,can be extrapolated from the slope of the forward
current density given bgquation 2. 32The value ofTpis found to be 708 K, and using the
relation inequation 2. 21the characteristic temperature associated wéhrtiinsic DOSTc,
is found to be 524 K. This corresponds to a MeyeldBl Energy MNE) of 45 meV, which is
in close agreement to values obtained from fiefdetfSeebeck measurements [19] made using
the same material. The microstructure of this niteas previously mentioned, is strongly
controlled via thermal annealing, as the polymea iguid-crystalline mesophase polymer.
Therefore, annealing the sample above its liquydtatline phase and allowing the sample to
cool slowly should result in formation of large erdd crystalline domains i.e. the morphology
of the polymer is dictated by thermal annealingsé&&bhon the Seebeck measurements outlined
by Venkateshvaraet al, the width of the DOS of the material when in gstalline state is 30
meV, whereas when it is disordered it is 48 me\];[ftereby the extracteddNE in this work
suggests that the fabricated material in this diedi&ely to be in a disordered state with small

semi-crystalline regions.

Furthermore, the forward current density plot digpla visible kink at around -1 V.

The cause of the kink in the forwakel/ characteristics is believed to be as a resuksdmant
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tunnelling [20]. By varying the potential bias aigpl to the electrodes, the Fermi levels of the
electrodes can be moved relative to the energyldesethe molecules thereby making it
possible to bring the Fermi energy levels of thataots in resonance with the LUMO or
HOMO energy level of the molecule. In this caseewboth the Ohmic and Schottky contact
have a zero applied bias, there is negligible rasbriunnelling current observed. Upon
applying a negative bias on the Schottky contahtlsivkeeping the Ohmic contact grounded,
an exponential increase in the forward current itgns observed, as expected, until a
maximum in peak current flowing between the twacktales via the polymer molecules is
reached at around a voltage bias of —0.8 V as wbdenFigure 3.5 It is at this point where

it is believed that the Fermi level of the Al carttaligns with the HOMO level of the polymer
resulting in the occurrence of resonant tunnell#ig. The current slightly decreases or “dips”
thereafter as a result of the reduction of the tngmf the molecules to the electrodes. With
further application of a negative bias, the forwaundrent density values continue to increase

as a result of the increase in carrier concentratio

Other studies have attributed the observed kirdcetb be as a result of conformational
changes in the molecules [22] which generally tesual the creation of relativelyparrow
features in the density of states of the polymeith\ihe application of a bias voltage, the
energy levels of the semiconductor may move assaltref the change in the electrostatic
potential distribution in the molecular system.c&ttain voltage values, adjacent segments of
the energy levels match whereas at other values ritfismatch [23,24]. The coupling of
matched segments would be expected to be strohgarthe coupling of the mismatched
segments thereby resulting in variations of thepting strength between the molecules and
the electrodes with applied bias and hence coutdwat for the peak and dip in the current

that is observed in the current-voltage charadtesis

Utilising equation2. 33 the value of7 is found to be 2.3. In inorganic semiconductors,
n values greater than 1 are associated with sgadraler height variations at the interface of
the metal and semiconductor, which are a reswtradn-uniform doping of the semiconductor
layer [25,26], dopant crowding effects [27], a comaltion of dissimilar metallic phases
resulting in varying degrees of the interface ntetgl/ [28], high interface state density due to

local strain [29], or due to an interfacial oxideyér. To account for the aforementioned
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inhomogeneity, Werner and Gutler [30] proposed alehousing a Gaussian distribution
function where the barrier height), , is given by,
o’ 3.1

FBjn = IEBn - 2kT

whereF,, is the mean value of the barrier heightania the standard deviation of the barrier
height.

Conversely, in organic semiconductopd)as been shown to be related to the degree of
energetic disorder [31-33] or Tc depending on the shape of the density of statesechi.e.
either a Gaussian or an exponential shape respbctiVhe effective ideality factan;, has
therefore been correlated to the Gaussian derfsgtates [34] usingquation3. 2below,

N = n 3.2
.=
1+k/2
Here,
g
k=073-117& Ee‘exp{——j
165

whered is the variance of the width of the DOS.

Equation3. 2 shows that an increase énor Tc results in an increase in the ideality
factor. Furthermorey is expected to have a charge density dependern@agealependency as
evidenced by Roichman and Tessler whereby an iserneahe relative charge density resulted
in higher ideality factor values [34]. The high walobtained for; (2.3) could therefore be
related to the intrinsic width of the DOS of the teveal as well as a result of barrier
inhomogeneity at the interface of the Schottky mata the polymer.

To investigate further on the conduction mechare$the PBTT-C16 Schottky diode,
a double logarithmic plot of the forward charadgcs is plotted ifrigure 3.6 Based on SCLC
theory discussed in chapter 2, at very low appladard bias, the field due to the injected
carriers is mostly in the region occurring clos@®injecting electrode and is negligible across
most of the film thereby leading to an Ohmic demsmy within a voltage range of 0 V to
-0.5V.
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Figure 3.6: Double-logarithmic plot of the forwawntharacteristics versus bulk voltage of the
PBTTT-C16 Schottky diode.

The current density dependency on voltage devietasan Ohmic one (given that that
slope of the graph iRigure 3.6has a value of approximately 1.0 at lower forwiaiak) to a
space charge limited one (slope of about 2.75 néthiupon application of higher forward
bias due to accumulation of a non-uniformly disitéd layer of excess charge from the
injected carriers. As the Fermi level is widelyibeéd to lie within the tail of the Gaussian
DOS, it follows that the quasi-Fermi level alreadtersects the intrinsic deep-tail sites thereby
implying that the SCLC dependency would be desdritpethe exponentially filling intrinsic
trap distribution occurring at the tail. Chemicafelcts may manifest as a discrete/exponential
distribution of extrinsic traps occurring near tlad of the Gaussian DOS as illustrated in
Figure 3.7while the conduction sites are located further dawenergy towards the centre of
the Gaussian DOS.
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Figure 3.7: Model of the trapped states wherebyinstc trap states occur deep in the tail of
the Gaussian DOS and the extrinsic states dueamatal or structural defects occur near the
tail. The conduction sites occur at lower energyele below the Fermi level for a p-type

semiconductor.

At higher forward bias and with increase in cardencentration, according to Pauli’s
exclusion principle, the very few states occurratdnigher energy levels (above and near the
Fermi level) i.e. the trap sites, will be filledtwicarriers [35]. Carriers below the Fermi level
will be filled once the rest of the higher energydls are almost full. At this point, as there are
fewer unoccupied sites above the Fermi level, timaler of free carriers will increase at a
much higher rate in comparison to the trappedearirhe rest of the current density on further
application of forward bias would be mainly duehimpping of free carriers at lower energy
levels as the effect of trapped carriers is comsi@egligible. From the double-logarithmic
plot of the forward current density versus apphedtage, the value oK is obtained and
substituted intaequation 2. 39thereby yielding an effective mobility of 0.13 #Ws. The
field-effect mobility values of this material halseen reported to range between-D dnt/Vs.
The possible reason for the variation could bebatted to the morphology of the polymer,

which as indicated before is dependent on the gsaeg conditions [36-38].

The reverse current densitl; also increases with the application of a reveras, br
thereby suggesting the possibility of barrier lowgrA ¢, given byequation 2. 40n chapter
2. The straight-line fit of the semi-logarithmicoplof Jr versusVgr”as shown irFigure 3.8
confirms the applicability of the barrier loweripgenomena. The value of the acceptor density
Na, extrapolated from the slope of the graph is fotmde approximately 1.6 x 3Hm=

assuming an abrupt depletion edge approximatior. [latter is assumed valid in organic

-64-



Chapter 3 CAmparative Study of the Charge Transport Propsrtie
of Thiophene-based Polymers made using SchottkdeBio

semiconductors when the depletion width is mucpdathan the Debye length. Given the

value obtained, the ratio M/Lpebye is found to be 14 implying that the approximatisn
applicable.
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Figure 3.8: Reverse current density against|{Vfor the PBTTT-C16 Schottky diode. The
deviation of the linearity at lower applied voltagis due to the @#Vr-KT/q) term.

The value of the saturation current denggyextrapolated from the intercept of
Figure 3.8 and substituted inteequation 2. 29 to extrapolate the barrier height of the
Al/PBTTT-C16 Schottky diode, which is found to b®® eV. The theoretical barrier height is
0.8 eV. The differences in the values obtained c¢da associated with the kink observed in

the graph, which perhaps results in erroneous saltithe saturation current density.

3.3.2TEMPERATURE-DEPENDENCE OF PBTTT-C16 SCHOTTKY DIODE

In order to understand the charge transport prgseof PBTTT-C16 polymer, current

density-voltage measurements are carried out gideatures of 140 K to 320 K as shown in
Figure 3. 9
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Figure 3. 9: Semi-logarithmic plot of current delysvoltage characteristics of PBTTT-C16
Schottky diode measured at a temperature rangedsegtvi40 K and 320 K. The voltage is
applied onto the Schottky contact while the Ohroitt&ct is grounded.

With the decrease in temperature from 320 K to K4the forward current density is
reduced by three orders of magnitude, whereaseterse current density is reduced by two
orders. The reduction in the latter with tempemttain be attributed to an increase in barrier
height brought on by shifting of the quasi Fernvideto lower energy levels with falling

temperature.

Figure 3. 9(inset) shows the linear fits to the semi-logamiih plots ofJJr versusVgr” for
temperatures ranging from 190 K to 320 K. Such egents confirm the applicability of the
barrier lowering phenomena within the specified genature range. For temperatures of less
than 190 K, the measured reverse current densityuisd to be very noisy thereby raising
doubts regarding the accuracy of fitting of theadatthe above plot. Values Nf extrapolated
from the slope inFigure 3.1Q appears to increase slightly from 5.87 x211n to
1.81 x 16°m, as the temperature increases from 190 K to 328ich a decrease in acceptor
density with decrease in temperature is thoughetassociated with the reduction of deionised
dopants, resulting in “freeze-out conditions” [3@fere the acceptor states recombine with

their charge carriers as the temperature drops, tkinorganic extrinsic semiconductors.
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Consequently, the free carrier density within thésnperature range is assumed to be
approximately equal to the acceptor denbity{40].
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Figure 3.10: (a) Variation of the acceptor conaation Na, with varying temperature. The
values of Ware extracted from the semi-logarithmic plot of 8iepe of the reverse current

density with |¥|”*as shown in (b).

The ratio ofW/Lpenye varies slightly from 13 to 18 as the temperatmeeases; nonetheless,

the large ratio indicates that the abrupt depletvaith approximation is applicable. Moreover,

respective values of the depletion width and Ddbggth are found to increase inversely with
decrease in temperature, as depicteHigure 3.11 Such a trend could be accounted for by
the partially occupied acceptor states at lowerpenatures that result in reduction in carrier
concentration coupled with shifting of the quasihielevel. This subsequently leads to

increasing of the depletion region width as weltres Debye length.
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Figure 3.11: Logarithmic plot of the depletion widtV and Debye lengthpbuyewith
varying temperature from 190 K to 320 K.

The increase in the forward current density of oig&chottky diodes is because of an
increase in the effective mobility brought on by arponential increase in the carrier
concentration. It is clear from the previous settimat the carrier concentratign(assumed to
be approximately equal to the acceptor denbitywithin the given temperature range of
190 K to 320 K) remains nearly constant in spitamincreasing forward current density. The
derived carrier concentration given bguation 2. 20mplies that the carrier concentration is
dependent on the position of the Fermi le&!,as well as the characteristic temperature
associated with the distribution of carriefs, Subsequently, with a drop in temperature, the
quasi-Fermi level shifts to lower energy levels aheé carriers rearrange with varying
temperature, as the Fermi-Dirac distribution fumetis temperature-dependent. Although
rearranging of the Fermi-Dirac statistics leads\twe carriers being distributed towards higher
energy levels, the likelihood of carriers hoppingatjacent sites is still restricted by the large
distances between the occupied and unoccupiedsstatehapter 2, it is highlighted that the
charge transport in organic semiconductors typicaticurs due to the thermally activated
hopping of carriers from an occupied site to anacgnpied one. Consequently, the few carriers
that are assumed to contribute to conduction (ktdelow theEr) will have much lower
thermal energy to hop from site to site with desieg temperature thereby reducing the
forward current density. An increase in the theraradrgy of the carriers would consequently
increase the effective mobility and subsequently torward current density. From the

double-logarithmic plot of the forward current deéypsersus applied voltage, the values of the
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mobility prefactor, Kare obtained from the intercept of each temperatalee and substituted

into equation 2. 24thereby yielding values of the effective mobility plotted irFigure 3.12
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Figure 3.12: Variation of the effective mobilitytiwtemperature.

It is commonly believed that hopping within eitliee Gaussian or Exponential DOS
is characterised by carriers being thermally atdiddy a given activation energy [41,42],
from the trapped sites to the transport energyl [EyeTo extrapolaté&a, an Arrhenius plot of
the forward current density at higher bias agal®@§l0T is plotted as shown iRigure 3.13
The value from the slope corresponds to 126 me\é attivation energy is comparable to the

activation energy (125 meV) obtained for the sana¢enial in a FET device [43].
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Figure 3.13: Arrhenius plot of the forward curresiensity against 1000/T for PBTTT-C16. An

activation energy of 126 meV is extrapolated fromglope.

Furthermore, the ideality factay is also extrapolated from the exponential regibn o
the forward current density as describedection 3.3.1FromFigure 3. 14 it follows thats;
increases with decrease in temperature, implyiagttie interface of the Schottky contact and
the semiconductor is altered with varying tempeamatdssuming the DOS remains unchanged
with temperature, the temperature-dependent calisaibution would decrease beldw with
the decrease in temperature. Carriers would ihitif#ll up higher energy levels, and then
proceed to fill the remaining lower energy levédss likely that the broadening and narrowing
of the carrier distribution function with variatiom temperature in conjunction with the
irregular distances seen by carriers approachiagrtétal interface may very well influence
the potential distribution at the interface. Thetatarriers may take alternative routes to cross
into the metal contact resulting in a similar sitoa as having lateral barrier inhomogeneity
and consequently result in variation of hevith temperature. Moreover, as charge transport
of carriers into the metal is temperature dependesatiers at lower temperatures are more
likely to take the route with lower energy corresgimg to the largey observed at lower

temperature.
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Figure 3. 14: Variation of the ideality factor witamperature for PBTTT-C16 Schottky diode.

3.4 IDT-BT SCHOTTKY DIODE
3.4.1CURRENT DENSITY-VOLTAGE CHARACTERISTICS OF IDTBT-C1 6

SCHOTTKY DIODE

Similar to the previous section, the current-vodtageasurements of IDTBT-C16
Schottky diode are also characterised as showigimre 3.15 The diode yields a rectification
ratio of approximately 2.2 x #0The value of the forward current density is abmug order
of magnitude lower than the PBTTT-C16 diode disedsssection 3.3.1Such a variation is
thought to be due to the differences in potentatibrs, associated with the energy offset
between the work function of the gold contact (-49) and the HOMO level of
PBTTT-C16 (-5.1 eV) and IDTBT-C16 (-5.4 eV) [1Hspectively. In addition, the large
turn-on voltage of —1 V observed in the latter d@eyicould be attributed to the large built-in
potential between the work function of the Schottiytact (-4.3 eV) and the HOMO of the
IDTBT-C16, which corresponds to a theoretical vadfi@.1 V. The reverse current density of
the latter is also relatively lower in comparisorPBTTT-C16, possibly due to the higher level
of dopants retained in the PBTTT-C16 film. Moreqwdue to its lower lying HOMO level,
IDTBT-C16 is more electrochemically stable to oxida doping effects thereby resulting in

lower values for the reverse current density.
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Figure 3.15: Semi-logarithmic plot of current detgsvoltage characteristics of IDTBT-C16

Schottky diode. The voltage is applied to the Skhaatontact while the Ohmic contact is
grounded.

The values offp and subsequentlyare extrapolated from the slope of the exponential
region of the forward characteristics and foundb® approximately 343 K and 1.14
respectively. The low value @f suggests that the interface of the metal ands®rductor
has fewer traps. The double logarithmic plot of finevard characteristics is used in order to
ascertain the nature of the conduction mechanistiisrmaterial. A value of 2.28 is obtained
from the slope of the plot, indicative of SCLC maolsm. Moreover, the material parameter,
m, is also obtained from the slope corresponding ¥alae of 0.28. Using the relation given
by equations 2. 2%and 2. 16 values ofTc and the correspondingINE are found to be
approximately 383 K and 33 meV respectively. Theerhentioned values are in agreement
with both DFT calculations and optical absorptioaasurements made using photo-thermal
deflection spectroscopy of the same film whendisardered/amorphous state [19]. Moreover,
the lower value oTc in comparison to the PBTTT-C16 polymer indicatest the polymer has
a lower degree of energetic disorder in spite laglong-range order. The low energetic
disorder is reportedly due to the resilience/rigichf the polymer backbone to side-chain
disorder [19]. Interestingly enough, the idealiagtor obtained for the IDTBT-C16 polymer
(1.14) is also lower than the PBTTT-C16 polymer3)2It was mentioned previously in
section 3.3hat the ideality factor in organic semiconductoas been suggested to be directly
correlated to the degree of energetic disordernascated using the relation given by
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equation3. 2, which as we have observed in this section, thEBID-C16 polymer has a lower

Tc value (523.6 K) than PBTTT-C16 polymer resultingiilower ideality factor value as well.

With the application of a reverse bias, the curdestsity is found to essentially remain
the same, implying that the Schottky barrier iscpcally unchanged. To assess the
aforementioned statement, the semi-logarithmic pfalr versusVr” is drawn and yields a
poor line fitting to the data as demonstrate&igure 3.16
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Figure 3.16: Reverse current densityabainst |\¢”* of IDTBT-C16 Schottky diode.

The acceptor densitya extracted from the slope at voltage values greager 1.1 V

is 3.6 x 188 m=, corresponding to a depletion widtki of 18.0 um that surpasses the film
thickness (1.2 um). This abnormality together wilib limited fitting of the plot seems to
guestion the applicability of the Schottky thearythis diode. Some authors have made similar
observations using vertical diodes made from alsingorene crystal [44] and pentacene [45]
respectively. They argued that based on the lowesglobtained for the acceptor density
(similar to the ones obtained in this work), theide lacks an expanding depletion layer. Given
that the film is already fully depleted at zero viand given that the reverse current
characteristics are independent of voltage bias, dlodes should therefore instead be
characterised as pure capacitors rather than Sgiditides.

On the other hand, the constant reverse currensityecould also be due to the
occurrence of traps within the semiconductor, whvctuld result in pinning of the quasi Fermi

level [46,47]. In such a case, the applicatiorefreverse bias would force the release of holes
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from the trap states. In so doing, the Schottkyibalowering effect is limited and as such, a
relatively constant current density is produceasstthe barrier. To get a better understanding
of the nature of the device i.e. manifestatiorraps$ or lack thereof, a temperature study is also
carried out on the current density voltage measargsof the polymer as outlined in the next

section.

3.4.2TEMPERATURE DEPENDENCE OF IDTBT-C16 SCHOTTKY DIODE

Figure 3. 17shows the current-voltage characteristics of IEBT-C16 Schottky
diode measured from 150 K to 300 K. The rectifmatiratios obtained increases
proportionally from 3.6 to 2.2 x fOwith increasing temperature owing to the steady
increase of the forward current density with insieg temperature. The forward current
density increases by four orders of magnitude fdd&8 K to 300 K, because of carriers
having a higher thermal energy to hop from occugiées to unoccupied ones essentially
increasing the effective mobility of the carriemsdaconsequently the forward current
density. The reverse current density, on the adtlaed, did not have a specific trend with
variation in temperature; it instead remained yairbnstant with final values ranging
between 5.62 x 10A/m? and 2.78 x 18 A/m? at an applied bias of 3 V for the given
temperature range. In addition, the acceptor deositld not be obtained from the reverse
characteristics, particularly for reverse curreamsity values below 300 K, as they do not

follow the ¥4 power law for Schottky theory.
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Figure 3. 17: Semi-logarithmic plot of the currenensity-voltage characteristics of
IDTBT-C16 Schottky diode measured for a given teatpee range between 150 K and
300 K.

It is also observed that with the decrease in teatpee, the turn-on voltage shifts
towards more negative voltage values d&igure 3. 18 The reason for the observed change
can be associated with dipo[d8] occurring at the interface of the metal and sendoator
as well as external trap states brought on duiimgdeposition and/or diffusion of the metal
contact into the organic layer during thermal evapon [49]. On lowering the temperature
of the device, the interface dipoles are predispasébeing frozen thereby resulting in the
trapping of carriers. In addition, the surfaceesatat could be brought on during thermal
evaporation result in a space charge layer/intaffdayer at the interface. Due to the
occurrence of the aforementioned carriers, the ntgjof the external bias is primarily used

to neutralize the trapped charges to turn on thacdethereby explaining the observed
voltage offset.
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Figure 3. 18: Variation of the turn-on voltagepMwith temperature for IDBT-C16 Schottky
diode.

The ideality factor in the IDTBT-C16 diode also rieases with decreasing
temperature as demonstratedrigure 3. 19 much like the PBTTT-C16 diode studied in
the previous section, owing to inhomogeneity at iietal/semiconductor interface. The
IDTBT-C16 diode however shows a lower temperatamation of the ideality factor values
perhaps because the width of the energetic disinitbwof carriers as well as the DOS is
smaller in comparison thereby reducing the amoti@iternative routes that carriers may
choose to take to cross over the potential barfieraddition, the kink in thel-V
characteristics of the PBTTT-C16 diode increasesntiimber of potential barriers seen by
carriers thereby affecting the ideality factor \eduoo.

-76-



Chapter 3 CAmparative Study of the Charge Transport Propsrtie
of Thiophene-based Polymers made using SchottkdeBio

Ideality factor, n

2_
1k o

140 160 180 200 220 240 260 280 300
Temperature [K]

Figure 3. 19: Variation of the ideality factor witemperature for IDTBT-C16 Schottky diode.

The material parameten and subsequentlyffic andMNE are extrapolated from the
forward current density at higher applied voltagegecifically from the slope of the
logarithmic plot of the current density versus thek voltage using the relation given by
equation 2. 39n chapter 2. Based on the extrapolation,Ni¢E is found to decrease with
temperature for a limited temperature range dsgare 3. 20 As mentioned in chapter 2,
the MNE is widely assumed to be related to the width of IS, o, or the characteristic
temperature associated with the D@&depending on the choice of the shape of the DOS.
The same assumption is made in the organic modeld 1o analyse the data in this work.
Physically, it is hard to envision wiy: and subsequentMNE wouldvary with changes in
temperature. Subsequently, the perceived variaidNE inthis work could be attributed
to the modification of the Au/IDTBT-C16 interface the temperature varies. Although the
Au back contact is modified to facilitate bettejertion of carriers into the polymer layer,
the offset in the energy levels of the two materi@.5 eV at zero bias) with variation in
temperature results in an increase in the baregghtt as well as widening of the space

charge region associated with the contact.

The space charge limited current in this casedeethy dictated by the properties of
the Au/IDTBT-C16 interface. The latter phenomenbsgaquently affects the width of the
neutral region as well thereby affecting the vodtalgpendency of the space charge limited
current as evidenced by the different values obthiinom the slope leading to a variation
of TcandMNE . The organic model adopted in this work does wobant for the changing
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interface of the back metal and active layer, whicdld greatly impact the boundary
conditions of the SCLC and hence MBIE dependency with temperature.
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Figure 3. 20: Variation of the Meyer Neldel Ener@NE) extracted from the slope of the
forward current density versus the bulk voltageetakat higher voltage values with
temperature. (Slopes of greater than 2 are obtaio@uesponding to the presence of space
charge effects with changes in temperature).

Similar tosection 3.3.2the activation energka is extrapolated from the Arrhenius
plot of the forward current density versus 100Gs shown irFigure 3.21 The value oEa
extracted from the slope is found to be approxitga389 meV. In comparison however, a
much lowerEa of 61 meV [50] has been reported, measured usiRgT®, using the same
material. Possible reason for such large variatould be attributed to the morphological
structure of the polymer film, as well as the cguofation of the device from which the
measurement is taken. In their work, Zhaaal., [50] indicate that the reason for the low
activation energy and consequently high mobilityagied from IDTBT-C16 is attributed to
the charge transport, which is predominantly quase-dimensional (1D), where charge
carriers move along the polymer chain backboneinteamolecular hopping, with minimal
intermolecular hopping (hopping between adjacemirnd). The transport in IDTBT-C16 is
thought to be particularly favourable to intramaillee hopping in lateral-type devices such as
OTFTs due to its rigid, disorder/torsion free bamhkd and its planar conformation. In other

words, the few traps occurring along the polymeaictof the IDTBT-C16 film favours the
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horizontal movement of charge carriers in devicegse transport is dictated by lateral field

thereby resulting in lower activation energy asesbed by Zhangt al [50].

¢ Applied voltage, V,, [V] = - 2
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Figure 3.21: Arrhenius temperature plot of the fard current density against 1000/T of
IDTBT-C16 Schottky diode. The activation energgxisapolated from the slope and found to

be 3.39 eV as shown inset

On the other hand, the charge transport studyisnatbrk is carried out using a vertical
diode whereby the vertical field dictates the operaof the device. In such a case, it is more
likely that the transfer rate occurring betweeraadpt chains limits the charge transport rather
than intramolecular hopping. It is well known thlaé molecular ordering of IDTBT-C16 is
poor, displaying a face-on backbone orientation lamgen stacking distances (4.1 A) [12];
ideally, characteristics that do not favour bullaie transport. It is therefore argued in this
work that the high activation energy is associatet the poor hole coupling between adjacent
chains, owing to the large-stacking distance. In essence, because of the ldigiances
occurring between polymer chains, carriers ar@ialty immobile; thereby they are essentially
trapped and would require a larger activation epéogfacilitate hopping from one chain to
another (intermolecular hopping). It has also b&®wn in literature that charge transport can
be enhanced by improving intermolecular hoppingulgh reduction of the-stacking distance
[51,52], particularly in polythiophenes, furtherrcaborating the above argument. Moreover,
the latter holds true when comparing the lowervation energy (126 meV) obtained for the
PBTTT-C16 polymer studied isection 3.3.2In comparison to IDTBT-C16, the PBTTT-C16
polymer has better hole coupling interactions austwell-ordered domains, clogepacking
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distance and interdigitating of its side chainshwéadjacent chains [51], characteristics
synonymous with efficient 2D transport i.e. alohg fpolymer chain and between adjacent
polymer chains. Interestingly, the activation ewewptained from PBTTT-C16 OTFTs,
coincides with the value obtained from vertical HBT¥C16 Schottky diodes; perhaps
suggesting that intermolecular and intramolecutgsging may play an equal role in charge
transport of polymers having the 2D structural fn®tnonymous with this material or that the
motif results in a nearly equal number of trap§iefd pathways that are perpendicular and/or
parallel to the direction of applied field.

The results obtained in this section give a nevightsinto the role of the structural
properties of conjugated polymers in charge trarispbhe morphological structure of
PBTTT-C16 favours 2D charge transport particulardeful in vertical-type devices. In such
cases, charge transport is limited by the intercwés hopping rate, which is characterised by
then-nt stacking, accompanied with occasional hopping@lbe polymer chain. Conversely,
the poorly ordered structure of the IDTBT-C16 pognrspecifically the--x packing, does not
favour charge transport in vertical-type devicesnetheless, its rigid polymer backbone
favours charge transport in lateral type devicesalesady shown in literature. An important
implication of these findings is that future desiginategies may not necessarily focus on
improving long range order to obtain high mobilglues but would instead make polymers
tailored to specific device topologies having eitheth a high charge carrier mobility as well
as a lack of long-range order if need be. In addijtin applications where 2D charge transport
is the dominant transport mechanism, a structuaaletoff would be needed when designing

polymers with regards to intermolecular and intrégoolar hopping rate mechanisms.

3.5 CONCLUSIONS

A temperature dependency of the current-voltageadheristics of vertical Schottky
diodes made using poly PBTTT-C16 and IDTBT-C16 pwys are carried out to characterise
the charge transport mechanisms present in thiese fi

At room temperature, the forward current density kafth devices increases
exponentially with applied forward bias, due to a&mponential increase in carrier
concentration. The forward current density of tBIPT-C16 diode is found to be one order
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of magnitude higher than the IDTBT-C16 diode, doéts smaller potential barrier with the
gold (Ohmic) contact (i.e. 0.2 eV for PBTTT-C16 dgoand 0.5 eV for IDTBT-C16 diode),
thus enabling easier injection of carriers. Using forward characteristics and the associated
Schottky diode model, the following parameters the. characteristic temperature associated
with the distribution of carrier$o, characteristic temperature associated with ttiegic DOS

Tc andMNE of the PBTTT-C16 are found to be approximately 3, 523.6 K and 45 meV.
Conversely, for IDTBT-C16, the extracted values fanend to be 343.6 K, 382.7 K and 33
meV respectively. The lower values ©¢ and MNE of the IDTBT-C16 indicate that the
polymer has a lower degree of energetic disordspite lacking long-range order. The lower
degree of energetic disorder also results in afosesality factors of 1.1 in comparison to the

former, which hagy of 2.3.

Furthermore, PBTTT-C16 Schottky diode has highgerge current density values,
which is attributed to the presence of residuakshdfons in the film as well as its high HOMO
energy level of -5.1 eV, which makes it more prpdsed to oxygen doping effects. The
current density of the same device also increaghsapplication of reverse bias whilst for the
IDTBT-C16 diode; it remained constant probably doeFermi-level pinning due to the
presence of trap-states. The acceptor dehgitpbtained from the semi-logarithmic plotJf
versusVgr” of both materials are found to be approximatel @88 m3 and 1.59x1¢ m3
respectively. The barrier height is obtained fréva intercept of the plot dk versusvgr” and
is found to be 0.92 eV, which exceeds the theakliarrier height by 0.12 eV. The difference
in the value obtained is associated with the ektra®f an erroneous value of the saturation
current density, which is used in the calculatibthe barrier height.

From temperature measurements of the current-volth@racteristics, it is observed
that the reverse current density of the PBTTT-CthBadliky diode increases steadily with
temperature, however, for IDTBT-C16, no visible parature dependency is observed, in
effect making it hard to assess the acceptor depstfile as well as the effective mobility.
For the PBTTT-C16 device, the values NAi are found to increase slightly between
5.87x16G* m™to 1.81x18” m3 as the temperature increases from 190 K to 320 K.

Additionally, the forward current density of botbuices showed a steady increase with
increase in temperature, because of carriers haaimjgher thermal energy to hop from
occupied sites to unoccupied ones. For the IDTB®-Gdvice, the turn-on voltage displayed
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a noticeable temperature dependency whereby teshibwards more negative values with fall
in temperature. This effect is associated withateurrence of trapped charges at the interface
of the Schottky metal and the semiconductor. W"i¢E obtained from the forward current
density of the device at higher applied bias shoaedncrease from 12 meV to 33 meV
between a limited temperature range of 190 K toR90his apparent observation is attributed
to the modification of the Au/IDTBT-C16 interfacattvtemperature, as well as a variation of
the width of the neutral region with temperature atdition, the ideality factog increases
from 1.14 to 6.74 as the temperature decreases3fhK to 150 K. The effect is associated
with the presence of a potential barrier at therfiate whereby carriers opt to take alternative
routes to cross over the metal/semiconductor iaterf On the other hand, the PBTTT-C16
diode has a much larger temperature dependenay, snch that values of 33.9 to 1.9 are
obtained within a temperature range from 140 K206 K. The kink in theJ-V characteristics

of the PBTTT-C16 diode increases the amount ofrg@tebarriers seen by carriers thereby
greatly affecting the ideality factor. The largatwes have also been shown to be due to having
a larger degree of energetic disorder relativénéolDTBT-C16 diode.

Finally, the activation energlfa of the two devices is extracted from the Arrhenius
plots of the forward current density against 1000or PBTTT-C16, the value d&a is
126 meV, which is in agreement with those obtaiftech OTFT measurements, made with
the same material. For IDTBT-C16 Schottky dioddjigher value ofEa of 339 meV is
obtained, compared to the values obtained from OmE&surements. Such larger values have
been attributed to the poor polymer chain intecactdof the material because of its large
n-stacking distance. On the other hand, the PBTT&&iymer has a lowéta because of the
interdigitating of its side chains with adjacenaits and its smaller-packing distance thereby
facilitating 2D transport along the polymer chanddetween adjacent polymer chains. Future
design strategies would therefore need to takeantmunt the end-user application to create
appropriate polymer motifs whilst retaining highacie carrier mobility values.
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CHAPTER 4

Development and optimisation of a
self-aligned gap process for organic

lateral devices

An overview of the fabrication process in the depehent of a self-aligned gap (SAG) is
initially discussed in this chapter. The SAG praciesssubsequently utilised in the fabrication
of lateral devices including the organic Schottlgo@ and organic thin-film transistor (OTFT).
Optimisation of the process is also discussed, thighaid of electrical studies of lateral PTAA
Schottky diodes. Subsequently, using the optim@edess, OTFTs are fabricated, and the
electrical characteristics are fitted to the digvedl model derived in chapter 2.
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4.1 INTRODUCTION

The field of Organic Electronics has grown progredg over the decades from
research on single devices such as Schottky denaghin-film transistors to functional blocks
such as RFID tags and sensors. However, the pefaenof these circuits with respect to
switching speeds, operation voltages and powernwgopson could be enhanced. The speed of
operation of a circuit scales inversely with theae of the channel length and charge carrier
mobility. Therefore, to enhance circuit performarficen a switching speed perspective, the
charge carrier mobility needs to be increases la@ahannel length reduced. Unlike inorganic
semiconductors, the mobility term in organic semahactors is not fixed i.e. it varies strongly
with the carrier concentration, as discussethapter 2; therefore, it cannot be used as a gralin
parameter for increasing the operational speed todiresistor. Alternatively, using materials
with specific values oK andTc, which result in higher effective mobility valuesaybe used

instead as a scaling parameter.

Although scaling down the channel length of thagistor results in higher operational
speeds, it would be more realistic to use slighahger feature sizes in order to achieve
desirable specifications within certain applicaatue to the low mobility values of organic
semiconductors. In addition, most target applicegiof organic semiconductors are for use in
large-scale area applications. Recent researclpgrane however opting to reduce the channel
length by adopting vertical OTFT design topolodi#s3] whereby, akin to vertical diodes
discussed in chapter 3, the channel length is éeéfiby the thickness of the organic
semiconductor layer unlike in lateral OTFTs anddeé® where it is generally defined by the
resolution of the photolithography process. Thesgighs have better switching speeds and
superior DC performance.

On the other hand, the switching speed of a trtorsisas a direct correlation to the
frequency response and subsequently the power getaduct of a circuit. The transition
frequencyft, as shown irquation 4. 1s ordinarily used as a figure of merit for theqfuency

response of a circuit.
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f = O 4.1
' 2mCop*Ces)
wheregmis the transconductance of a transis@yp is the gate-to-drain capacitance &k

is the gate-to-source capacitance.

From equation 4. 1 it follows therefore that a reduction in the Mil(overlap)
capacitances as well as the minimisation of thessoweer structures and active layer area,
results in a better frequency response and herster fawitching speeds of a circuit. In this
chapter, a self-aligned gap (SAG) process is intced, which allows the minimisation of such
parasitic capacitances. In addition to reducingdherlap capacitance, the versatility of the
process allows the development of different latdeadices (i.e. Schottky diodes and thin-film
transistors) on the same substrate and at the sam@eThe SAG process is firstly developed
and subsequently optimised in the fabrication d¢érkel Schottky diodes as discussed in
section 4.2Having optimised the process, a scaling studwised out using the lateral diode,
with a low-mobility amorphous polymer, Polytriargiane (PTAA), as the active layer. PTAA
is used as the active layer in this initial stuthes it is more stable in ambient conditions and
forms reasonably uniform films, thus making it daiole material for performing scaling and
limitation studies of conjugated and amorphous p@s for subsequent use in modelling of
circuits [4-6]. Furthermore, due to its amorphowsdune, there is no need for additional
processing steps that could affect the semicondpaist-deposition; for instance, annealing to
change the film structure and morphology as neddedhe liquid-crystalline mesophase
polymers such as PBTTT-C16 that is studied in atva@tMoreover, the effect of isolating the

active region of the PTAA film, to reduce the acfédhe active layer, is also explored.

Using the optimised SAG process, organic thin-firansistors (OTFTs) are also
developed irsection 4.3with PBTTT-C16, as the active layer. This polyngechosen as it
has a higher mobility and hence appropriate forinseibsequent circuit studies, as described
in chapter 5. From the electrical characteristitshe PBTTT-C16 OTFTs, values of key
material parameters such msandK are extracted, and subsequently utilised in fttihe
experimental data to the disordered equations,|ldp&d in chapter 2.
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4.2 THE STUDY OF A SELF-ALIGNED PROCESS USING SCHOTTKY DIODES
4.2.1FABRICATION METHODOLOGY

The structure of the lateral Schottky diode usetthéndevelopment and optimisation of
the self-aligned gap (SAG) process is as showfigure 4. 1 It consists of Ohmic and
Schottky contacts made of aluminium (Al) and goMi) contacts respectively and PTAA as
the active layer.

Glass substrate ’ Y

Figure 4. 1: Structure of the lateral Schottky deodith aluminium and gold as the Schottky
and Ohmic contacts respectively. The electric fislthtensified with smaller inter-electrode
spacing defined by the gap, Xhe width of the Ohmic and Schottky contact is Jamththe
area of the patterned active layer is estimateddoaround 0.3pf(i.e. 300 pm by 1 mm
polymer coverage).

The steps involved in the SAG fabrication procddb® lateral diodes are as described

below. The summary of the process steps is alsarsimFigure 4. 2

1. Substrate cleaning

* Allthe devices are fabricated on Corning glastesli To remove contaminants such
as dusts and oils, the slides are cleaned in aasoliic bath containing industrial
cleaning agent, Decon 90, obtained from Fisherrfifie Ltd, UK. Samples are
then rinsed using deionised water and dried usingiiteogen gun. The
aforementioned process is then repeated sequgniiilig acetone and propanol
solvents that are both purchased from Fisher Stiehtd, UK. The samples are
left to dry in a hot box for about 30 minutes antdsequently cleaned using a UV

ozone cleaner, to remove any residual organic contnts.
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2. Aluminium (Schottky contact) patterning and gamfation

« A 200 nm thick Al layer is thermally evaporated @the pre-cleaned glass
substrates at a rate of 4 A/s at a pressure ok1®bmTorr, as shown in
Figure 4. 2 (a)

« Alift-off resist layer (LOR 3A), which is obtainddbm A-Gas Electronic Materials,
UK, is spun onto the aluminium film, at 3000 revadns per minute (rpm) for 45
seconds, followed by soft baking of the samplesaohotplate. The soft bake
parameters, specifically the baking time and termjoee, are varied appropriately,
to obtain different undercut sizes of the LOR lay®@amples are then allowed to
cool on a glass slab prior to commencing the net.s

* A positive image resist layer (HPR 504), which ®qured from FUJIFILM
Electronic Materials (Europe) N.V., Belgium, is spon the LOR 3A coated
samples at 3000 rpm for 45 seconds, followed bylsaKing of the samples at
110-°C for 90 seconds on a hotplate.

e The resist-coated samples are then exposed touvdiet (UV) light through a
chromium-coated mask containing the aluminium lgatern/layout, as shown in
Figure 4. 2 (b) The layout of the mask used to make the latexailcgs is as shown
in Figure 4. 3

* The exposed samples are then developed in HPRRI&28loper solution for 45
seconds. The developer is bought from FUJIFILM &tetdc Materials (Europe)
N.V., Belgium. The samples are then rinsed in demuh water and dried with a
nitrogen gun followed by hard baking of the imagirggist at 125C for 300
seconds on a hot plate, as demonstrat&ture 4. 2 (c) The latter step is essential
to create a larger difference of the dissolutiaiesaof the imaging resist and the
LOR resist. Omission of this step results in im@oformation of an undercut,
which subsequently leads to short circuits. Thepasare then developed again
for 60 seconds, followed by a thorough rinse off drying using a nitrogen gun.

e The samples are hard baked at i@@r 120 seconds to harden the imaging resist,
to make it resilient to aluminium etchant, whichused to define the resultant
Schottky contact as shown Kigure 4. 2 (d) The above-mentioned etchant is

ordered from MicroChemicals GmbH, Germany.
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The next step involved the thermal evaporation 5frem chromium layer at a rate
of 1 A/s, followed by thermal evaporation of a 58 gold layer at a rate of 3 A/s
as shown irFigure 4. 2 (e)

After evaporation, the samples are immersed ira&dreof 80°C heated Microstrip
2001 solution (photoresist remover), in order fodif the resist resulting in the
formation of a gap between the Al and Au contasgsraFigure 4. 2 (f).The
photoresist remover solution is acquired from FUXF Electronic Materials
(Europe) N.V., Belgium. The samples are then rinkecoughly in deionised water,
dried with a nitrogen gun and cleaned using UVafidh remove residual resist

contaminants.

3. Gold (Ohmic contact) patterning:

A positive image resist (HPR 504) is spun on tresglsamples at 3000 rpm for
45 seconds followed by soft baking of the samptekl@°C for 90 seconds on a
hotplate.

The resist-coated samples are exposed to UV lighgua mask aligner followed
by developing in HPRD 429 developer for 45 secorads detailed in
Figure 4. 2 (g)and Figure 4. 2 (h)respectively. The samples are rinsed in
deionised water and dried with a nitrogen gun thenmaging resist is hard baked
at 140°C for 120 seconds on a hot plate. The next stepwvegdhe wet chemical
etching of the chromium and gold layers respedfivsing gold and chromium
etchant obtained from MicroChemicals GmbH, Germamg Sigma-Aldrich
Company Ltd, UK, respectively. Once etched, the @hoontact is thereby
defined as outlined iRigure 4. 2 (i) The photoresist is successively removed as
detailed in the last part gskction 2Zand demonstrated Figure 4. 2 (j)

4. Polymer deposition as in Figure 4. 2.(k)

Having defined the Ohmic and Schottky contactsptiigmer is deposited, following the steps

below.

Unpatterned - represents a polymer layer that it mwlated using
photolithography patterning.

A PTAA solution (1% wt. of toluene) is spin coatedto the samples at various
spin-speeds (500 rpm to 1500 rpm) depending ondd#sered film thickness
followed by thermal annealing at 100 °C for 600cs&ts. These samples are left
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under vacuum overnight, prior to electrical chagasttion. This is done to reduce
the oxygen doping effects experienced during psingsand is believed to result
in more stable electrical characteristics fromdegices. The PTAA powder and
toluene chemical is obtained from Sigma-Aldrich Qamy Ltd, UK and VWR

International Ltd, UK respectively. PTAA polymerused as is it was purchased

i.e. no further fractionation was carried out.

» Patterned - represents a polymer layer that hasn biselated using
photolithography patterning.
For the patterned samples, the polymer is depoageldscribed in the last section,
followed by spinning of OSCoR 4000 negative phatmtesolution at 1000 rpm
for 60 seconds. A post-application bake of the dams then carried out at
105°C for 90 seconds on a hotplate.

The resist-coated samples are exposed to UV lighgua mask aligner followed
by a post exposure bake at 1G5 for 90 seconds on a hotplate. Samples are
subsequently developed in Developer 103 solutiord® seconds followed by a
wet chemical etching of the polymer in 1, 2, 3etrdhydronaphthalene (tetralin)
solution. Lastly, the samples are placed in Stmp8® solution for 300 seconds
to remove the photoresist, and left overnight ungssuum prior to electrical
characterisation. The chemicals used to patterns#miconductor layer i.e.
OSCoR 4000 negative photoresist, Developer 103tisaltand Stripper 700
solution, were collectively obtained from Orthogblmeorporated, USA whereas

tetralin was purchased from VWR International LK.

All fabrication and characterisation of the Schypttkodes (i.e. optical and electrical), are
carried out in clean ambient conditions and in pinesence of yellow light. A HP4155B
semiconductor parameter analyser and an E4980Asmped.CR meter are utilised for the
current-voltage (I-V) and capacitance-voltage (C-Wjeasurements respectively. The
measurements of the gap sizes are obtained usiepeo CP-Il Atomic Force Microscope
(AFM), whereas the thickness mapping and unifornmtycharacterised using an M-2000
Ellipsometer.
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Figure 4. 2: Overview of the fabrication of a laaérSchottky diode made using a SAG
fabrication processes.

Schottky contact
(Al layer)

Ohmic contact
(Au layer)

Active layer
(Polymer layer)

Figure 4. 3: Mask layout design of the lateral Sitkyp diode used in the characterisation of
the SAG fabrication processes.
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4.2.2CHARACTERISATION OF THE UNDERCUT

As highlighted earlier, the soft bake process fat#s a more accurate and reproducible
control of the undercut, when using a bilayer phegtst lift-off process. To obtain different
gap sizes, a parametric study of the soft bakegss®s i.e. the soft bake temperature and time
is carried out. There are ten samples fabricatadtal. With the first five samples, the soft
bake temperature is varied from 150 °C to 190 °@hva constant soft bake time of
225 seconds, whereas with the remaining five sasnplee soft bake time is varied from
120 seconds to 600 seconds with a constant so# teakperature of 170 °C. The resultant
undercuts (gap sizes) are measured using an Ateonce Microscope (AFM) in non-contact
mode to prevent any damages on the surfaces, gsateelater used in the making and
characterisation of lateral Schottky diodes.

From the measurements, it is evident that the blissa rate, hence the undercut size,
decreases with an increase in both the soft bakgdeature and time, as illustrated in
Figure 4. 4andFigure 4. 5. It is well-known that soft-baking of a photoresstharacterised
mainly by, the evaporation and diffusion of the fanesist solvent, and densification of the
polymer resist [7]. The rate at which the solvaffudes and evaporates into the atmosphere is
inversely proportional to the soft bake parametstsch that low soft bake times and
temperatures result in more retention of residodlents in the resist film [8]. The higher
solvent concentration left in the film leads taeger free volume of the solvent [9,10], which
facilitates faster diffusion of the developer smntinto the resist film, and in so doing creates
a higher dissolution rate [7,11-13]. On the othandh high soft bake times and temperatures
result in rapid loss of the photoresist solventébg reducing the free volume of the solvent.
This, coupled with annealing of the photoresist pfjhances the polymer matrix within the
film such that with the increased polymer-polymacking density, the mobility of penetrant
molecules gets reduced thereby resulting in a lalig=olution rate and hence smaller gap sizes

are formed.
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Figure 4. 4: Variation of the gap size with respecthe soft bake temperature for a soft bake
time of 225 seconds.
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Figure 4. 5: Variation of the gap size with respéatthe soft bake time for a soft bake
temperature of 170 °C.

The experimental data is collected from 16 deviges sample, for each soft bake
temperature and time, and is collated to give #tta ds represented by the standard deviation
(SD) error bars ifrigure 4. 4andFigure 4. 5 On comparison of the slopes for both plots, it is
evident that the undercut rate is more dependetii@soft bake temperature than the soft bake
time. However, the soft bake time is found to yigldre variation in the gap sizes, compared
to the soft bake temperature as illustrated byethar bars within the plot3hevariation of the

gap sizes across different samples from the saowegsing batch (i.e. processed at the same
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time) is believed to be due to uneven distributddight intensity/exposure dose across the
substrate during photolithography patterning ad a&Inon-uniform thickness spread of the
photoresist film on the substrates. Moreover, aitfioall the samples are processed together
and at the same time, involuntary factors suclmaddquate/excess agitation while developing
of the samples and the varying reaction times wieamoving samples from the developer

solution may influence the spread in variation®asrsamples.

One notable difference in the two figures is thféedent range of gap sizes obtained for
samples having the same soft bake temperatureaihtake time but processed at different
times i.e. different processing batches. In thisector instance the two samples having the
same soft bake time (225 seconds) and temperétid@2 ) notably have a different range of
gap sizes obtained. The reason for the differemct®e gap sizes obtained for the two plots is
believed to be as a result of differences in the od the solvent evolution in the film during
the soft baking process. This difference is broughby different transfer rates occurring at
the interface of the resist film and air [14,15Lridg the soft bake process, the bottom of the
resist film will have nearly the same temperatigé¢he hot plate whilst the top of the film will
presumably have a lower temperature that is depgmatethe convective flow pattern and the
surrounding clean room air conditions i.e humidiontent, air flow and exhaust flow. This
temperature gradient in the film results in a sotweapour pressure gradient as well, which
sequentially brings on a diffusion coefficient geadt during the development stage of the film.
The latter parameter affects the content of thgesulin the film, which as was previously
mentioned, influences the rate at which the remts developed and thereby, by default, the

gap size as well.

In short, if films have different temperature geaass, in spite having the same film
thickness, the same soft bake time and the samédaké temperature, then the evaporation
rate of the film and hence the gap sizes obtawwéddhave some variation. Therefore, in future,
one needs to take proper control of the exhaustarilbw pattern in order to achieve
repeatable and reproducible results. One possialeta reduce such differencs would be to
perhaps cover the samples with a petri dish wiitetmking the resist film. In addition to this,
placing the soft baked samples on a hot plate lgasignificantly lower temperature values
whilst covering it with a petri dish in order tordool the cooling down rate of the photoresist

post baking would be adviseable.
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The obtained plots provide a blueprint for futuadaring of subsequent fabrication
processes to obtain specific gap sizes. For inetanorder to obtain smaller gaps of 50 nm, a
soft bake temperature and time of 2@Gnd 300 seconds would be requirédure 4. 6below
shows a sample of the AFM images of the differeqt gizes obtained by varying the soft bake

temperature.

(a)

’ Al
Al y,

0.50 um 2 0.05 um

(d) (e)

Figure 4. 6: AFM images of the different gap sizdgained by varying the soft bake
temperature from 150 °C to 190 °C. The inter-eledé& spacing between the Ohmic (Au) and
Schottky (Al) contacts are as indicated by the arro
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4.2.3CURRENT-VOLTAGE CHARACTERISTICS OF THE PTAA SCHOTTK Y
DIODES

The current density-voltage characteristics of df@ementioned gap sizes are also

analysed using a semiconductor parameter analysiesira plotted ifrigure 4. 7
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Figure 4. 7: Current density-voltage characteristiof spin coated lateral PTAA Schottky
diodes with different gap sizes. Measurementsadert at a step voltage of 50 mV.

The forward current density decreases, by appraeiypane order of magnitude, from
15.86 Ant® to 0.31 An?, with increase in the gap size, from 0.05 pm {on2 respectively.
This effect is thought to be associated with tltiotion of the series resistance as the gap size
reduces, which is demonstrated from the extramplatf the series resistance done using
Cheung and Cheung functions [16]. In their worke@ig and Cheung stipulate that the series
resistance of a Schottky diode can be obtainedyukimfollowing function,

n 4.2
= RA4J +E

Here,
0
d KT
whereR is the series resistandgytis the effective areg, is the ideality factor] is the current

density and/ is the applied bias.
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From the above equation, the series resistancdeabtained from the slope of the plot of
d (V)/d (In J) againstJ. Consequently, the series resistance is obtairmd the plots in
Figure 4. 8and found to vary from 3.00 & to 0.09 M2 with reduction in gap sizes as

summarised itable 4.1

1 v
2.0x10"} v
S v

— v
5 vy
) M A 4
ke :
§4.0x101 - v V;Vv
© | Gap size [um] AR AR 1
m 20 v v
e 14 v v
6.0x10"F 4 08 w’
v 025 .
0.05 .
10™ 10°
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Figure 4. 8: Plot of d (V)/d (In J) against J fave PTAA lateral Schottky diodes with gap sizes
ranging from 0.05 umto 2 pum.

Furthermore, other key parameter values sudft@nd consequentialMNE are also
extrapolated using the relations givendnuations2. 32, 2. 2land?2. 16respectively. They
are found to vary slightly with changes in gap swkich, for material parameters are expected
to be constant. The reason for this variation isfuldy understood, however, given that value
of Tc is calculated using relation given bguation 2. 21it therefore follows that variations or
erroneous values in the extractionTofvill inadvertently affect the values obtained fiar as
well. Interestingly enough, the respective valuesesponding to the smaller gap sizes as in
Table 4.1, resemble almost directly those attafioedertical Schottky diodes made with the
same material (i.elc = 361 K andVMINE = 32 meV) [17]. The values db and subsequently
n are also obtained fromquations2. 32and2. 33and are found to vary with different gap
sizes as shown in Table 4.1. The variation is ketieto be attributed to the anomalous
distribution of the extrinsic carriers, possiblybght on by formation of a non-ideal barrier at
the interface during fabrication processes [18&2@}/or pronounced contact resistance effects,
between the metal and semiconductor. On another tia ideality factor shows a direct trend
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with the gap size such that it gets smaller witaduction in gap size, possibly due to reduction

in the series resistance.

Table 4. 1: Summary of the parameters extractech fthe exponential region of the lateral
PTAA Schottky diodes.

Soft bake  Gap size Rectification To Te MNE 3 Rs (MQ)
temperature (um) ratio (K) (K) (meV)
)
150 2.00 5.6x10 1853 358 31 6.2 3.00
160 1.40 9.3x10 1787 361 31 6.0 2.01
180 0.80 1.1x10 1788 360 31 6.0 1.43
190 0.25 1.2x10 1158 405 35 3.9 0.34
190 optimised 0.05 1.5x18 913 447 39 3.0 0.09

The nature of the current conduction mechanismvsstigated from the slope of the
plot of the current density taken at lower forwaids. At voltage values lower than -7.5 V,
the conduction mechanism for some of the devicegtes to that of a space charge limited
conduction (SCLC), as a result of the values oletiinom the slopes i.e. > 2. From the plot of
log (Jr) against log VF), the values of the slopa, following equation 2. 34re extrapolated
for each diode, with varying gap sizes, and represkinFigure 4. 9 It can be seen that
increases from 1.25 to 3.5, with reduction in gap.s

35 B ]
3.0}
25¢F

20t

Slope, a [Am™= V]
|

15F ]
]
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Figure 4. 9: Quadratic variation of the slope a,tlwichanges in gap sizes. The slope is
calculated from current-voltage characteristicstive neutral region.
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Conventionally, the theory of SCLC assumes thatitipecting electrode makes an
Ohmic contact with the semiconductor such thaag &n unlimited amount of charge carriers
available for injection into the semiconductor agifusion currents are assumed to be
negligible as they are only deemed important inrdggons close to the injecting electrode
[21-23]. Based on the abovementioned assumptibagproperties of the injecting contact are
usually ignored. It therefore follows that as I@wthere is no voltage drop across the injecting
contact, the current at low applied voltages waitially be Ohmic but with further increase in
the applied voltage, a space charge region is fdwithin the semiconductor that essentially
screens the injecting contact from the associattd thereby forming a space charge limited

current.

In the case of the Au contact on PTAA, the theoattvalue ofpmis —4.9 eV andy is

—5.2 eV respectively [24-26], therefore in therraglilibrium, the theoretical work function
difference of the two materials is 0.3 eV. In thvsrk the Au contact is assumed to be Ohmic
by functionalizing of the work function of the etemde by chemically treating it with
pentafluorobenzenethiol (PFBT) self-assembled nmeyeol [27,28]. The chemical treatment
entails immersing the substrates in a PFBT solwigsh that the PFBT molecules bind to the
metal surface thereby inducing the formation obrsfy surface dipoles that shift the vacuum
level. This shift results in a reduction in the Wwdunction of the metal and consequently a
reduction of the barrier height at the interfacéh&f metal and semiconductor [29]. However,
previous studies of vertical diodes made within ¢gmeup have however shown a lack of
significant change to electrical measurements deitle devices modified with PFBT [30].
Furthermore, it is likely that modification of caats especially those occurring on the same
plane may cause other effects that are not yetratatel yet. Assuming that the modification
of the Au contact is unsuccessful, it would therefmean that the properties of the Au contact
would affect the SCLC current observed at higheld&. The difference in work functions of
the Au/PTAA interface would result in the formatioha depletion layer. This depletion layer
is assumed to remain constant given that the Adacoms grounded whereas the depletion
layer occurring at the Schottky/OSC interface reduand decreases with application of a
forward and reverse bias respectively. Due to tive dcceptor density of PTAA, as will be
discussed in the ensuing section, it is likely ttet width of the depletion layer, associated
with the injecting Au contact, is comparable towidth of the electrode separation (i.e. ideally

for smaller gap sizes in the range of 50 nm to 8@). Thus in such cases, the extent of the
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depletion layer associated with this contact maynoee pronounced. In other words, as the
electrode separation decreases, the gap resisimacdecreases, and thus the current transport
becomes dominated by the contact effects rather ltlgathe bulk resistance of the film [31].
This is in agreement with the quadratic variationhe slope with reduction of the gap sizes,
specifically for the diodes with gap sizes of l&ssn 1um, which suggests the prevalence of
SCLC mechanism. Conversely, as the gap resistanoeases, the properties of the Au contact
become less pronounced, and thus current is ctedrdly the bulk resistivity of the
semiconductor. This is especially evident in devieghere the gap sizes are larger than a
micron, and the slope is nearly unity (1), whichsuch cases, obeys Ohm'’s law as indicated

from the obtained values of the slope.

For the case of the reverse current density, tiseaeslight variation in the values that
is independent of the gap sizes, whereby the revensrrent density ranges from
2.7810° Am? to 8.8%103Am™, indicative of the varying film thickness unifortyi across
different samples in spite using the same polyn@uti®n and the same spin-coating
parameters. To confirm this, thickness mapping oresmsents using a “Z-shaped pattern” are
carried out on a X 2 cnt substrate at three angles (i.e°,6B0° and 73) using an M-2000
Ellipsometer. The film thickness of the depositedlymer is found to vary across the sample
as shown inFigure 4. 10 by approximately 12.6 %, thus possibly accountfng the

discrepancies in the values of the reverse cudensity for the various gap sizes.

Total Thickness (nm) vs. Position

0.8 129.03
120.12
0.6
111.20
§0.4 102.29
>
93.38
0.2
84.46
0.0 . 75.55
0.2 0.4 0.6 0.8 1.0

X (cm)

Figure 4. 10: Ellipsometry characterisation of thariation of the film thickness of the PTAA
polymer across a sample for a spin speed of 1060 rp
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Furthermore, the acceptor dendity of the lateral PTAA devices is also extracted
from the reverse characteristics as showfigure 4. 11 The acceptor density determined

from the slopes of the plots tifge (Jr) againstVr”varied by one order of magnitude, from
approximately 2.38L0°° m3 to 1.7&107* m3,
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Figure 4. 11: Variation of the reverse current déynagainst voltage, of the lateral PTAA
diodes with different gap sizes.

The reason for the variation in acceptor densitgus to the varying film thicknesses
and possibly because of the variation of the afeactive layer. Thicker films have higher
reverse currents due to a higher number of resithalile dopants occurring in the film.
Furthermore, ambient oxygen can also act as antamional dopant in organic
semiconductors [32]. ThEa values obtained correspond to a depletion widtigiray from
4.8 um to 1.3 um, which essentially exceeds tharocgfilm thickness of approximately
110 nm. The reverse current density in Schottkydelsois typically controlled by the
modulation of the depletion layer widtkly occurring at the Schottky contact. Usually it is
presumed that in thermal equilibrium, the depletdth is smaller than the thickness of the
active layer or simply the film is partially depdeltbefore application of a reverse bias [33]. In
such cases, on application of a reverse bias, ¢pétion width widens with an associated
reduction in the depletion capacitance. Recentissud pure materials such as rubrene [34],
show a constant reverse bias capacitance due towh@éopant concentration in the material,
such that at thermal equilibrium, the material lieady fully depleted and thus the reverse
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characteristics do not follow the quarter power, lgxpically associated with Schottky devices.
Given that the values obtained fgx correspond to a depletion width that exceeds tharoc
film thickness, much like the case of the rubreimglds, it would be expected that the reverse
current and capacitance would have remained cangpam application of a reverse bias. The
aforementioned case does not seem applicable tatdral diodes studied in this work as they
show a visible increase in current values as wsek aeduction in the depletion capacitance

with the application of a reverse bias as showRigure 4. 7andFigure 4. 12

(a) (b)

3.2F
o
1zoﬁ§% -
— ey &
< 5 241y
O % °©_50 nm gap| 3 & o 2um gapl
8 8.0F > 3 -3
§ o 5 1.6 %
: °
S 4.0F Forwad bias® Reverse bias &
3 d O 08F
oo AL 1 > ¥ A A 00 L " N M 2 2
-4 -2 0 2 4 -4 -2 0 2 4
Applied voltage, V,,, [V] Applied voltage, V, _[V]

app

Figure 4. 12: The capacitance voltage charactecsof two PTAA lateral Schottky diodes
with a gap size of 50 nm (a) and 2 um (b) respelstivihe 100 Hz frequency of the small AC
signal applied is held at 50 mV whilst the DC vg#tas swept from -5V to +5 V.

To further understand the thickness dependenegtedn the depletion width, a much
thicker film is drop-cast onto the substrate thas lthe largest gap size (2.0 um) thereby
resulting in a film thickness of 1 um. The accemtensity obtained from this sample (1 um
thick) is 3.2%10?* m3, corresponding to a depletion width of 1.3 pm,eeding the thickness
of the semiconductor active layer as well. The ptredensity obtained from this same sample
but with a film thickness of 110 nm thick is 1:32?* m3, corresponding to a depletion width
of 2.0 um, exceeding the thickness of the semicctod@ctive layer as well. The latter shows
that the depletion width extends past the widtthefactive layer irrespective of the thickness
of the film for a sample with the same gap sizesufnmary of the extracted acceptor density

values and the associated depletion widitigs shown inTable 4.2
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Table 4. 2: Summary of the parameters extractenh fthe reverse current characteristics of
the lateral Schottky diodes.

Soft bake Gap  Thickness  Na (m?) Wnax

temperature size of active (um)
(°C) (um) layer (nm)

150 2.00 110 1.32x%0 2.0

150 2.00 1000 3.25x10 1.3

160 1.40 110 1.76x%0 1.7

180 0.80 110 3.01x%0 4.2

190 0.25 110 1.46x%0 19

190 optimised 0.05 110 2.33240 4.8

In order to get a better understanding of the amrpemtal results of the reverse
characteristics, a numerical simulation is carreed using ATLAS from Silvaco. It is a
well-known technology computer-aided design (TCAIhulator, which ideally computes a
set of physical equations from a device structurat is defined by the user within a
two-dimensional (2-D) mesh/grid. The typical dakattthe user defines are device size
specifications/structure, material parameters $igation, mesh definition and various models
for calculation of the data. From these, the pdesilitputs obtained include 2-D numerical
solutions as well as current-voltage charactesséit specified bias conditions and contour
maps detailing current distribution and electrostdistribution such as potential, field and
charge distribution.

For the numerical simulation study, two lateralistures are designed to represent the
largest and smallest gap sizes i.e. 2 um and 50espectively. The simulation parameters

used to define the structure and the related nademoperties are as outlinedTiable 4. 3

Table 4. 3: Physical parameters for numerical siation in Silvaco software.

Parameter Value
Dielectric constantgr 3.6
lonization potentia(HOMO) -5.2eV
Acceptor concentration, AN 1x 10Ptm3
Electron affinity,y (LUMO) -2.15eV

Schottky (anode) work function -4.38 eV
Ohmic (cathode) work function -4.9 eV

Bandgap of polymer,E 2.95
Effective DOS 10°° cm®
Semiconductor thickness 110 nm

Figure 4. 13and Figure 4. 14show the simulated 2-D contour map for the hole

distribution inside the PTAA film of the 2 um an@ Bm gap diode at different reverse biases,
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applied on the Schottky contacfFigure 4. 13 (a)shows the hole distribution at thermal
equilibrium, wherein such a case, the zero-biasletiep width can be approximated
theoretically using thequation2. 41in chapter 2. Assuming an acceptor density of

1x10%t m3 for homogeneity in simulations, at thermal equilibm, the zero-bias depletion
width coincides with the depletion width of 250 nsuggesting that irrespective of the gap
size, the depletion width at zero bias already edséhe film thickness. Interestingly enough,
from the numerical simulations of both gap sizeg2and 50nm) the latter statement is only
the case for the film thickness directly on toptleé Schottky contact and extends equally
laterally for the same distance. In other words,the lateral devices, the modulation of the
depletion width is dictated by the lateral field@ss the gap rather than the film thickness. This
accounts for the nearly similar depletion widthsetved for the thicker and thinner samples.
Given that the width extent of the polymer coverthg devices is 300 um, it is plausible to
obtain depletion widths that extend towards 4 pih @move as observed in the experimental
results and as evidenced from the numerical sinomsplots. Notably, with increasing reverse
bias voltage, the depletion width extends acrossgdp and continues to extend above the

Ohmic contact and across it too due to the low gtocadensity of PTAA.
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Figure 4. 13: Variation of the hole distribution twiapplication of different reverse bias
voltages for the 2 um lateral diode: (a) 0 V, (BY5(c) 10 V and (d) 15 V.
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Figure 4. 14: Variation of the hole distributiontwiapplication of different reverse bias
voltages for the 0.05 um lateral diode: (a) 0 \),3V, (c) 10 V and (d) 15 V.

Additionally, an interesting observation of the eese characteristics is the kink/roll-
over effect seen in the smaller gap sizes for examyth 50 nm and 250 nm, as can be seen
in Figure 4. 7.This kink/roll-over effect in the reverse charaistcs is believed to be because
of a small hole-injection barrier occurring at the contact. As previously mentioned, there is
a depletion layer present at the Au contact becatiiee difference in work functions of the
AuU/PTAA material. This layer remains constant gitieat the Au contact is grounded, however
the depletion layer at the AI/PTAA interface keeyidening because of the application of a
reverse bias. It is therefore likely that the déptelayer width associated with the Schottky
contact overlaps with the depletion layer widthttué Au contact. This is believed to be the
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case for the devices having smaller gap sizesd@ylpi<300 nm) as the depletion widths for
these devices are comparable to or in some cagges than the gap size. It is assumed that the
larger gap sizes lack the kink because the twoediepl layers associated with the adjacent
contacts do not overlap/interact thereby the revelsracteristics remain unaffected in this

caseFigure 4. 15below depicts the aforementioned statements.

Depleted regions
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Figure 4. 15: Theoretical band diagram of the 2 gap and <300 nm gap lateral devices in
thermal equilibrium, without the application of &b voltage. At zero bias, the depletion layers
of the adjacent contacts are not interacting asvamdn (a) to (c). Upon application of a bias
voltage onto the Schottky contact, the depletiattwof the Schottky contact extends towards
the depletion width of the Ohmic contact (d). Wiitlther increase in the voltage, the two
depletion widths overlap (e) resulting in the kinkhe reverse characteristics for the devices
with gap sizes < 300 nm. The overlap is not obskmdhe 2 um device because of the large
inter-electrode distance.
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4.2 APATTERNING SURVEY OF THE CURRENT-VOLTAGE
CHARACTERISTICS OF PTAA SCHOTTKY DIODES

The isolation of the active layer through pattegnisually results in reduction in cross talk
between adjacent devices and subsequently an bvedalction of the leakage currents.
Polymer patterning using orthogonal solvents hanlaehieved through either lift-off [35-37]
of the polymer or via dry plasma etching [38]. liistsection, polymer patterning is carried out
via wet etching using 1, 2, 3, 4-tetrahydronaplghalsolvent. Due to its hazardous nature,
several other studies of the dissolution kinetitpaymer films using supercritical carbon
dioxide as an alternative to organic solvents sashtetrahydronaphthalene are underway
although they are still in their infancy stages,fiZ}.

Figure 4. 16andFigure 4. 17show the forward and reverse currents of gap siessured
from lateral Schottky diodes, with patterned angatterned PTAA layers. It can be observed
that upon patterning, the reverse currents for mbshe samples increase, which is not as
expected. Interestingly enough, however, the saimgpleng a soft bake temperature of 160 °C
notably had much lower reverse current values lh@r patterned batch compared to the
unpatterned batch. The reason for these finding®tdully understood however, one could
speculate that the findings could be changes imitighology of the PTAA during the etching
stage. Dissolution of a polymer film is thoughtlte governed by two mechanisms: solvent
diffusion into the polymer network and chain diserglement of the polymer [41-43]. These
take place in three stages i.e. diffusion of thévesd molecules into the polymer film,
plasticization and relaxation of polymer chaingiated by solvent molecules thereby creating
a solvent-swollen gel layer and lastly reductiorihaf gel layer thickness due to desorption of
the polymer chains into the solvent. It is progb#eat perhaps the first two stages of etching
took place but the third did not i.e. desorptiopolymer chains into the solvent after formation
of the solvent-swollen gel layer. The solvent-sewolgel layer that contains semi-detangled
polymer chains and trapped solvent molecules cactlédis chemical dopants to the active layer
thereby increasing its bulk conductivity and subsadly leading to the observed higher

forward and reverse currents.

On the other hand, the current spreads for botwaat and reverse characteristics are
significantly reduced in most of the samples. Fertto this, the forward currents of the

patterned samples scaled inversely to the highttrbsde temperatures (i.e. smaller gaps)
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similar to the observation made in the previougisecThe reverse current on the other hand
did not show any correlation to the gap size azetqul, given that the reverse current values

are chiefly dictated by the film thickness.
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Figure 4. 16: Variation of the forward currentstbie lateral diodes, for both patterned and
unpatterned samples, with varying gap sizes achibyevarying the soft bake temperature.
The first four samples i.e. 150 °C, 160 °C, 18Gahd 190 °C are processed with the same
soft bake time of 225 seconds whereas the 190 isptimample denotes a sample processed
with a soft bake temperature and time of 190 °C 4ndeconds respectively.
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Figure 4. 17: Variation of the reverse currentslod lateral diodes with varying gap sizes for
both patterned and unpatterned samples.
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4.3 SELF-ALIGNED THIN-FILM TRANSISTOR WITH PBTTT-C16
4.3.1FABRICATION METHODOLOGY

The structure of the planar self-aligned thin-filransistor (TFT) used in this work is
as shown irFigure 4. 18 The source and drain contacts comprise of gold) @ectrodes,
whilst the gate contact consisted of aluminium (@lBctrode. The gate oxide constitutes of
aqueous anodised aluminium oxide A&d) and thep-type semiconductor is PBTTT-C16.
PBTTT-C16 is utilised for both TFT and circuit chaterisation in subsequent sections due to

its high mobility relative to the previously studipolymer, PTAA.

Dielectric

Source

Glass substrate

Figure 4. 18: Structure of the planar, PBTTT-CI6TT with AbO3z gate dielectric and gold
source and drain contacts.

The procedures involved in the development of tak-adigned PBTTT-C16 are
described next. The processing steps involved fimidg the source, drain and gate contacts
(steps 1 to 3), are as discussedeantion 4.2.1f the lateral diode section and demonstrated in
Figure 4. 19(a) to (k)
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Figure 4. 19: Overview of the fabrication of a lmrit gate planar p-type OTFT made using a
self-aligned fabrication processes.

To achieve an undercut of 50 nm, a soft bake teatper and time of 190C and
300 seconds is used for step 2. The aforementisizeds used to reduce the series resistance
of the TFT and accommodate an oxide film thickne$60 nm to achieve high oxide
capacitanceCox and consequently result in low threshold voltagki@s,V+. In this section, a
brief overview/explanation of the formation of thate oxide as well as polymer deposition is

discussed.

1. Glass cleaningSame process as described for “glass cleaningédtion 4.2.1.
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2. Gate contact patterning and gap formatigkkin to “Al patterning and gap formation” in
section 4.2.1.

3. Source/Drain formationSimilar process to “Au patterning” section 4.2.1.

4. Gate oxide formation:

A constant voltage method is used for aqueous aatdn of aluminium as it is believed to

result in the formation of oxide films without vaid44]. With this process, the resultant

thickness of the oxide generally depends on thenihadge of the applied voltage. Details on

the anodization process are given below:

* A positive image resist (HPR 504) is spun on treegmatterned source, drain and
gate contacts on the glass samples at 3000 rpd#bfeeconds followed by soft
baking of the samples at 110 for 90 seconds on a hotplate, as demonstrated in
Figure 4. 19(1).

* The resist-coated samples are exposed to UV lighgua mask aligner followed
by developing in HPRD 429 developer for 45 secords illustrated in
Figure 4. 19(m). The mask used to make the OTFT devices is demadegtin
section 5.30f Chapter 5, however a sample layout of the SAG Tound in this

mask is as shown iRigure 4. 20

Source/Drain

Gate (Al layer
(Au layer) ( yer)

Gate oxide
(Alumina layer at the sides

the gate contact) Active layer

(Polymer)

Figure 4. 20: Sample layout of a SAG TFT fabricatedhis work having a channel
width and length of 500 um and 20 pum respectively.

The samples are then rinsed in deionised waterdaied with a nitrogen gun. The
imaging resist is then hard baked at ¥@@or 120 seconds on a hot plate, as shown in

Figure 4. 19(n), to make the photoresist resilient to chemicalckt$ by the electrolyte
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solution used for anodization. The samples are se¢ump for anodization as illustrated
in Figure 4. 21 with the aluminium layer used as the anode apldtnum foil as the
cathode, immersed in an electrolyte solution 000.M citric acid solution. The citric
acid is bought in powder form from Merck Chemichts, UK before making the
solution using deionized water. A constant voltafy80 V is applied across the anode
and cathode, and left to anodize for about halaur, to obtain a 50 nm thick dielectric
as demonstrated iRigure 4. 19(0). Figure 4. 22shows a relationship between the
applied voltage and the thickness of the oxide grawwell as the breakdown voltage,
as attained previously within the group [45]. Afserodization, the samples are rinsed
thoroughly in deionised water, followed by dryingtwa nitrogen gun and annealed in
nitrogen at 100C for two hours. Subsequently, the resist is remdwedubmerging
the samples in a beaker of 80 pre-heated micro-stripper solution for about anrho
followed by a thorough rinse in deionised water @nging using a nitrogen gun as

shown inFigure 4. 19(p).

Voo /
R
Cathode ——— Pt «—Anode
- AK 4
Electrolyte ——
Re

Figure 4. 21: Setup for aqueous anodization of ahium using a constant voltage method.
The anode and cathode consists of the pre-patteAledhinium layer and a platinum foil
respectively, and the electrolyte is a 0.001 Mici#icid solution.
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Figure 4. 22: Variation of the oxide film thicknemsd breakdown voltage with the constant
applied voltage. Adapted from [45].

5. Aletch

In this process step, the unwanted aluminium aaea®tched, which essentially defines the
areas of aluminium that can be removed after ogrdevth. These areas are only required to
supply electrical current to specific areas ofdbeices/circuit for anodization to occur. Details

on the etching process are given below:

e A positive image resist (HPR 504) is spun on tlasglsamples at 3000 rpm for
45 seconds followed by soft baking of the samptekl@°C for 90 seconds on a
hotplate as irFigure 4. 19 (q)

« The resist-coated samples are exposed to UV lighgua mask aligner followed
by developing in HPRD 429 developer for 45 secomadsdemonstrated in
Figure 4. 19 (r) The samples are rinsed in deionised water aretdsiith a
nitrogen gun then the imaging resist is hard bake¥0°C for 120 seconds on a
hot plate. The next step involves the wet chengtahing of the aluminium layer
as shown ifrigure 4. 19 (s)The resist is subsequently removed as detailpdifin

2 of section 4.2.1and as demonstratedkigure 4. 19 (t).
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6. Polymer deposition: PBTTT-C16.

In this process, the PBTTT-C16 polymer is deposiiadspin coating. Attempts to isolate the
active layer through patterning are futile. Detaols the polymer deposition process are
outlined below and as shownkigure 4. 19(u):

« The substrates are briefly exposed to oxygen plagmiawed by the formation
of a self-assembled monolayer by immersing the $&srnp 2-propanol solution
of 5 mM n-octadecylphosphonic acid (ODPA). ODPAmil is procured from
Alfa Aesar, UK prior to making the aforemention@iLgion using propanol. After
16 hours [46], the samples are rinsed thoroughlg-propanol, dried with a
nitrogen gun and baked on a hot plate for 300 skc@t 60 °C. This step is
understood to change the surface properties ofliflectric from hydrophilic to
hydrophobic, thereby improving polymer adhesiorodht substrates [47,48] and
subsequently molecular ordering of the polymer & tsubstrates. The
semiconductor solution is formed by dissolving 1Ymm of PBTTT-C16 solution
in hot (100 °C) 1 ml of dichlorobenzene. The salntis left to mix thoroughly
with a magnetic stirrer, on a hot plate, for thineers. While still hot, the solution
is then spun on the samples at 1000 fpn45 seconds, which results in a film
thickness of about 70 nm. The films are subsequeamhealed at 180 °C for 10
minutes followed by slow cooling at approximately’G/minute, through the
liquid-crystal mesophase region. The samples drénle’acuum overnight prior

to electrical characterisation using a HP4155B senductor parameter analyser.
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4.3.20UTPUT CHARACTERISTICS OF THE PBTTT-C16 TFT
Figure 4. 23shows the output characteristics of the PBTTT-CEG with a channel

length of 20 um and channel width of 1000 um. Ageeted, the drain current increases with
drain voltage for a given gate voltage bias. Thghslcurvature in each of the output
characteristics at a small drain-to-source voltdgs, is indicative of the presence of contact
resistance effects, associated with the differemceéhe work function between Au and
PBTTT-C16 layer (about 0.2 eV difference). In dubeh, the metal resistance of the Au layer
also contributes to the contact resistance eff#&ithough the samples are dipped in PFBT
solution to lower the potential barrier, additiosatface treatments are done to the interface of
the dielectric and the organic semiconductor astimesad in the sixth fabrication step in
section 4.3.1Briefly, a plasma treatment and SAM treatmem@$€ DPA is done to smoothen
the dielectric/OSC interface and to reduce interfaapping effects that are particularly
prevalent in bottom gate-bottom contact and plari&r structures. It is well known that the
contact resistance is greatly determined by thetreleic structure of the materials, chemical
bonds as well as the geometrical structure (edgesyurface morphology of the interface [49].
Consequently, the difference in the surface mompdwylnd edges of the contacts relative to
the semiconductor plays a vital role for efficiampection of carriers at the metal/semiconductor
interface. Moreover, it has been shown that higbetact resistances arise due to strong orbital
hybridisation and a lack of chemical bonding thgréte aforementioned SAM modifications
of the dielectric may chemically alter the potehiiarrier and consequently the interface of the
Ohmic contacts and the semiconductor [50,51] teguin the parasitic contact effects seenin

the characteristics.
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Figure 4. 23: Output characteristics of the seligaed PBTTT-C16 TFT. The thickness of the
active layer and aluminium oxide is 65 nm and 50respectively. The aspect ratio of the
TFT is 50 (W/L=1000 pum/20 pum).

It is expected that with further increase in draoitage, the current saturates after
pinch-off condition because of carrier depletiontet drain end. The lack of saturation of the
drain current in this device may be because ofpitesence of residual impurities/dopants
which result in an increase in hole concentratind thereby bulk conductivity at the drain

terminal.

4.3.3TRANSFER CHARACTERISTICS OF THE PBTTT-C16 TFT

Figure 4. 24shows the corresponding transfer characteristittseoPBTTT-C16 TFT.
The gate voltage is swept from -10 V to +10 V amkwersa at a fixed drain voltage of
=10 V. In the off state i.e. on application of asjiwe gate bias (¥s> V1), it can be seen that
the drain current remains nearly constant. Theeaiiin this case is associated with the bulk
conductivity of the film. When the gate voltage dia reversed, and with application of a
negative drain bias, holes are injected throughdtiaen terminal thereby resulting in a sharp
increase of the drain current as observed in tbe pi this sub-threshold regime, the drain
current increases exponentially due to the expaaleinicrease in the carrier concentration,
attributed to the exponential increase of the D@&h further increase in gate bias, more
carriers are accumulated at the semiconductorkdredeinterface thereby resulting in an

increase in the drain current until it finally setes.
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Figure 4. 24: Linear and sub-threshold plots ofrspoated SAG PBTTT-C16 TFT swept from
Vesof +10 V to—-10 V at a s of —10 V. Inset: forward and reverse sweeps of thesfiem
characteristics. The thickness of the active |lagmal aluminium oxide dielectric is 65 nm and
50 nm respectively. The aspect ratio of the TFA0iI$W/L=1000 um/20 pum).

The on/off ratio of the transistor is found to hmat 4.26x18. Higher on/off ratios of
10* have been reported for this material [52]. The lmwoff ratio observed in this work is
possibly attributed to the ambient effects i.ehtignd oxygen, which unintentionally dope the
active layer thereby resulting in higher acceptengity values and bulk conductivity values
consequently causing higher off currents. Anotleason for the low on/off ratio could be
related to the film thickness. The on/off ratio degs on the film thickness using the relation
below [53].

Ion _ﬂ Cozx V.2 4.3
lyg O OANXS °

wherelon andlofs are the on and off currents,is the mobility termg is the conductivityq is
the electronic charg®a is the acceptor density, is the polymer thicknes€ox is the oxide

capacitance andp is the drain bias.

A sub-threshold swing of —1.8 V/decade is obtaifrech the inverse of the slope in
Figure 4. 24 within the voltage range of -1 V and -2.5 V. SkeraValues of the subthreshold
swing are desirable in order to have fast switclipgeds in circuits and thereby less power

consumption. The saturation field-effect mobilitge and threshold voltageyr are also
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extrapolated from the plot dh°°versusVs and are found to be 0.74 é's! and -1.5 V
respectively. The low value of the threshold isiladited to the use of a high-k dielectrid;Os,
with a dielectric constant of approximately 10. Téeuration field-effect mobility of this
polymer has been found to vary from around 0.3\tfs™ to as high as 1 ctw!s? depending

on the device structure and method of depositiothefpolymer [54,55]. It should be noted
that the field-effect mobility extracted here imply a figure of merit as it is obtained using
the square-law dependency for drain current ikowiang the standard MOSFET equation as
given byequation2. 48 which is not entirely applicable to organic TFHowever, more
appropriate material constants suchKaandm expressed in the disordered model derived in

chapter 2 are extrapolated from the characteriaBadetailed in the ensuing sections.

The material constants) andK, are obtained from the plot &fg (dlsa/dVs) against
log (V') as shown irFigure 4. 25 The respective values are found to be approdin@t57
and 2.15 x 18° AV-™ which corresponds toc andMNE of 473 K and 41 meV respectively.
These values are lower than those extracted frarvéhtical Schottky diode measurements
found in chapter 3 most likely due to the evideomtact resistance effects observed in the

output characteristics of the TFTs.

log (dlg, /dV, ) [AV ]
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Figure 4. 25: Plot of log (dk/Vc') against log (\&') for PBTTT-C16 SAG TFT measured at
Vps= -10 V.
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Using the previously derived parameters valuas,d andTc, the dependence of the
effective mobility with change in gate voltage Wracted usingquation 2. 5&and plotted as
in Figure 4. 26 From the plot, it can be seen that the effeatinadility varies with the applied
bias such that, it increases with applied gateag@tdue to the increase in carrier concentration
injected in the channel as explained by the UML tlredVRH mechanism, described in chapter
2.
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Effective drift mobility, u_ [cm?V's™]

Figure 4. 26: Variation of the effective mobilitytbe PBTTT-C16 SAG TFT, with changes in
the applied gate voltage.

Utilising the above mentioned parameters, a fittiofgthe disordered equations
(equations 2. 5@nd2. 5J) is also made to the experimental data using MAABGoftware.
The fit in Figure 4. 27 shows good agreement for values higher than -®&uW,a slight
deviation from -8 V to —10 V. This could be duecmntact resistance effects which are not

accounted for when fitting of the experimental datéhe disordered model.
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Figure 4. 27: Transfer characteristics using theafidered equation (red dots), fitted to the
experimental data (black squares) of PBTTT-C16 ©FW/L=50, oxide thickness of 50 nm
and applied drain voltage,pé = -10 V.

To study the stability of the TFT, repeated forwarttl reverse sweeps (-10 V to
+10 V and vice-versa) are carried out on the temslaracteristics, as shown in the inset of
Figure 4. 24 The off-current changes slightly from 7.7 nA 1.8 nA possibly due to the
unintentional doping effect of oxygen and lightrasntioned in the previous sections. Due to
this effect, the conductivity of the polymer filmareases thereby increasing the value of the

drain current for positive gate voltage values.

An additional feature is the hysteresis formatidrew the direction of the gate voltage
sweep is reversed. This results in a change ithtleshold voltage of -1.5 V to -2.2 V, when
the sweep is from -10 V to +10 V (forward sweepdl ari0 V to —10V (reverse sweep)
respectively. Typically, for an ideal TFT, the-Ves characteristics and subsequently the
threshold voltages are identical regardless oktireeping direction. Such instability could be
because of oxide charge or residual dopant ionsrong in the oxide and semiconductor.
Oxide charges usually include fixed charges, moioites and trapped charges [56,57]. The
presence of fixed charges in the oxide ordinaribnifests itself in the form of a lateral shift
of the Ip-Vgs characteristics relative to the polarity of thduesed charges. In other words, it
does not form a hysteresis effect thereby it ishdl that the fixed charges resulted in the
transfer characteristics obtained. In addition, iieolmns within the oxide would result in a

clockwise hysteresik-Ves characteristic rather than anticlockwise as oleseia this work.
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Alternatively, anticlockwise hysteresis has beesoamted with traps occurring at the interface
of the semiconductor and the dielectric. Thesestap thought to result from morphological
defects of the polymer film, surface polarity andghness of the dielectric [57] and occurrence
of small adsorbed molecules [58,59] such as oxy@en water (HO) and hydroxyl molecules
(OH)) at the interface. The net charge densityraps that subsequently forms results in a
built-in-field that modifies the threshold voltagbereby causing hysteresis between the
forward and reverse sweeps. Modification of theladitric interface using a SAM layer, as
carried out in this work, mitigates but does nanptetely eliminate the degree of hysteresis
[60]. Nonetheless, by the same token, the compomatécules of the SAM layer has a
built-in dipole field that changes the surface ptitd of the metal/semiconductor interface akin
to applying a negative gate voltage [61]. Alterthg magnitude of the built-in-field results in
changes of the threshold voltage and subsequédmliptmation of an anticlockwise hysteresis

occurs.

Additionally, the anticlockwise hysteresis could &ssociated with the presence of
mobile residual dopants/impurities in the semicatdu film [44] due to the use of a
solution-based fabrication process for the fornmatibthe oxide and semiconductor layer. The
anticlockwise hysteresis suggests that the chafrgleeomobile ions in the semiconductor is
negative; therefore, for a forward gate voltageegwiee. from —10 V to +10 V, the mobile ions
firstly deplete from the surface and then accuneupadssibly forming a thin layer of mobile
ions. On reversing the sweep, the opposite ocbussresulting in the hysteresis effect because
of the charge drifting with application of gate tagle. In essence, any surface charge occurring
at the interface of the metal/semiconductor andiobile ions located in the semiconductor
inherently results in hysteresis of the transfeves in so doing influencing both the threshold

and turn-on voltage as observed in this work.

4.4 CONCLUSIONS

A SAG fabrication process that utilises a bi-laglotoresist consisting of an imaging
resist layer and a sacrificial lift-off resist layie presented in this chapter. By varying the soft
bake temperature and time, a parametric studyefitidercut size formed by the process is

carried out. The undercut size is found to increeitie decreasing soft bake parameters due to
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a higher retention of residual solvents within fi@, which eases diffusion of the developer
solution into the resist film resulting in fastelissblution rates and hence undercut sizes.
Moreover, the undercut size is found to have aeladgpendency on the soft bake temperature
parameter than the soft bake time.

A scaling study of the undercut size formed by sbH-aligned process is carried out
using five lateral Schottky diodes with varying gapes, ranging from 0.05 pm to 2 um. The
organic semiconductor used for this study is PTA#h gold and aluminium metal as the
Ohmic and Schottky contacts respectively. The fodwaurrent density is found to decrease,
by approximately one order of magnitude (from 15862 to 0.31 An¥Y), as the gap size
increases from 0.05 pum to 2 um, which is thoughteadue to the overall reduction in the
series resistance of the devices. Moreover, thaitgdactor is found to vary directly with the
gap size, from 5.0 to 2.2 possibly due to reductiothe series resistance, which essentially
affects the potential barrier at the metal/semicabar interface. The derived valuesTafalso
varies with the gap sizes from 913 K to 1853 K;\vh#gation is associated with the anomalous
distribution of extrinsic carriers brought on bybfeation processes. The characteristic
temperature of the trap$¢ also ranges from 671 K to 1503 K. It would howelverexpected
to remain constant as it is a material paramegdinithg the distribution of the traps/states. The
reason for this divergence is still not yet undeostbut it is speculated to be because of the
variation of theTpvalues, which thereby affects the values, obtafoedc as well.

The nature of the current conduction mechanism haf PTAA diodes is also
investigated from the logarithmic plot of the cuntreensity versus the forward bias taken at
the higher voltage regime. At lower voltage valueg, conduction mechanism started off as
being Ohmic however at higher voltage values, treaction mechanism for the devices with
gap sizes lower thandm deviated to that of a SCLC, as observed fronvélees obtained
from the slope (> 2.0).This is due to the fact timthe electrode separation decreases, the gap
resistance also decreases, and thus the currasptid becomes dominated by the properties
of the Au contact rather than by the bulk resisgiaf the film.

The reverse current density values obtained fromm dame devices ranged from
2.78x10° Am to 8.89x16 Am™ since the spin-coated film is non-uniform with iaéion in
thickness of about 12.6 % observed across the ratddsas measured through Ellipsometry

measurements. Devices having gap sizes less tltanrB0are found to have kinks/roll-over
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effects in the reverse characteristics. This pheman is thought to be due to the depletion
layer width overlapping with the depletion layetloé Au contact, as the gap size is comparable
and/or smaller to the width of the expanding deptetayer of the reverse-biased Schottky
contact. This is particularly possible for pure eratls such as PTAA, which has a lower
acceptor density. The acceptor density is extrapdlérom the plot ofoge (Jr) againstvr”,
assuming the applicability of the abrupt depletiegion approximation. The acceptor density
obtained from the slopes of the plots varied by onéer of magnitude ranging from
approximately 2.3810°° m3to 1.7&10?*m, corresponding to a depletion width ranging from
4.8 um to 1.3 um, which effectively exceeds thekhess of the organic PTAA film, 110 nm,
even in the absence of an external bias. The @miat the acceptor density values is attributed
to the variation of the thickness of the activeelagnd thus the amount of residual dopant
within the film. Further characterisation studidstiee charge distribution within the lateral
devices carried out using SILVACO software reveldt unlike vertical Schottky diodes, the
modulation of the depletion width in lateral Schgttiodes is dictated by the lateral field

across the gap and the active layer area ratherttieafilm thickness.

A study on the reduction of the area of PTAA actregion is also carried out by
patterning the previously mentioned lateral diodesng orthogonal solvents. With the
exception of the reverse characteristics of th® Jueh device, the values of the forward and
reverse currents increases after patterning, whiobt as expected. Such findings are thought
to be associated with the unintentional dopindhefactive layer by the chemical solvents used
in the patterning thus resulting in higher bulk doctivity values and consequently higher
forward and reverse currents. Nonetheless, the davwand reverse current spreads are
significantly reduced after patterning, suggestthg reduction of cross talk across the
substrate. Further research into alternative pattgrtechniques/chemicals for this material
would therefore need to be explored.

A planar PBTTT-C16 TFT is also fabricated using tpimised SAG process. The
TFT comprises of anodised aluminium oxide as the deelectric, gold as the source and drain
contacts, and aluminium for the gate contact. Tégeet ratio of the device is 50 with a
dielectric film thickness of about 50 nm and anvectayer with a thickness of 65 nm. The
output characteristics show a slight curvatureldar drain voltage values because of contact

resistance effects at the interface of the contautisthe polymer layer. In addition, the output
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characteristics display poor pinch-off condition®do the presence of residual impurities from

solution processing.

The sub-threshold characteristics of the same istamsmeasured at a drain bias of
-10 V has a sub-threshold swing of —1.8 V/decadkamon/off ratio of 4.26x¥0The low
on/off ratio is associated with oxygen in the arimg a doping effect on the polymer thereby
increasing the bulk conductivity of the film andnice the off-currents. Fabricating and
characterising in a glovebox environment, filledhwinert air and with low humidity content
can lead to better off-currents and ratios. Theraéibn field-effect mobilitypre, and threshold
voltage, V1, extrapolated from the plot df°° versusVe, are found to be approximately
0.74 cmtv-1st and -1.5 V respectively, which agree to those nteiloin the literature. The
lower threshold values attained is attributed ® higher k-dielectric AlO3 used for the gate
oxide. The stability of the PBTTT-C16 TFT is invgstted by applying forward and reverse
sweeps of the gate voltage i.e. from —10 V to +1@nd vice-versa. The results revealed an
anticlockwise hysteresis, which shows an increas#ficurrent from 7.7 nA to 10.8 nA and a
change in the threshold voltage from —1.5 V to \2r2spectively. These changes are thought
to be due to the combined effects of unintentiaeging effects of oxygen molecules in the
atmosphere as well as the migration of the residophnts/impurities in the semiconductor

film retained during fabrication of the devices.

Finally, the disordered model equation developecthapter 2, is used in further
analysing the SAG PBTTT-C16 TFT. Material constasiich asn andK are extrapolated
from the intercept and slope of logldddVs') against log {¢'), and are found to be
approximately 0.57 and 2.15x10AV ™ respectively. This value fon leads to &c andMNE
of 473 K and 41 meV respectively. Using these \@ltlee theoretical TFT data is compared
to the experimental transfer characteristics uMMAJ HCAD software. Good fits are obtained
particularly for voltage values higher than -8 \owever, at lower voltage values, a slight
deviation is observed which is attributed to contasistance effects.
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CHAPTER S

Design, development and
characterisation of organic circuits

using a Self-Aligned Gap process

In this chapter, the disordered models demonstiatetdapter 2 are used for designing mixed
analogue and digital circuits in Cadence circuisige software. The designed circuits are
fabricated using the SAG process developed in ehaptand subsequently characterised in
ambient conditions. Limitations of the SAG fabrioat processes are also discussed in this

chapter with possible solutions to fabrication ctingtions presented as well.
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5.1 INTRODUCTION

The advancement of the design of organic analoguk mixed signal circuits is
increasing in spite of the challenges discussedCivapter 1.Whilst using CMOS-type
technology [1-5] for the design of circuits is adtegeous, its realisation in organic technology
is fraught by key challenges such as the intritmic charge carrier mobility values of both
p- andn- type transistors, the lack of a vast number establen-type organic semiconductors
as well as the added complexity of device fabrazatf bothp- andn- type semiconductors on
the same substrate. The aforementioned issuestheneby resulted in a large number of the

current state of the art organic circuits beingtia to mostlyp-type configurations.

The load transistor gb-type organic circuits can be implemented usingianlmer of
topologies, whereby the most popular ones incladesistor load [6], a pseudo CMOS load
configuration [7,8], a diode-connected/saturatedd|§9], a zero-¥s load [10-12] and a
bootstrapped load [13, 14]. The advantages andlvisdages of these topologies can be
understood by comparing their attributes usingnap$ circuit such as an inverter/amplifier.
Figure 5. 1below shows inverter configurations using the abmentioned topologies.

P
- 1 A 1
Pl ot
- -

I
)

VDD

VSS
a) b)

Figure 5. 1: Different inverter topologies usinglpmp-type transistors. From a) to e) the
inverter configurations are a resistor load topojoga pseudo CMOS load topology, a
saturated load topology, a zerasMopology and a bootstrapped topology respectively.

A resistor load configuration, as shownHigure 5. 1 (a) is usually not employed in
circuits due to the large area needed for theitempntation [15] and their unreliability due to
threshold voltage variations. Another approachrgaaic circuit designs is the pseudo-CMOS
design, which consists of two inverters that hdrtinputs connected to each other, and the
output of the first stage is connected to the outpluthe second stage as shown in

Figure 5. 1(b).This topology offers good dynamic characterisacsl realistic gain values

-130-



Chapter 5 Desigaydlopment and characterisation of organic circuits
using a Self-Aligned Gap process

however at the cost of an increase in the numbéraasistors resulting in an increase in the
circuit area. It also requires a higher power sypm proper functionality resulting in increase

in power dissipation [16].

Alternatively, a zero-¥s load configuration consists of a load transistat thas its
gate and source connections connected to each athshown irFigure 5. 1(c) The output
resistance in this case is high resulting in laggan values, however, the impedance of this
topology is highly susceptible to threshold voltageations which subsequently leads to poor
matching of devices [15]. Mismatching of deviceandan turn prove unfavourable for proper

functionality of analogue circuits such as diffdarahamplifiers and operational amplifiers.

On the other hand, a saturated load configuratdmch consists of a load transistor
that has its drain and gate connected to each,@behown irFigure 5. 1(d)has a high gate
overdrive voltage and is more reliable with regatdsthreshold-voltage sensitivity in
comparison to the zeroe¢ load topology [17]. In spite of this advantages tbrmer has a low
gain due to it small output impedance value; howeseveral techniques can be employed to
boost the gain. A circuit that combines the twailadtes of the aforementioned topologies i.e.
high gain and sufficient reliability, is the bootgtped load configuration shown in
Figure 5. 1(e) It consists of a capacitor connected betweersthwce and gate of the load
transistor and a switch connected between theayatehe power supply. In spite of its high
gain and good reliability when compared to the 2é¢g topology, the latter may suffer from
instability issues as a result of having both @ z81d a pole at lower frequencies [15]. Whilst
the zero-\6sand the bootstrapped load offer higher gain, adilméd topology is instead
adopted for circuit designs in this work to enssi@bility and reliability. To circumvent the
challenge of low gain associated with this topology cascading configuration and
cross-coupled inverter topology with positive feadbare some of the methods implemented

in the design of analogue circuits in this worletthance the gain.

The circuit designs in this work are executed ind€we design software as
demonstrated in section 5.2 of this chapter. Teerdiered TFT model from chapter 2 and the
TFT parameters extracted from chapter 4 are usedhi® circuit designs. Utilising the
optimised SAG fabrication process from chapteridsuits are fabricated and subsequently
analysed in section 5.3. The challenges encountegithdthe SAG process are discussed and

the possible solutions to them are presented itoses.3.
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5.2 MODELLING AND DESIGNING OF ORGANIC CIRCUITS IN CADE NCE
SOFTWARE
5.2.1CADENCE DESIGN MODEL
As the field of organic electronics is relativelgwn, barely any circuit simulating
software contain built-in organic models to aidhe design of circuits. Currently, most models
used in organic circuit designs are modified mod#i®ither silicon based MOSFETs or
inorganic TFTs. In this work, the former approashused with subsequent organic models
being created in Cadence circuit simulator (V.5.1INe key parameters that have been
modified and adapted for the organic model incltidepower factor of the drain current, the
threshold voltage, the off current value, the digle thickness, the contact resistance and the
mobility term. The modified model thereby conssts p-type, silicon transistor connected to
a voltage controlled current source (VCCS) as shioviigure 5. 2below.

S !
GO_”:E |:> ) {Ouukv;KD
: 5

—

Figure 5. 2: OTFT model consisting of a modifielicen p-type transistor. The new model
consists of a VCCS that modifies the drain curexgressions of the conventional transistor
using a Verilog code.

The purpose of the VCCS is to modify the powerdacif the MOSFET linear and
saturation current equations to account for thesim®e in power factor given lny(quantifies
the degree of energetic disorder) as is commonlsenied in the organic TFT current
expressions as shown @guations 2. 5@nd?2. 51. This is executed using a Verilog code,
further details of the code can be found in Apper@i The values ofm andK used for the
code are obtained from those extracted from theqfltng (dlsa/dVs) against log V') of the
PBTTT-C16 transistor i.dzigure 4. 25found in chapter 4.

In addition to the Verilog code, the built-in PSpigarameters of the silicon transistor
are modified accordingly to reflect the organicnsigtor parameters. The source and drain

contact resistanceRsandRp, are modelled using the relation:
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_ Ry, 5.1
w

whereRcis the contact resistandes is the sheet resistance ants the channel width of the

Re

transistor.

Gold (Au) metal is used for the source and draintacts thereby, assuming transistors with
channel widths ranging from 8 mm to 90 um, thenesteéd values modelled for the contact
resistances also range from 300 to 2.68Q.

To set the value of the oxide thickness, an eqentabxide thicknessereris found by
equating the oxide capacitan€®y, of a silicon oxide dielectric (Sipto that of the aluminium
oxide dielectric (AdO3) used in this work as detailedéqguationss. 2and5. 3 below:

C = EOEOX_A|203 - £O£0x_SiQ 5.2
> t0><_AI203 t0><_Siq
Making tox_sio the subject term,
E .
t si =t = | xS0 t
_Sio, OTFT _ALO,
ox_Si ( A0, ox 5.3

wheretox_sig andeox_siq are the thickness and the permittivity of silicotid® andtox_awo, and
cox_Ato;are the thickness and the permittivity of aluminiaride.

Assumingeox_sio = 3.9,tox_a0,= 50 nm andeox_ato, = 10, the value dbrrrused in the Cadence
simulations is therefore set to 19.5 nm.

An effective mobility expression is derived in ckap2 to account for the mobility
dependency on carrier concentration as observedTiRTs. This is subsequently used for
analysis in chapter 4. Given that in silicon equadia single mobility term is used, the average
of the effective mobility obtained in chapter 4uised in the PSpice parameters although it is
important to note that the OTFT mobility prefactatue,K, is modelled in the Verilog code.
The chosen value for the effective mobility teqg, is 0.1 cndV1S?, which is slightly lower
than the average effective mobility. The lower eakichosen for circuit simulations to account
for the expected decline in mobility values seemsg the substrates when fabricating circuits

because of additional processing steps as welllagcating in ambient conditions.
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Lastly, the values of the threshold voltaye,and the off currentos are found from
the values extrapolated from the plotlef°versusVs and the transfer characteristics plot
respectively, as discussed in chapter 4. The valsed are, respectively, -1.5 V and 7.7 nA.
Table 5. lbelow gives a summary of the parameters useceilCddence OTFT model.

Table 5. 1: Summary of the parameters used ilCdmence OTFT model

Parameter Value Unit
m 0.57 -

K 2.15x10'¢ AV™
Re 300x1G-2.68 Q

tox 19.5 Nm

Ho 0.1 cnt/Vs
Vr -1.5 V

l off 7.7x10° A

Utilising the parameters listed in the previous lgabthe experimental transfer
characteristics of the PBTTT-C16 transistor givefrigure 4. 24are compared to the plot of
the transfer characteristics of the Cadence OTFdahas shown ifrigure 5. 3below:

50 " r :
= I
= 401 = Experimental data . =
e ; 410° Q
= i —a Simulated data =
= 3.0} e
S [0
o L
S| 3
) 20 o 4 10—7 -
£ 3 £
®© I J N
a Q
Q 10} >
- |
-8
0.0} 410
-10 -5 0 5 10

Gate voltage, V [V]

Figure 5. 3: Linear and sub-threshold graphs of theasured and simulated SAG PBTTT-C16
TFT swept from ¥ of +10 V to—10 V at a ¥s of —10 V. The thickness of the active layer and
aluminium oxide dielectric is 65 nm and 50 nm resipely. The aspect ratio of the TFT is 50

(W/L=1000 um/20 pum).

FromFigure 5. 3 it is evident that better fits are obtained fateggvoltage values less than
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-5 V). This is thought to be because of contactstasce effects. Although the contact
resistance is included in the PSpice parametdisediilicon transistor, it is believed that better
fits to the drain current will be obtained if thentact resistance is modelled into the Verilog
code as well.

5.2.2 DESIGN AND SIMULATION OF AN ORGANIC COMPARATOR
¢ Theory and design of the Organic Comparators
A comparator is an essential building block of agak-to-digital converters (ADC),

which form an integral part of mixed signal appficas such as in smart sensor systems. The
conversion of an analogue signal to a digital digngreferable as digitized signals are less
susceptible to spurious signals encountered duringing. A comparator computes the
difference between two analogue input sign®ls, and Vinn, and produces a digital voltage
value,VoL andVon, which corresponds to a logic 0 and logic 1 respeky. Vinp, Vinn, VoL and

Von is the positive input voltage, the negative inypoitage, the maximum output voltage and
the minimum output voltage respectivaiygure 5. 4below shows the symbol of a comparator

and the ideal transfer curve of a comparator haamfinite gain.

Vv

out 4

out inp Yinn

\Ann—___'__ \/OL peet

(@) (b)

Figure 5. 4: (a) Symbol of a comparator circuit afid) the ideal transfer curve of a
comparator.

A comparator can easily be implemented using a lsilmmplifier circuit having a
moderately high gain, although, more often than anélogue circuit designers do not chose
this option given that the slew rate of an amplifgelimited. Typically, the propagation delay
time and subsequently the speed of a comparatogelsaas a function of the magnitude of the
input signal, therefore it follows that to obtairsmaller delay time, a larger input would be
needed. In other words, to obtain a fast workingngarator, a steady, linear rise in

current/voltage would be required, which cannotbkieved using a single amplifier circuit.
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This effect can typically be attained using a latoluit as shown ifrigure 5. 5 it consists of

two cross-coupled inverters.

‘V}nn——— ——;‘/-

inp

Figure 5. 5: Schematic of a latch consisting of tweerters connected back-to-back in a
positive feedback topology.

The aforementioned topology achieves an outputgelthat increases exponentially
towards the power supply rails, with time, as desti@ted irequation 5. 4

AV =AV,e' 5.4

Here,

AV :Vinp _Vin

n

=5
I
wheregm is the transconductance of the inverter dri@erns the capacitance at the nodé/gf
andVinn, 4Vois the initial voltage difference betwe¥®mp andVinn, t is the transient time and

is the time constant.

It therefore follows fromequation 5. 4that larger values off\Vo result in shorter
propagation delays and as such a faster time ainineg the required value d. In this thesis,
comparators consisting of a preamplifier, a latetl a self-biased output stage are designed in
Cadence design software using the OTFT model dseclisn the previous section. The
incorporation of a preamplifier stage before theHastage is desirable given that it amplifies
the difference of the input signals before being)ifego the latch which as has been shown is
necessary for achieving shorter propagation détags and hence higher speed. Additionally,
this amplification is essential in diminishing aofyset brought on by the latch. Given that the
gain of a differential amplifier with a single sedted load transistor is relatively small, the
preamplifier is designed with saturated cascodd toansistors as shown kigure 5. 6 The
layout of the same schematic is foundrigure 5. 7 A current source consisting of saturated

load transistors connected in series is used t®the differential amplifier via transistor M9
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and Wias The output impedance of the cascaded topologyreater than that of a single
saturated load transistor thereby resulting ingadii gain value although this comes at the cost
of a reduction of the allowable output voltage syvgiven that the maximum and minimum
output voltage values are dependent on the asgigas 0f the load and driver transistors. The
number of cascade load transistors is limited teelsince a further increase in the number
reduces the output swing without giving considerahtger gain values. The gain in this case

takes the form below:

‘A\/‘ :ﬁrvu(ves -V; )R[otal 55

whereAy is the differential amplifier gairfivi is the process transconductance parameter of
the driver transistoM1, Vssis the gate to source voltggér is the threshold voltage and
Rewotalis the equivalent resistance of the cascaded taagistors i.eM4 to M8.

VDD DIFFERENTIAL AMPLIFIER (15V)

Vbias D—| M9
Vinp D—| M1 M2 |—C|Vinn

Voutn Voutp

e

Voutn Voutp
vouT
—|E'7 ms|lH vz M13|—| |—| |_|
VSS (-15V)

Figure 5. 6: Schematic of the comparator designim@va preamplifier consisting of a
cascaded differential amplifier, a latch stage detisg of a single set of cross-coupled
saturated load inverters and a self-biased difféiedramplifier for the output stage.
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d kL P IR T TIE b ket s e il

Figure 5. 7: Layout of the schematic in Figures5as designed in Cadence design software.
Details of the Design Rule Check (DRC) layout raled the mask containing the layout of the
circuit can be found in Appendix H and | respedtive

The latch in this design consists of saturated oadrters which are always operating in
regenerative mode given that the comparator istspmous i.e. clocks are not utilized in the
designs. The latch and the output stage also fagea supply rail value of 15 V to safeguard
the transistors in the subsequent sections frorakiomg down. An additional stage consisting
of a self-biased difference amplifier is connedtethe outputs of the latch, given that the latch
would be insufficient in driving successive stagiest may have large output capacitances.
Furthermore, this stage adds more gain to theitiaoal converts the two output signals from

the latch into a single output.

¢ Simulations of the Organic Comparators

The DC and transient response of the comparatounitiare done using two different
values of the threshold voltage i.e. —1.5 V and-2.to account for the variation of th&
values as observed in the PBTTT-C16 transistorsadated in chapter 4. A DC sweep of
—9Vto+9 Vis applied at theiry of the M1 driver transistor whereas thgn\éf the M2 driver
transistor is grounded. The valuesvai. andVowr obtained from the transfer curve, shown in
Figure 5. 8(a) having a \fof —-1.5 V, are —0.6 V and —7.7 V whereas the vabfé. and
Von obtained from the transfer curve having aodf —-2.5 V are -0.6 V and —6.7 V. This
observation is made due to the result of a redadticthe overdrive voltage of the devices
having a \fof —2.5 V, which subsequently leads to a redudtiathe current driving capability

of the circuit as well as the output voltage swikgrthermore, the reduced output voltage
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swing observed in this comparator is believed talesult of the high values ofr¥nd o
currents used in the OTFT model. As it is mentiomedore, the high off currents and
subsequently low aspect ratios obtained from th€TPBC16 transistor in chapter 4 is a result
the susceptibility of the polymer to oxygen dopeftgcts. Therefore, the disordered model has
to consider this. On the other hand, previous smmuts of the same circuit, made using a
polycrystalline model with significantly lower ofurrent and threshold voltage values display
a much wider output voltage swing with reportéd andVon values of — 1.2 Vand —13.9V
respectively [18].

{a) (b)

0 0
= Vi V] = of
5 —-1.5 3
s —-25 > VeVl
@ a4l @ | — 1.5
g™ g —
g g
3 6 2 6f
S 5]

8t 8

-8 -4 0 4 8 -8 -4 0 4 8
Input voitage, V,, [V] Input voltage, V,, [V]

Figure 5. 8: Transfer curves of the output voltajehe comparator connected to a (a) latch
stage and (b) one without the latch stage connedtkd positive terminal is swept fref@ V
to +9 V while the negative terminal is grounded.

In addition, DC gains of 45.62 dB and 35.40 dB @b&ained for circuit simulations
having a \f of —1.5 V and —-2.5 V respectively. The valueshefinput offset voltages obtained
for the same circuits corresponded to 0.1 V fohlmtcuits. Offsets are expected especially in
this design topology given that a saturated loactriter is used for the latch. The Voltage
Transfer Curves (VTC) of this type of inverter isually asymmetric, because of using only
p-type transistors. The VTC characteristics of thge of inverter will be discussed further in
the subsequent sections. Reduction in the offsstésnpted by varying the aspect ratio of the
inverters in the latch to ensure that the trip pointhe inverters coincides with the switching
point of the differential amplifier. It is also heVed that the contribution made by the latch
offset to the overall comparator offset is redubgdthe gain of the amplifier. In addition,

appropriate aspect ratios of the output stagelarsen to reduce the offsets given that the input
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offset is a combination of the offset of the pred&fige, the latch and the output stage as shown

in equation 5. 6

Y/ V 5.6

_ V offsetlatch offsetoutput

V offset preamp * A/ A\/Iatch DA\/

offsettotal

whereVofiset, totalS the total offsetVofiset, preampS the offset of the preamplifieVotrset, latciS the

latch offset Aviatch IS the gain of the latch stage avigkset, outpuiS the offset of the output stage.

The impact of the latch stage on the output charestics of the comparator can also
be appreciated from the plot figure 5. 8(b) which shows the transfer curves of the
comparator without the latch. From the graph, thm galues obtained from the comparator
without the latch stage is 22.63 dB and 27.31 dBafvr of — 1.5 V and — 2.5 V respectively,
which is much lower than the values obtained fa& litched comparator mentioned in the

previous section, further corroborating the addeakfit of the latch.

For the transient response simulations, a = 1 \ég@ulaveform with a period of 1 ms
and rise/fall times of 0.1 ms is applied at,\Mvhereas V4 remained grounded. The outputs
obtained are detailed iRigure 5. 9 Propagation delay values of 3.28 ms and 3.4 ras ar
obtained for the Yof — 1.5 V and the Yof — 2.5 V respectively, corresponding to operzdio
frequencies of about 300 Hz. The resolution ofdbmparator is also found to be 0.1 V and
0.3 V for the \f of — 1.5 V and the Yof — 2.5 V respectively.
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Figure 5. 9: Transient response of the comparatithvan input pulse of £1 V, period of

0.1 ms and rise/fall times of 0.01 ms. The inpuaipiglied to the input voltage (on the positive
terminal) while the negative terminal is grounded.

A circuit containing two additional inverters in ethlatch stage, as shown in
Figure 5. 10is also designed.

VDD DIFFERENTIAL AMPLIFIER (15V)

Vbias D—l M9

VDD LATCH (0 V)

Voutn Voutp

FHE3 MZ"— lM26
—"Es ME”— M10 gﬂ—w“ M16|M18 }TE}V_"%H M23 I—Voutp
—|EI7 M’a|— ‘—{Mul—{ MlSﬁ |_|M21 I.I ﬁ&‘m M'ZE’H_I

Figure 5. 10: Schematic design of the comparatocuii having two additional inverters at
the latch stage.

M15 M17 }—IMI‘)

VSS(-15V)

Similar to the previous sections, the DC and tramsanalysis are investigated as shown
in Figure 5. 11 The minimum and maximum output voltage of thisige is found to be
-3.9V and -7.7 V for awof —1.5 V. The input offset voltage and the opmsopl DC gains are
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found to be —0.2 V and 11.6 dB respectively. Therall reduction in gain in comparison to
the previous design is attributed to the reduatiaihe output voltage swing given that the gain
is proportional to the output voltage range. Thaeppgation delay and resolution of the second
circuit design is 13.0 ms and 0.5 V. The overalag®f this comparator increases because of
the additional propagation delay associated wighierter stages added to the laitable 5.

2 shows a summary of the DC and transient charatit=iof the two comparator circuits

whereasTable 5. 3shows a summary of the values of the device paeme

(a) (b)

A0 4.0 —
= =
5 5
3 50} 3
o g 90
[=:3 on
£ 60F <
g g
E 3 60
5 -7T0F 3
o o
-8.0 7.0 . ] L s

-8 -4 0 4 8
Input voltage, V,, [V]

0.0 04 0.8 1.2 1.6
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Figure 5. 11: (a) Transfer curves of the outputage of the comparator having two additional
inverters at the latch stage. The positive termiaawept from9 V to +9 V while the negative
terminal is grounded. (b) Transient response of shene inverter. The input pulse has a
magnitude of £1 V, period of 1 s and rise/fall tsv& 1 ms. The input is applied to the input
voltage (on the positive terminal) while the negatierminal is grounded.

Table 5. 2: Summary of the DC and transient prapsrof the two comparators designed in
this thesis.

Comparator schematic Figure 5.6 Figure 5.10
Threshold voltage (V) -1.5 -2.5 -1.5
Current consumption (nA) 861.7 726.0 861.7
Supply rails (V) +15 +15 +15

Input offset voltage (mV) 10.0 10.0 -212.0

DC Output voltage swing (V) xg; - (733 &; - (G)S &; - ?3
DC Gain (dB) 45.6 354 11.6
Resolution (V) 0.1 0.3 0.5
Propagation delay (ms) 3.28 3.4 13.0
Operational frequency (Hz) 294.1 304.9 76.9
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Table 5. 3: Summary of the device dimensionseo€timparators designed in this work.

Comparator schematig Figure 5.6 Figure 5.10
Current source Width of transistors (um) | 300 300
Current mirror Width of M9 (mm) 4 4
Pre amplifier stage Driver width (mm) 6 8
Load width (um) 550 650
Latch stage Aspect ratios (S) 750/90] 1S 200/20
S 300/60
Ss 450/100
Output stage Driver width (mm) 1 1
Load width (um) 50 5
Width of M18/M26 (mm) | 1 1
Channel lengthi(m) 20 20

5.3 CHARACTERISATION OF SAG ORGANIC CIRCUITS
5.3.1FABRICATION METHODOLOGY
Figure 5. 12below shows a structure of a circuit block typigatiade using the planar
SAG process. The source and drain contacts comgpirigeld (Au) electrodes, whilst the gate
contact consists of aluminium (Al) electrode. Tladegoxide constitutes of aqueous anodised
aluminium oxide (AiOs) and thep-type semiconductor is PBTTT-C16. P3HT polymersoa

used occasionally for comparison purposes.

VDD

IN—l

V&8s

v VDD (0V)

Aluminium 1
[] Aluminium 2
DAIumina
[]Gold

. Megative photoresist
[ Polymer

VSS (-15V)

Figure 5. 12: Structure of prospective circuit bksand lateral devices processed on the same
substrate, at the same time using the SAG fabongirocess.

The procedures involved in the development of tAS Sircuit are explained further

in the following section and demonstrated graphycal Figure 5. 13 The processing steps
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involved in defining the source, drain, gate cotdgaand gate oxide (steps 1 to 5), are as
discussed irsection 4.2.1and4.3.10f the lateral diode section and self-aligned &ettion
respectively as outlined in chapter 4. In this isecta brief overview of the formation of the
crossover structures as well as the formation@tdp metal contact for interlayer connections

is presented.

1. Glass cleaningSame process as described for “glass cleaningédtion 4.2.1

2. Gate contact patterning and gap formati®imilar to “Al patterning and gap formation”
in section 4.2.1

Source/Drain formationAkin to “Au patterning” insection 4.2.1

Dielectric growth:Exact process as “Gate oxide formation’settion 4.3.1

Al etch: Same process as described for “Al etchsa@ation 4.3.1

o g bk~ w

SUS8 crossover.

This mask layer defines the areas where crosstnetigres are produced.

* A negative image resist (SU8 2000.5) obtained fioGas Electronic Materials,
UK, is spun on the circuit samples at 3000 rpm3f@iseconds, followed by a post
application bake (PAB) for 90 seconds at I’TDon a hotplate as shown in
Figure 5. 13 (u)

e The resist-coated samples are then exposed touwdiet (UV) light through a
chromium-coated mask containing the crossover palégout as demonstrated in
Figure 5. 13 (v)

* The exposed samples are subsequently baked &aCIfb0 120 seconds and left to
cool down to room temperature on a glass slabdougaan hour.

« The cooled samples are developed in Ethylene catbofEC) solvent for 60
seconds. EC solvent is a negative photoresist dpgekolution, which is procured
from A-Gas Electronic Materials, UK. The samples kter rinsed thoroughly in
propanol for a further 60 seconds and later drigd & nitrogen gun.

 The samples are cured at increasing temperaturéd 6€, 100 °C, 130 °C, and
160 °C for 5 minutes with a 10 minute interval beén each curing step as shown
in Figure 5. 13 (w) The last step consists of a further curing stepila °C for 30
minutes to ensure proper adhesion of the curedoves structures onto the sample.
Failure to cure at the specified elevated tempegatesults in peeling off the SU8

layer as will be demonstratedsection 5.3.2
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7. Aluminium (2) contact formation.

This layer defines areas where contact between @oldrce/drain) and (gate) aluminium is

required as well as completing crossover structures

A positive image resist (HPR 504) is spun on thexdas at 3000 rpm for 45
seconds, followed by soft baking of the sampledldi °C for 90 seconds on a
hotplate as ifrigure 5. 13 (x)

The resist-coated samples are then exposed tovdiet (UV) light through a
chromium-coated mask containing the aluminium |gadtern/layout as shown in
Figure 5. 13 (y)

The exposed samples are then developed in HPRRI&ZSoper for 45 seconds.
The samples are then rinsed in deionised waterdaed with a nitrogen gun as
demonstrated ifigure 5. 13 (z)

The samples are left in an oven set atIDfdr 30 minutes to evaporate any residual
water droplets on the samples. A light oxygen pkasreatment for 30 seconds at
an RF power of 15 watts is subsequently perfornrethe samples to roughen the
samples to ensure the subsequent Aluminium lajekssivell to the sample.

A 100 nm thick Al layer is thermally evaporated ttie samples at a rate of 4 A/s
at a pressure of 1.96x1@nTorr as shown iffigure 5. 13 (a.a)

After evaporation, the samples are immersed in akdre of 80°C heated
micro-stripper solution (photo resist remover)pnder to lift-off the resist as well
as the unwanted Al layer as indicatedrigure 5. 13 (a.h)The samples are rinsed
thoroughly in deionised water, dried with a nitroggun and cleaned using
UV-radiation to remove residual resist contaminantgreparation for polymer

deposition in the next step.

8. Polymer depositionin this section, two different polymers are usediéfine the active

area as demonstrated in the following steps.

PBTTT-C16 polymer - Same process as described Rotymer deposition of
PBTTT-C16” insection 4.3.1and as demonstratedfigure 5. 13 (a.c).
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Poly 3-hexylthiophene (P3HT) polymer— Used for etégrising and comparing
the mobility and speed performance of the invertelative to the devices and
circuits made using PBTTT-C16.

Prior to deposition of the P3HT polymer, the sudtsts are briefly exposed to
oxygen plasma, followed by the formation of a ssléembled monolayer (SAM)
using hexamethyldisilazane (HMDS) purchased froffa Alesar. The SAM layer
is formed by spin coating the HMDS solution at &B0pm for 45 seconds onto
the sample followed by annealing on a hotplate0at@ for 300 seconds. This
improves the adhesion of the polymer onto the santpkreby enhancing
molecular ordering of the polymer on the sampleéddP obtained from Ossila
Limited, UK is then dissolved in hot (100°C) tolgesolvent. The solution is left
to mix thoroughly with a magnetic stirrer, on a Iptdte, for three hours. While
still hot, the solution is then spun on the sampteR000 rpnfor 45 secondswhich
resuls in a film thickness ofibout 70 nm. The films are subsequently annedled a

110 °C for 10 minutes. The samples are left in vatwvernight prior to electrical

characterisation.
uv
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Figure 5. 13: Summary of the SAG fabrication praces
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5.3.2RESULTS AND ANALYSIS

The fabrication of SAG circuits using the processatiined in the previous section is
carried out and the results will be elaboratedhierrtin the following section. The design and
modelling of the circuit is done using Cadence Mo”0 software as mentionedsiaction 5.2.1
whereas the DC characterisation of the circuitsagied using a Keithley semiconductor
system in dark, ambient conditions. Alternatingrent (AC) and transient measurements of
circuits are executed using a set-up equipmentisiimg of an Agilent 33220A signal
waveform generator connected to a Falco SystemeMAMAOL high voltage amplifier and
two power supply units connected to the circuitemikst. The input signal comprises of a
15V peak to peak step signal with varying valuesemuency whereas the output is measured
using an Agilent 54621D oscilloscope. The outputosnected to the oscilloscope via a buffer
amplifier to reduce loading effects from the osstiope.

¢ Analysis of circuits made using the SAG process

Nonetheless, a saturatpetype load inverter is successfully fabricated andlysed.
Given the simplicity of the inverter topology, & imperative for any future fabrication design
prospects to at least demonstrate a working invextethe initial step to realising organic
integrated circuits. On the other hand, the retidtinaof the organic comparators designed in
section 5.2.1is futile because of the challenges faced with $#¢5 process that will be
discussed in the succeeding section. In this gsectibe saturateg-type inverters are
characterised. The operation opdype saturated load inverter can be described |lksvg
when the driver transistor is off, the output af thverter is a logic level 1 and is determined
by the leakage current of the continuously on lbadsistor. In this case, the high output

voltage takes the form given @aguation5. 7 below:

Von DVSS_VT_L 57

whereVon is the high output voltage, which corresponds logic level 1, VSS, is the power
rail andV _Lis the threshold voltage of the load transistor.
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Conversely, when both the driver and load transite on, logic level_0 is registered.

The output voltage in this case is determined leyapect ratios, W/L of the driver and load
transistor as illustrated usimguation 5. &elow:

Vol D(VSS_VT)_ Vs~V > 8

Ji+(B./Bs)

whereVo. is the low output voltage, which corresponds togac level 0, VT, is the threshold
voltage, which is assumed equal for both of thendistors, andf. and fp are the

transconductance parameters of the load and drevesistor.

The Voltage Transfer Curve (VTC) graph of a satddbad inverter made using the
SAG process is as shownhkigure 5. 14

—s— Measured data
—=— Simulated data|

VDD

VIN—| M1
VOUT

M2

Output voltage, V1 [V]
co

12 F

-8 -4 0 4 8
Input voltage, V) [V]

Figure 5. 14: The measured and simulated Voltagen3ier Characteristics of a saturated
load inverter (inset) made using PBTTT-C16 polyniére values of 36 and \6sare 0 and
—-15 V whereas the input voltage is swept frehV to +9 V. The channel length, L = 20 um,
is the same for all the transistors whereas thethvaf the driver (W) and the width of the
load (W) are 500 pm and 90 pum respectively.

The experimental values Wb andVon values are found to be —2.2V and -13.3 V respelstiv
whereas the simulated values are —2.18 V and -3 /&Spectively. The gain of the inverter
is obtained from the derivative of the VTC plot aedound to be 12.4 dB, which is slightly
higher than the simulated gain, which has a vafuE0alB. The lower gain for the simulated

inverter could be because of underestimating tresttonductance values of the transistors. To
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get a better understanding of the effect of thestanductance values on the gain of the
inverter, the theoretical gain of the OTFT is dedvas shown in the ensuing sections. The

small-signal DC gainAv, of an organic saturated load inverter takes oinen f

A\/ = _ngRload 5.9
Here,
1
Road = (_jurm”roz 5.10
Om2
A = _ng{(iJHrm”roz} 0- Ty 5. 11
Ou2 SIYP

wheregm: andgwmz is the small-signal transconductance of the draret load OTFTs (M1 &
M2), Road is the total load resistancey androz are the output resistances of the driver and
load transistor (M2) respectively.

The expression foguw: below can be found by finding the derivative of gaturation

drain source current given by equat@rbl

0l _ KIWITZ™ (Vos V)™ 5.12
0V  LO2m+1)[2e,6T.k)"

Ou

Given that the channel length of the driver andlltvansistors are the same in this work
and assuming that the process parameters of tharenvequal, the small-signal DC gain finally

takes the form:

)2m+1

ng:WMl GS_VT_Ml W, 5.13
vz Wuo Gs_VT_Mz)Zrml Wiz

Equation 5. 13uggests that the gain is determined by the deMcensions, the degree
of disorder of the polymer and the overdrive vodtdgereby for higher gain values, larger

aspect ratios and larger overdrive voltages woalddeded. Increasing the gain by these means
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would however result in limiting of the allowablaitput voltage swing thereby providing

unfavourable dynamic response characteristicseoirtverter.

An inverter is also typically characterised by mteise margins, which essentially
describes the tolerance level of the invertergptarisus signals occurring at the input before
its operation becomes corrupted/incorrect [19]. €3alty, positive noise margins are required
for proper functionality of an inverter. The nomsargin highNMy and noise margin loMM.

are typically described using the equations below:

NM,, =V, -V, 5. 14

5.15
NML :\/IL _VOL

whereVon is the high output voltage when the input volte&gequal to zero/vp, VoL is the
low output voltage when the input voltage is eqoaV/ss andVi4 and V. are the high input
voltage and the low input voltage extracted fromWT C of the inverter where the gradient of

the curve is equal to -1 V/V.

In an ideal inverteMMy andNM_ are typically equal to Y42 respectively; thereby the
sum total of the two can never exceed the poweplgumils. TheNMy and NM. of the
aforementioned inverter is found to be 7.2 V ar@b0/ respectively which means that in an
example of a worst-case situation, a low outpunftbe inverter may not be sufficient to drive
subsequent inverter stages connected to this enedding to a degraded dynamic response.
The poor noise margins are attributed to the asymynodf the VTC of thep-type only
technology employed in this work. The use of adadgver width relative to the load in order
to obtain higher gain margins contributes to th@ehentioned characteristics. Furthermore,
the asymmetry is also associated with the switcpimgt of the inverter, which is dependent
on the ratio of the threshold voltage of the dri@ed load transistors. By incorporating a level
shifter [20] at the front of the saturated loadarter, the switching point and VTC can be
centred and the noise margins can be improved. Menéhis comes at the expense of an
increase in circuit complexity due to the needdirextra power supply, increase in the circuit
area and lastly significant power dissipation owiaghe large amount of current flowing in

the branch of the level-shifter.
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Another means authors have tried to improve thenasstry of the VTC characteristics
is by using a dual-gate enhanced logic [21] whig$eatially entails using a top-gate bids;,
on the driver transistor to vary the threshold agé of the pull up transistor. Using this
technology, slightly improved noise margins haverbeecorded for saturated load inverters,
although using two sources of power [22]. Unforteha Vug values greater than the power
supply are required to achieve symmetry therebuyltiag in a larger power consumption.

Moreover, the overdrive of the pull up TFT is redd¢hereby resulting in slower pull-up times.

Variations in the threshold voltage and mobilityues of the transistors of the same
inverter can affect the noise margin of an inveagwell. A patterned growth of the active
layer [23] can however mitigate the spreads inatamns. In this work, it is believed that the
use of a polymer with a good structural 2D motiflsas PBTTT-C16 reduces the variations.
As mentioned in chapter 3, the PBTTT-C16 polymeved ordered because of interdigitating
of its alkyl side chains via thermal annealing whiacilitates a closet-n stacking motif. To
further enhance charge transport, it is more adgadus to use a flow coating technique [24]
to align the nano fibrils of the polymer along thkannel length of the transistors as

demonstrated by work carried out by DeLongchanmgd.etising the same polymer.

Table 5. 4below gives a literature summary of the dynamsposse characteristics of
inverters made using the same polymer with diffedead topologies i.e. saturated load
topology [25], CMOS topology [26-28] and resistiead topology [29].With the exception of
[28-29], most of the published devices as wellas inverter in this work, operate at high
power supply rail values i.e. > 5V so as to congaém for the semiconductor mobility. The
inverter in this work has a moderate gain on 1B4wdilst other authors have gain values
ranging from 16 dB to 32.5 dB. It is not easy te tize gain as a figure of merit in quantifying
the performance of this inverter relative to thheos given that the gain is affected by the
aspect ratios of the driver and load transistordeasonstrated iequation 5. 13In addition,
out of all the five published inverters, only Baké al., gives the dimensions of the transistors
used in making the saturated load inverter. The@sptios of the driver and the load transistor
are 20 mm/20 um and 2 mm/5 um respectively, whisibly translates to a higher gain value
in comparison to the inverter made in this work. tBa other hand, the noise margin values
would give a reasonable measure of the qualityoblustness of the inverters to spurious
signals. Luzio et al., repoktMy andNM. values that are 28 % of the power supply rail wher

the inverter in this work hasMy andNM_. values that are 48 % and 0.3 % of the power supply
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rail values. The latter inverter has a better ntaderance for high voltage values but a very
poor tolerance for the lower voltage values. Thiealenced noise margin values arise because
of the asymmetry of the VTC of theetype only technology, which are because of usangd
driver width to obtain high gain values.

Table 5. 4: A comparison of the dynamic parametdrgverters made using PBTTT-C16
polymer.

Circuit Power NMu | NML | Gain | References
topology | supply V) | (V) | (dB)
V)

Saturated 40 16 M. Baklar, P. H. Wobkenberg, D. Sparrowe,| M

load Goncalves, I. McCulloch, M. Heeney, T.
Anthopoulos and N. Stingelin [25].

CMOS 50 12 W. Huang, J. C. Markwart, A. L. Briseno &hd
C. Hayward [26].

CMOS 20 32.5| Y. Hu, C. Warwick, A. Sou, L. Jiang and|H
Sirringhaus [27].

CMOS |5 1.4 1.4 1.5 | A. Luzio, F. G. Ferré, F. D. Fonza avi.
Caironi [28].

Resistive | 5 2 Y.-Y. Noh, N. Zhao, M. Caironi and H.

load Sirringhaus [29].

This 15 7.2 0.05| 124

work

The transient analysis of the same inverter is edsded out and the plots of the result
are as shown ifrigure 5. 15 An input pulse with a frequency of 1 Hz is preéer for the
extraction of the relevant transient parametergmithat the output response of the inverter
becomes less stable and attenuates with increate imput frequency as demonstrated in
Figure 5. 15a) to (d). As can be seen, thH signal drops from -13.25 V to —7.16 V with an
increase in frequency from 1 Hz to 100 Hz. Simylavlo. also drops from -=1.72 V to -2.95 V

with the same increment of frequency.
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Figure 5. 15: Transient response of a saturatedilowerter with PBTTT-C16 polymer as the
active layer. The frequency of the step pulse appdit the input terminal is varied from 1 Hz
to 100 Hz as shown in the figure from a) to d). Magnitude of the step pulse is 15 V.

The fall time i.e. the time it takes for the outpesponse to drop from 90% to 10% of
the logic 1 level, is found to be 5.1 ms. The falle in this circuit topology is determined by
the time required to discharge the load capacitascemonstrated Figure 5.16 The current
available to the capacitive load during this timsupplied from the driver transistor, although
the load device uses some of it up. To make a cosgueof the experimental values obtained
for the fall time to the ones obtained from thewdmted results, a value for the load capacitance
would need to be estimated. The load capacitarrgdédall time is estimated in the following

section using the schematic showrigure 5.16

-153-



Chapter 5 Desigaydlopment and characterisation of organic circuits
using a Self-Aligned Gap process

VIN—| M1

£ §

Figure 5. 16: Structure of the saturated load inteercircuit used for the estimation of the load
capacitance.

As the input of the driver goes from logic 0 to.d. i(0 to —15 V), the output goes from
high to low. The load capacitance that is assodiafiéh the fall time comprises of the gate to
drain chargeCcp, of the driver transistor (M1), the gate to soucepacitanceCgs, of the
transistor in the next stage (M3), ti@ss of the saturated load transistor (M2) and the

capacitance associated with the buffer amplif@iser. The equations for these capacitances
are as shown below:

CGD_Ml_Iinear = 2(Cox ELD NVD)-'- %kox D— NVD 5 16

5.17
CGD_Ml_sat = Cox D]'D mVD

CGS_MZ = Cox D‘D NVL + %kox D‘ NVL 5 18

5.19
CGS_M3 = C0>< ELD |jva + (}é)cox EL |jva

whereCep_m1_iinear CONSists of the gate to drain capacitance of theedtransistor, M1, in the
linear regime and the associated Miller capacitahuseto the input switching from low to high
and the output switching from high to lo@sp_wm1_sadS the gate to drain capacitance of the
driver transistor, M1 in the saturation regins_mzis the gate to source capacitance of the
M2 transistorCgs_wma3isS the gate to source capacitance of the drivesistor in the next stage,
M3, LD is the overlap length of the source/drain contaetsr the gate contact¥\p is the
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driver width of M1 and M3 assumingmi=Wwus= Wb, WL is the width of the M2 transistand

L is the channel length which is the same for alttansistors.

Given that a SAG process is used to make the ierseiit is therefore assumed thét
is equal to zero. Therefore, the total load capace of the fall timeCtis given byequations
5. 20and5. 21whereCs jinis when the M1 driver transistor is in the lineagime andCs satiS
when the M1 driver is saturated.

Cf_Iin = CoxVVD L+ 2/3C0><WL L+ Cbuffer 5. 20

1

C = E Co><VVD L+ 2 3 Co><VVL L+ Cbuffer 5.21

f_sat —

By including the value foCputter, the values ofCt jin and Cs_satrare found to be 159 pF and
151 pfwhich corresponds to a simulated fall time valud @fs which is close enough to the
experimental value obtained of 5.1 ms. The highgreamental fall time is a result of the
decline in the effective mobility of the circuitvgin that the circuits are characterised in air
rather than in a nitrogen-filled glove box. Thenseent response of the simulated data is shown

in Figure 5. 17below.

0 =
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S -12} | \_
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_20 1 " 1 " 1 h 4 * :
0.0 0.5 1.0 1.5 2.0
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Figure 5. 17: The simulated transient response shtrated load inverter. A 1 Hz step pulse
with a magnitude of 15 V is applied at the inputti@al.
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Similarly, the rise time i.e. the time it takes tbe output response to increase from
10% to 90% of the logic 1 level, is found to bedl®s. The rise time is determined by the rate
at which the saturated load transistor sinks athefcurrent from the driver transistor. In other
words, the driver can be seen as a constant cusoemte for the load transistor to charge the
capacitive load. Given that the aspect ratio of ltteed device is smaller than the driver
transistor, the rise time would be expected toreatgr than the fall time as observed from the

experimental results.

An estimation of the load capacitance can be ddriiee the rise time. The load
capacitance for the rise time comprises of @@ of the M1 driver transistor as given in
equation5. 17 the associated Miller capacitance due to thetispitching from high to low
and the output switching from low to high, tBesof M2 as given in equatioh 16and Cpufrer.

The total load capacitance associated with thetinse, C;, can thereforbe found from
the sum total of the aforementioned values. Ther#teal value ofC; is 162.8 pF, which is
slightly larger than the capacitance for the fialle. The simulated rise time value is found to
be 4.2 ms, which is also close enough to the exymerial value. The average propagation
delay, tp, of the measured inverter is found to be 3.4 msesponding to an operational
frequency of 292 Hz. Similarly, thg of the simulated inverter is found to be 0.6 ms
corresponding to an operational frequency of 16Z0the higher average propagation delay
obtained from the measured inverter is becaused#ctine in the effective mobility of the
devices as they are measured in ambient conditidnether possible explanation for the
difference in the operational frequency could bedise of underestimating the channel length
of the device in device simulations. In the simedatievice, a fixed channel length of 20 um is
set however, in the making of the actual deviograation in the undercut size could occur as
discussed extensively section 4.2.1of chapter 4, which subsequently results in vemmaof
the channel length values. In this case, it is$itda that a larger channel length is fabricated
thereby resulting in a reduction in the speed @& ihverter circuit. A summary of the

experimental and simulated inverter characterissicgven inTable 5. Sbelow.
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Table 5. 5: Summary of the DC and transient propsrof the experimental and simulated
inverters made using PBTTT-C16 polymer.

Parameters Experimental| Simulated
Values Values
Power supply (V) 15 15
Gain (dB) 12.4 10
DC: VoL (V) -2.2 -2.3
DC: Von (V) -13.3 -13.25
Transient: \&. (V) -1.7 -2.18
Transient: \bu (V) -13.4 -13.25
tr (Ms) 19.9 4.2
tr (MS) 5.1 1.0
tp (MS) 3.4 0.6
Operational frequency (Hz) 292 1670

It is important to note that the estimation of tbad capacitance in this work did not
take into account the junction capacitance founmvéen the source and the gate contact.
Typically, when a TFT is on, the source terminalgieunded while the drain terminal is
forward biased. A depletion layer therefore existder the source contact due to the difference
in the work function of the metal and the semicaitdu (0.2 eV) as has been discussed
extensively in the last three chapters. For aratdd load inverter, the gate to drain bias is kept
constant; hence, the barrier height of the junasdeept constant. However, by fluctuating the
gate to source potential in the load device, thewrh of charge entering the transistor
fluctuates and so does the potential barrier. &ylosntly, there is a fluctuating charge on the
source contact side, which is effectively mirrot®dfluctuating charge on the gate as well

thereby resulting in additional charge on the gatgource capacitance.

The effect of varying the driver width of the intaris also investigated using three
inverters with the following driver widths: 800 um10 um and 300 um. The graph of the
forward and reverse sweeps of the VTC are shoviigare 5. 18 As the width of the driver
device increases from 300 um to 800 um, the DC giaihe forward sweep increases as well
from 4.7 dB to 15.3 dB as it is proportional to tin@nsconductance of the driver transistor.
Similarly, theVo. value decreases from —-1.3 V to —4.4 V with therease in driver width as
expected, given tha¥oL is determined by the aspect ratio of the drivedt bad width as
demonstrated irquation5. 8 On the other hand, théon value remains fairly constant at
-13.6 V and -13.5 V for the 710 um and 300 um dewbereas for the 800 um device, the
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value is slightly higher at —12.3 V. The reasontfis could be that thet | of the 800 pum
inverter is slightly higher than thér | of the other inverters, resulting in a reductiortiod
output voltage swing. Another important observatstihat the switching point of this inverter
is more negative than the other inverters, whichtremlicts the theoretical expectation,
whereby it would be expected that as the drivetimidcreases, the switching point would also
shift towards more positive values thereby compsamgi the noise margins and dynamic range
of the inverter. This observation seems to corrateothe fact that the threshold voltage is
different in the load device of the inverter havan@b of 800 um. This seems plausible given
that variations in the film thickness of the oxmedifferent parts of the substrates could occur

during the growth of the dielectric thereby resgtin different threshold voltage values.

Figure 5. 18: The VTC of a saturated load invereth PBTTT-C16 polymer as the active
layer. The value of the driver widths is 800 un) pin and 300 um whereas the width and
length of the load and the driver transistors aepkconstant at 90 um and 20 pm respectively.
The values of b and \6sare 0 and —15 V whereas the input voltage for@i@&response is
swept from -9 V to +9 V and vice versa.

Table 5.6over leaf gives a summary of the DC and transpoperties of the previously

mentioned inverters.
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Table 5. 6: Summary of the DC properties of irverimade with different driver widths made
using PBTTT-C16 polymer.

Width of driver (um)
800 710 300

Forward DC sweep

VoL (V) -1.3| -34| -4.4
Vor (V) ~12.3| -13.6] -135
DC gain (dB) 153 11.1| 47

Reverse DC sweep

VoL (V) -1.3| -34| -44
Von (V) -12.3| -13.5| -13.3
DC gain (dB) 12.7 6.6 1.8

The DC and transient response of the inverter studi Figure 5. 14is carried out
using a thiophene-based polymer, P3HT that is kntwhave a lower mobility value than
PBTTT-C16 polymer. The aspect ratio and topologthefSAG TFT used in characterisation
of the PBTTT-C16 polymer in chapter 4, is adopi@dcharacterisation of the P3HT polymer.
The output and transfer characteristics of the $¥8BIT TFT are shown iRigure 5. 19 The
on/off ratio of the transistor is found to be abbéx1#. The saturation field-effect mobility,
Hte and threshold voltag®r are also extrapolated from the plot gft°versusvs and are found
to be 0.01 crfvist and 2.5 V respectively.
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Figure 5. 19: Linear and sub-threshold plots ofrsppated SAG P3HT TFT swept frogsV
of +10 V to —10 V at a ¥s of —10 V. The thickness of the active layer andrahium oxide
dielectric is 70 nm and 50 nm respectively. Thesasmtio of the TFT is 50

(W/L=1000 pm/20 pm).
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The graph of the VTC and the transient responsbeoP3HT inverter are as shown in
Figure 5. 20 From the VTC curve the values obtained for thie,gdo+ andVoL are 5.6 dB,
-13.7 V and - 2.9 V respectively. The lower gairtaited is associated with the lower
transconductance value of the transistors duedoct®n in the mobility of the active layer.
Furthermore, the use of different SAM layers (O&PA and HMDS for the PBTTT-C16 and
the P3HT devices respectively) to modify the irdee of the dielectric and OSC may affect
the electrical conductivity of the individual trasters, which subsequently affects the driving
capability of the inverter circuits. Whilst usingetsame SAM layer for characterisation of the
two polymers would have been ideal, it was diffidiol obtain a uniform spin-coated P3HT
layer sticking onto the sample that has ODPA tleeeeHMDS SAM layer is chosen instead.
In other words, the polymer adhesion of PSHT on @ifeated samples is poor in comparison
to that of the adhesion of P3HT on HMDS-treatedgas However, a study of the electrical
performance effect of SAM layers on plasma-treatachina-based OTFTs shows that samples
having silane based SAMs have substantially hitgedtage currents and significant threshold
variation in comparison to samples having an ODRMS3ayer [30]. This is corroborated with
XPS data, which shows the surface coverage of DIRAOSAM on the plasma-treated alumina
having a greater packing density compared to tla@eibased SAM on the same surface. In
such a case, it is likely that the molecular omigof PBTTT-C16 on ODPA is better than that
of P3HT on HMDS, which translates to better chargasport.

The rise and fall times of the P3HT circuit invernte 250 ms and 70 ms respectively.
The average propagation delay is 38.4 ms, whickteglto an operational frequency of 26.1
Hz, which is one order of magnitude lower than ¥adue obtained for the PBTTT-C16
polymer, further highlighting the advantage of gsimaterials with higher charge carrier

mobility values to increase the speed of circuits.
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Figure 5. 20: The VTC (a) and transient respongeofta saturated load inverter with P3HT

polymer as the active layer. The values of ¥nd \ssare 0 and —15 V whereas the input
voltage for the DC response is swept from -9 V @0W For the transient response, the
frequency of the step pulse applied at the inpuhiteal is 1 Hz. The magnitude of the step
pulseis 15 V.

¢ Challenges of the SAG process
Although simple circuits such as inverters areitsied using the SAG process, there
are a number of key challenges that are encounteri@ realisation of the circuits. Some of
the challenges are fixed in this thesis whereasrstare simply mitigated as discussed in the

subsequent sections.

The first major challenge in the SAG process isoentered in the second processing
step, which is essentially patterning of the gaietact and formation of the gap using the
bi-layer photoresist (i.e. the LOR resist and thaging resist). Initially, the fabrication of the
circuit would fail due to failure in the formatiarf the gap. As it is mentioned gection 4.2.1
of chapter 4, the formation of the gap is dictdbgdhe soft bake process parameters. In the
SAG process, it is necessary to develop the bilpletoresist twice with a hard baking step in
between the two developing times to create a diffee in the dissolution rates of the two
resists for proper formation of an undercut/gameotise, the gold and aluminium metal
contact will remain intact. If the gold and therminium metal layer remain in contact, when
one proceeds to the next processing step i.e. grofmhe dielectric, the gold layer will peel
off as shown irFigure 5. 21 The two ways to mitigate this is by ensuring ésralways a gap
formed between the Au and Al contact and also reduthe channel widths of the transistors
to <1000 um or alternatively using a finger-typpdlngy to spread out the area of the widths.
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Increasing the gap size would not be a viable optas it would result in larger channel
resistances, which subsequently leads to reduatidine driving capability of the devices as
observed in chapter 4. Further research into ates® ways of achieving the self-aligned gap

would therefore be needed.

Figure 5. 21: Section of a circuit block made using SAG process with the gold layer peeling
off during the anodisation process due to lack ghp between the gold and aluminium metal
contacts.

The second challenge in fabricating of the cir@uin the third processing step, which
is basically the formation of the source, and dregmtacts made from gold metal. In
section 4.2.1of chapter 4, it is mentioned that gold etchanised for etching the unwanted
gold metal contacts. However, while the unwantdd geetal is etched, parts of the underlying
aluminium are etched as well even when the samspeposed to the gold etchant for as little
as 10 seconds. This is detrimental to subsequenepsing steps as it is imperative that all of
the underlying aluminium layer stays intact asitised in the next step for anodisation of the
gate contact; if this step is not achieved, thei e no dielectric and hence no viable
transistorsFigure 5. 22below shows an example of a sample dipped in gattdant for 5

seconds, with parts of the aluminium rails etchedya
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Figure 5. 22: Circuit section in the SAG processeveby part of the aluminium layer gets
etched away by gold etchant when forming the scamdedrain contacts which are made from
gold metal layer.

Some of the methods used in reducing the effettefjold etchant on the aluminium
layer are: using a thicker photoresist layer tdgxticover the aluminium layer, diluting of the
gold etchant with deionised water to reduce thaietcrate of the etchant on the aluminium
layer and evaporating a thick enough aluminiumidayensure some aluminium layer remains
even after dipping in gold etch. Using a differetithant to the one used in this thesis would
also be futile because aluminium metal reacts mitlst chemicals therefore it is decided that
the best method in resolving the issue is to §iretv the aluminium oxide layer and then pattern
the source and drain contacts due to the faceibatinium oxide is more resilient to gold etch
than aluminium. However, in future it would be aghble to altogether use different materials
for the gate contact and dielectric or alternagivedifferent method of dielectric formation.

The third challenge faced in the SAG process igteting of the crossover structures
made from SU8 negative photoresist as shovkigare 5. 23 (a)As mentioned irsection 5.3
of this chapter, the SU8 layer serves the purpbsdlawing similar metal layers to crossover
each other without connecting to avoid the formabbshort circuits; therefore, peeling of the
SU8 layer would result in improper functioning ofcoits. The cause of the peel is due to
insufficient curing of the negative photoresist, ieth therefore makes it susceptible to
dissolving in any photoresist remover in subseqségys. To eliminate this issue, one needs
to cure the resist at an elevated temperature ofitaB10 °C for 30 min to ensure proper
polymer crosslinking thereby making it resilientreamover solutionFigure 5. 23 (b)shows
part of a circuit fabricated with the aforementidreonditions. The colourless SU8 structures

remain intact even after being left in remover solufor an hour.
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Figure 5. 23: (a) Part of the SU8 negative resiseling off from a circuit block when dissolved
in remover solution because of insufficient curagighe SUS8 resist during processing. (b) A
sample circuit block with SU8 resist layer remaagnimtact after being exposed to remover
solution; the layer is cured at an elevated tempee and time of 210 °C and 30 min
respectively.

The last challenge faced in the SAG process isotwith the lift off the aluminium
layer in the last stage prior to deposition of fodymer layer. Parts of the aluminium layer
would remain on the substrate, which would be motatic, especially if the remaining parts
overlapped connections of transistors that are raise meant to not be connected.
Figure 5. 24(a) gives an example of parts of the aluminium laygained on the substrate
although fortunately enough not forming unwantednaztions as opposed(ty where clearly
patterned structures of the second aluminium layeretained and the unwanted bits are lifted
off. The unwanted remains are thought to be a reduksidual resist/contaminants from the
previous patterning steps, which could thereforedmeoved with a gentle plasma/UV ozone
treatment as is done for the circuitkigure 5. 24(b). It is not advisable to use ultrasonic

agitation while lifting off for fear of losing thlayers that are supposed to remain on the sample.
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(a) (b)

Figure 5. 24: (a) A circuit section made using 8&G process where parts of the unwanted
aluminium layer remain on the substrate after dift- (b) A different circuit showing better
aluminium lift off because of cleaning the substrasing UV ozone prior to aluminium
deposition to remove unwanted contaminants onuhace.

5.4 CONCLUSIONS

An OTFT model is designed in this chapter for latee in the design and modelling of
mixed analogue and digital signal circuits. The elaododifies pre-existing silicon transistors
within the Cadence design software environment atiizes key parameters from the
disordered models developed in Chapter 2 for disimulation. The fit of the Cadence OTFT
model to the experimental data displayed slightdpmdfits for lower gate bias believed to be
because of contact resistance effects.

A comparator circuit consisting of a preamplifiextch and a self-biased amplifier for
the output stage is designed using the Cadence Qiédel. The amplifier has a gain of
45.62 dB and 35.40 dB assuming a threshold voltdgel.5 V and —-2.5 V respectively. A
perceived decrease in the threshold voltage vafudeo comparator is seen to result in a
decrease in the output voltage swing of the compardhe operational frequency of the
comparator is found to be around 300 Hz. The adlditif two inverter stages into the latch
section of the comparator results in a drop indhan from 45.62 dB to 11.63 dB and an

increase in the propagation delay of the inver@mf3.4 ms to 13.1 ms.

The fabrication of the designed circuits is caroed using the SAG process developed

in chapter 4. A PBTTT-C16 saturated load inversesuccessfully fabricated and is found to
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have a gain of 12.4 dB and an average propagagtay @f 3.4 ms. The performance of the
same inverter is compared to one with the same riBioas but different polymer, namely,
P3HT. The later inverter has a gaifbn andVoL of 5.6 dB, —=13.7 V and —2.9 V respectively
and a propagation delay of 38.4 ms, highlightiregithproved characteristics of gain and speed
from using a polymer with a higher charge carriexbiity such as PBTTT-C16. Similarly,
inverters with different driver widths of 800 pn,(0/pm and 300 pm are fabricated using the
same polymer. The value ¥%. and the gain is found to increase from —-4.4 V t@33-\L and
from 4.7 dB to 15.3 dB respectively with increasehie driver width as both the output level
and the gain are directly proportional to the driwéth. The value o¥on is also found to be
higher (-12.3 V) for the device with a driver widbh 800 um suggesting that the threshold

voltage is probably different to the other deviassa result of processing variations.

The challenges faced in the fabrication of theuwtscusing the SAG process are also
highlighted. The problems include peeling of thelayer during anodisation of the Al layer,
etching of the Al layer whilst simultaneously etafpithe unwanted Au layer, peeling of the
crossover structures and insufficient lift off teecond Al layer. The issue of the crossover
structure and unwanted etching of the Al layeralvesd by ensuring sufficient curing of the
SU8 layer and ensuring the dielectric is formedokefformation of the source and drain
contacts respectively. However, solutions offeredthe remaining problems are found to
merely reduce the extent of the issues therebyligabne to make some circuit blocks
although replicability of the process would provieallenging as is experienced in the

undertaking of this thesis.
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CHAPTER 6

Conclusions and Recommendations

for Future work

A summary of the key conclusions of this thesigutlined. In addition, recommendations for

potential experimental work to be carried out itufe are presented.
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6.1 CONCLUSIONS

In organic materials, charge transport is believedtake place through thermal
activation of carriers between localised statesjciwhare typically expressed using an
exponential, or Gaussian distribution. In this thegn exponential approximation to the tail of
the Gaussian DOS distribution is used in the foatioh of analytical models. One of these
models includes an expression for the effectiveititpbwhich is developed by making a direct
comparison of a disordered system to an orderedocie that carrier movement is described
by a charge transport energy level akin to then@deenergy band level in an ordered system.
By equating the current flux of these systems, &ihtyp expression with a dependency on
carrier concentration is developed. Subsequentbgrdered models are developed for the
current expressions of Schottky diodes and OTFTlistive subsequent introduction of material
parameters:MNE, K andm. These parameters are later used in the modellidglasign of

organic circuits in this thesis.

The forward J-V characteristics of PBTTT-C16 and IDTBT-C16 vertichodes
increases exponentially with application of a forgvhias because of an exponential increase
in carrier concentration. PBTTT-C16 diode has ahérgforward current value than
IDTBT-C16 diode, which is believed to be associatéti the smaller potential barrier, formed
with the gold contact. The use of an Ohmic contatit a higher work function or modifying
the potential barrier between IDTBT-C16 and the @heontact by using a SAM layer would
therefore be preferable for easier injection ofriees. From the exponential region of the
forward characteristics, the valuesTef Tc andMNE of the PBTTT-C16 diode are found to
be 707.5 K, 523.6 K and 45 meV and that of the IDI®16 diode are found to be 343.6 K,
382.7 K and 33.0 meV respectively, indicating tthet latter has a lower degree of energetic
disorder. Similarly, the ideality factor values ained for PBTTT-C16 and IDTBT-C16
Schottky diodes are 2.3 and 1.1 respectively.

The PBTTT-C16 Schottky diode displayed higher regezurrent density values than
IDTBT-C16 because of its high HOMO energy levelwal which essentially makes it
susceptible to oxygen doping effects. Good fitsadrained from the semi-logarithmic plot of
Jr versus VR of the PBTTT-C16 diode resulting in an acceptor sitgn value of
1.59x13? m=. On the other hand, poor fits of the same plotadtained for the IDTBT C16
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diode, which could be because of Fermi-level pigmithin the diode. The activation energy
values for the PBTTT-C16 and IDTBT-C16 devices fatend to be 126 meV and 339 meV
respectively. The larger value obtained for theelat believed to be associated with the large
n-stacking distance between neighbouring polymeinshmaking them essentially trapped

carriers.

A SAG fabrication process is developed and charzet# in this work through
electrical and optical measurements. Studies oltigercut size/gap formed by the process
are made by varying the soft bake temperature and whereby increasing both of the
aforementioned parameters resulted in smaller ga&s.sSubsequent scaling studies of lateral
PTAA diodes with gap sizes ranging from 0.05 pr2 fom revealed an inverse correlation of
the gap size with the forward current density (frbBi86 An¥ to 0.31 An¥respectively). The
ideality factor obtained from these devices incesasom 2.2 to 5.0 with increase in the gap
size, which is believed to be associated with tloegase in the series resistance. The value of
Tc varied from 671 K to 1503 K for the same deviths;reason for this is not fully understood,
as it would be expected that it would remain camstaven thatTc is a material constant
parameter that defines the distribution of the DO®: current conduction mechanism of these
devices is also shown to be dominated by contaisteece effects as the electrode spacing
reduced. From the plot ddge (Jr) againstVr %2 the acceptor density values obtained from
these devices varied between 2B%° m= to 1.7610? m™ corresponding to depletion width
values of about 4.8 um to 1.3 um, which is muchewttian the film thickness of 110 nm. CV
measurements and SILVACO simulations also revetilatithe modulation of the depletion
width of the PTAA lateral diodes is in fact depentden the gap size of the devices as well as
the area of the active layer. The patterning otittese layer using orthogonal solvents resulted
in an overall reduction of the spread of the fordvand reverse current values in these devices,
however, an increase in both of the forward an@énm®y currents is also noted and is believed
to be associated with the unintentional dopindhefactive layer by the chemical solvents used

in the patterning process.

A PBTTT-C16 transistor with an aspect ratio of SGalso fabricated using the SAG
process. The device has a sub-threshold swing @8 Vldecade and an on/off ratio of
4.26x16. From the plot oflp%® versus Ve, the values ofiue and Vr ae found to be

0.74 cmVis! and -1.5 V respectively. Forward and reverse sweefp the electrical
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characteristics showed instability in the devicéhvthe threshold voltage and the off current
changing from —=1.5 V to —2.2 V and from 7.7 nA @8 nA respectively. The aforementioned
instability is associated with migration of resitlwopants within the film. Utilising the
disordered model, the material constantandK, are obtained from the intercept and slope of
log (dsa/dVs) against log {c') and are found to be 0.57 and 2.15%4@\V ™ respectively
corresponding to &c andMNE of 473 K and 41 meV respectively.

An OTFT model is created in Cadence design softsach that key parameters found
in the model files i.etox, loff, e, and Vt are edited to reflect the values obtained from the
experimental data. In addition, a Verilog code earnihg OTFT parameters specificaligand
K are also incorporated into the model to refleet igher power dependency of the drain
current as typically observed in disordered transss The fitting of the experimental data to
the Cadence model showed inadequate fits for therldrain voltage values because of contact
resistance effects. Utilizing this new model, a pamator circuit containing three stages,
namely: a preamplifier, latch and self-biased afigplifor the output stage is designed. To
account for the threshold instability observedhie PBTTT-C16 device, the comparator is
simulated using two values of threshold voltage .5 V and —-2.2 V resulting in a gain
value of 45.62 dB and 35.40 dB respectively. Thmgarator operates at a frequency of about
300 Hz. The addition of two inverter stages inte ldich stage of the comparator resulted in a
gain of 11.63 dB and an increase in the propagatebay by one order of magnitude.

The fabrication of circuits using the SAG processa ibit challenging to execute. The
challenges faced in realising the circuits includedgong others: failure in forming of a gap
between the aluminium and gold layers, unintentietehing of parts of the aluminium layer
while patterning the gold layer, peeling of thessover structures and poor lift off of the last
metal layer which is also made of aluminium. Whilke third challenge is completely
eradicated, the rest are simply mitigated ther@sylting in lack of a full proof, reliable and
repeatable fabrication process. In spite of thésdlenges, saturated-load inverter circuits are
realised using this SAG process. A PBTTT-C16 s&tdréoad inverter with a gain of 12.4 dB
and an average propagation delay of 3.4 ms isdatedl. Similarly, the same inverter is made
using P3HT polymer, which is known to have a low®bility than the latter polymer. The
inverter has a gain of 5.6 dB and an average padfmayg delay of 38.4 ms. In addition,
PBTTT-C16 inverters with driver widths of 800 uni,07um and 300 um are fabricated. The
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experimental gain ando. value of these inverters is found to be propogido the driver

width as would be expected.

To conclude, this work confirms that the mobility @rganic semiconductors has a
strong dependency on carrier concentration. Intewtdio this, ther-stacking distance between
neighbouring polymer chains is a critical parameketermining carrier transport in vertical
devices, such that, having a smaktacking distance reduces the thermal activaticergy
needed for intermolecular hopping thereby enhancimyge transport. Lateral devices and
circuits can also be realised using a SAG procHss feature sizes obtained from this process
are optimised by varying the soft bake parametetkeolift-off resist layer whereby to obtain
small feature sizes, the soft bake temperature teme are reduced. Another interesting
conclusion drawn from this work is that contacistmce effects dominate current conduction
in lateral diode topologies particularly as thectiede spacing is reduced. Moreover, the
interelectrode spacing and the active layer arethefatter device topology determines the
modulation of the depletion width when the deviEeither forward or reverse biased. Lastly,
orthogonal solvents used for patterning of PTAAypaér unintentionally dopes the polymer

resulting in an apparent increase of its electiccalductivity.

6.2 RECOMMENDATIONS

The field of organic electronics has unquestionaalyanced over the years from the
conception of simple devices to the realisatiorsiaiple and a number of advanced circuit
blocks. In spite of this, there are a couple oflelnges needed to be overcome in order to fully

realise the numerous potential opportunities thigtfield has to offer.

A number of charge transport models have been dpegdlin the field of organics with
a couple favouring an exponential DOS over a Gand30S and vice versa. In this thesis, the
former is chosen and is subsequently used in dpwejoan expression for the effective
mobility. Interestingly enough, the model demortstlain this work showed a dependency of
the effective mobility on carrier concentrationirato the UML. The model did not incorporate
the conduction mechanism of carriers yet arrivedhatsame dependency as other models
published in literature i.e. percolation theory Eggrh and Variable Range Hopping (VRH)

mechanism, just to name a few. This observatiastilisnot yet understood and as such, the
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importance of the hopping mechanism and its caroglaor lack thereof to the mobility

expression needs to be studied further.

A key challenge in the modelling of organic cirsud the instability of organic devices
as a result of drifting of residual mobile ionshwit the polymer film and oxygen doping effects
upon exposure to ambient conditions. This effeckesat particularly challenging to model
circuits given the change in key operating pararsatéthe device, for instance, the threshold
voltage. Although recent advancements in desiganggnic materials involves increasing the
HOMO energy level to reduce the oxygen doping eé$femore rigorous efforts are needed to
ensure longer shelf-lives and proper functionabfythe intended circuits in the future.
Encapsulation of devices could be one way of regithis.

The mobility of solution-based organic materialstii relatively low in comparison to
inorganic materials such as silicon. One major whyncreasing the mobility value is by
tweaking the morphological structure of the organaterial as is shown with the two different
thiophene polymers studied in this thesis, howea®is noted, the structure of the device also
effects the perceived operating efficiency of thgamic material with some topologies
favouring 2D charge type transport dictated byrmtdecular and intramolecular hopping
mechanisms whereas others favour the 1D transpmrg dhe polymer chain. Therefore, in
future, material scientists would need to tailag thorphology of the polymers according to

the end-user application to provide better eleatrwbaracteristics.

Surface treatments of the interface between the i©Ohlmontact and the organic
semiconductor as well as at the interface of tlgamic semiconductor and the dielectric are
sometimes necessary to improve the electrical chenatics of the end devices, however, this
is particularly challenging to execute in devicaslsas bottom gate, bottom contact devices
or in planar devices such as those studied invibik as carrying out both treatments in such
topologies inherently degrades one of the intedatteereby resulting in poor electrical
performance to some degree. Future research imaltsineously treating both interfaces

without compromising the performance of the otheuld be beneficial.

In this thesis, models for the forward current dignas organic Schottky diodes and in
OTFTs are developed. Several of the organic Schditkdes showed good fittings to the plot

of Jr vs VR”, with the acceptor density values obtained fromsibpe of these plots. Although
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the experimental data fits well with the convenéibtheory of Schottky diodes, it is still not
yet understood why it is so given that the convaerdl theory fails to include/account for the

conduction process of the organic semiconductors.

Isolating of the active layer through patterninther via lift off or wet/dry etching is
typically done to reduce cross talk between devioesa substrate/wafer. However, one
challenge with patterning of organic devices isittgifficient number of orthogonal solvents
available in the microelectronics industry. In dobdti, the few that are available in some way
or another end up having a doping effect on thamiglayer in spite of them being orthogonal
to the organic material. Moreover, presently, sqgralymers studied in this work e.g. P3HT
and PBTTT-C16 cannot be patterned efficiently witie aforementioned chemicals as they
end up coagulating upon exposure to the orthogemiaénts; the reason for this is still not yet

understood and would need to be investigated furthe

Lastly, alternative methods in realising a selfpaéd fabrication process would also be
an interesting research topic given the numerouglications of the process i.e. faster
switching speeds as well as improving the bandwaftltircuits through the reduction of

overlap parasitic capacitances.
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Appendix A: Expression for the free carrier concentration in go-type Disordered Organic
Semiconductor

The Density of States (DOS) can be expressed usir@aussian distribution, with an

exponential approximation at the band tail, as m&slin this work, which is given by

equation A. 1

N'(E)= N'(O)ex{— i] A1

whereN’ (0) is the rate of change of the density of trapsrergyE=0, E is the energy of the
localized statess is Boltzmann’s constant ani@ is the characteristic temperature associated

with the exponential DOS.

For energies below the Fermi leveé¥, the carrier distribution can be expressed by
approximating the Fermi-Dirac statistics to a Makv®ltzmann function, as represented by
equation A. 2

f(E):exF(- EF‘EJ A2

KT

whereT is the absolute temperature.

Subsequently, the free carrier concentratipnis found by integratinggquationA. 1 and
equation A. Zas shown below, assuming that the hopping evlatsbntribute to conduction

occur belowEk.

T E E- -E
p= _J;N (O)exp{—ﬁj ex;{— = jdE A4

Or simply,
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E; A.5
p=[N'(0)exq - E exp{Ej exy - £ |dE
J KT kT kT

Equation A. &an further be simplified using the relation giv®nequationA. 6,

111
T, T T,

whereTy is the characteristic temperature associated théldistribution of carriers.

E_ & E A. 7
p=N'(0)expg - = Iex — dE
KT |- KT,
Upon integratingequationA. 7, the final expression for the free hole carriemaantration

takes the form:
E -8
= N'(O)KT exp{— F
p ( ) 0 KT J

C

Thus resulting in:
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Appendix B: Expression for the effective mobility in terms of arrier concentration

The effective mobilityples can be found by making a direct comparison of tireant densities
of a disordered systempisorderedto that of an ordered (crystalline) systeltigereq as given by
equations B. AndB. 2respectively:

, E
‘]Disordered =N (O)kTO eX[{— kTF jqﬂeﬁ F B 1

E. -E
JOrdered = NV eXF{—%}qILImF B. 2

whereNy is the effective DOS at the edge of the valencalpan Er is the Fermi levelkis
Boltzmann’s constant, is the absolute temperatucgs the electronic chargg,is the applied
electric field,um is the measured mobilitiy’ (0) is the rate of change of the density of traps at
energyE = 0, To is the characteristic temperature associated thghdistribution of carriers
andTc is the characteristic temperature associated twélDOS.

Subsequently, at equilibriumes takes the form below:
Ueg =,umLex _E-B ex Ee
N'(0)kT, KT KT, B.3

Upon simplification ofequation B. 3using the relation given bgguation B. 4the effective

mobility takes the form given iaquation B. 5

(Tc/T)'l
iueff = ,U m [ NV ex EV ex E
N'(OKT, | kT KT, B.5

To express the effective mobility in terms of theef carrier concentratiop)(and temperature
the expression for the free carrier concentratigimen by equation B. 6 is rearranged

accordingly as shown iequation B. 7
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E
p=N'(0)kT, ex;{— F
T KT B.6

(Te/T)-1

(/)
p E
— = ex F
N'(0)kT, KT /] B.7

By substituting forequation B. 7n B. 5 the expression for the dependency of the effectiv

mobility on carrier concentration and temperatalees the form given iaquation B. 8,

P N, ox r{ E, Jpwn
T NKT,) KT B. 8
where,
K :#m NV (Tc/T) ex EV B 9
(N'(O)kT,) KTe
B. 10
m:Tr_c-l

K can simplify be referred to as the mobility prete@ndm is the power factor correlating
the mobility to the carrier concentration whoseuesis dependent on the degree of energetic

disorder, dictated by the valuesTef.
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Appendix C: Expression for the Forward Current Density of an Oiganic diode at Low
Applied Bias

On application of a forward bias, the current dgnisiitially increases exponentially because

of an increase in the carrier concentration, wisdlypically described by an exponential DOS

distribution with energy given by the Maxwell Battann approximation to the Fermi-Dirac

statistics.

Assuming that all the carriers that contributedaduction occur below the Fermi levEk, an
expression for the free carrier concentration imgdl in current conduction in an organic

Schottky diode thereby takes the form giverelqgyation C. 1
o E- -E
p=[N'(0)exq - E lexd - =~ dE
o KT, kT C.1

whereN’ (0) is the rate of change of the density of trapsatg@yE=0, E is the energy of the

localized states]c is the characteristic temperature representingeponential DOSK is

Boltzmann’s constant antis the absolute temperature.

By assuming a flat quasi Fermi-level, the forwatdrent density of an organic diode with
respect to the applied voltagé,pp, can be obtained. Upon application of a negatmiéage
bias, the energy barrier between the Schottky arghrmic semiconductor is reduced
significantly thereby facilitating the movementa#rriers (holes) across the interface into the
adjourning metal contact. An exponential increasthe forward current density is observed
because of the increase in carrier concentrationdst on by the application of an external
bias. By integrating from the top of the energyrieay Eg, to infinity, the resultant current

density can be obtained as showredquation C. 2

‘EB"'anpp _
Jo | N'(0)exp - E Jexd -5 —Elae
o KT, KT C.2
. I . 1 1 1 .
Rearranging above by substituting with the relatl_l_en:?—_l_— gives:
0 C
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—Eg+qVapp E E

whereTo is the characteristic temperature representing@xipenential distribution of carriers.

On further rearrangingquation C. 3we obtain an expression for the forward currentsdgn

at low bias as shown iquation C. 4
_EB+anpp
JON'(0) exp(—Ej | exp{EJdE
KT -, KT,
\Y/
J O N'(0)KT, ex ~Ee lexd - Ee|exg e
KT KT, KT, C.4
Equation C. 4can be expressed in a much simpler form a&giration C. 5

mexp[%]
KT, C.5
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Appendix D: Expression for the Forward Space Charge Limited Curent (SCLC)
Density of an Organic diode at Higher Applied Bias
The drift current densityd, associated with the SCLC takes the form:

J =P QU F D. 1

wherepris the free carrier concentratianis the electronic chargperis the effective mobility

andF is the applied electric field.

Taking into account the carrier-dependent effectivability, the expression for the current
density is thereby rewritten as follows:
J =gKp " D.2
Here,

m

/'Ieff = Kp

whereK is the mobility prefactor anch is a material constant

In a material with a single set of shallow trapg factord as given byquationD. 3 gives the

ratio of the free carrier concentration to the ltotgected carrier concentration.

P, D.3
Pi + P

@ =

whereps is the concentration of the free carriers gnd the concentration of the trapped

carriers.

In deriving a model for the SCLC in disordered ssanductors, it is assumed that the trapped
and free carriers are associated with the intriegiergy levels found within the exponential
DOS of the material such that, impdaype semiconductor, the trapped and free caraecsir
above and below the Fermi levék;, respectively. The probability of the carrier opancy
within the DOS is hereby explained using the MaxwBbltzmann statics given by

equation D. 4
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_ D. 4
eXp(— 5 E ) if E<E,
f(E)= kT

1 if E>E,

whereE is the energy of the localised statess Boltzmann’s constant aridis the absolute

temperature.
The concentration of the trapped carrigkspccurring abovér is therefore given by:

D.5

p, = N'(0)T, exr{— Ee j

KT,

where N’ (0) is the rate of change of the density of trapsmrgyE=0 andTc is the

characteristic temperature associated with the mpial DOS.
On the other hand, the concentration of the fregezg, pr, occurring belovEr is given by:

’ E D.6
p, = N'(0)kT, ex;{—ﬁ}

C

By inserting the expressions for the free carrgerd trapped carriers quation D. 34 is
given as:

, E
N'(0)kT, ex;{— kTFj

9= c D.7
: E: : Ee
N'(0)kT, exg - —F |+ N'(0)kT, expg —
KT, KT,
. e .1 1 1
On rearranging and simplifying the above and udimg relatlon_r—:?—_r—, @ for the
0 C
disordered SCL@akes the form:
9= T, :T_ D.8
TO +TC TC
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whereTgis the distribution of carriers.

By expressingps in terms of § and using Poisson’s equation, the expression lier t
concentration of free carriens,can be derived as shown below:

dF(X) __a(p*+R)__ ap D.9

dx &L &0

wherego is the permittivity of free space ands the relative permittivity of the semiconductor
Substituing the above expression ppmto equation D. 2ve obtain:

1 D. 10
dF(x) _ qpf( J Jmﬂ

dx &0\ gKF

By integratingequation D. 1Gabove with respect to the interelectrode distaxcie electric

LN T D. 11
F :{L(m_*zjﬁ (LJM 2
&0\ m+l gK

The electric field is substituted for ineguationD. 11 above using the relatioR = -av dx

field takes the form:

and the correlation of varying potential (i.e. Bggdion of a voltageYapp) with inter-electrode

spacingx is obtained as shown eguation D. 12:

1 ml D. 12
_[ J jmz[ q(m+2) szxi&mf m+ 2

gk £,56(m+1) 2m+3

app

RearrangingequationD. 12 above to make the current densilythe subject of the equation,

the SCLC current density expression for organicemals is obtained:

2m+3

S :£ £O£,Q(m+ ) w1(2m+3jm+2 Varggz D. 13
q" m+2 m+2 X
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Appendix E: Expression forA¢s in Schottky diodes
The sum total of the potential energy of carri€éss,as a function of a distangeis given by
the sum of the image force energy; and the applied electric field enerdggr, as depicted in

Figure E. 1 suchhat:

E, =E, +E,, E.1
Metal Semiconductor
B
7\
Combined \.\Q/(,\‘S\
q ¢B potential M)Q
W %
M 7
AT
9Ap, Pl i Image ¢)otential
Vel V. ;
x=0 X, Distance x

Figure E. 1. Sum total of the potential energy ofes (thick black line) due to the combined
effect of image force and applied field.

The image forceFr, is associated with a hole charge carrier found distancex from the

metal/semiconductor interface as depicte#figure E. 2and expressed as:

2

g _ o E.2

4, (2x2) 167X

IF

whereq is the electronic charge, is the permittivity of free space angdis the high-frequency

permittivity of the semiconductor.
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metal semiconductor

~ -’
..........

image force

Figure E. 2: Image force effect at the interfaceaqf-type semiconductor and a Schottky
metal contact.

The image force energy is solved for by integratnog x to « as indicated below

2

X 1 2 E 3
o 167150 I_Z 167}:05 X

The energy due to the external fiefidtakes the form:

=gxF E.4

SubstitutingequationsE. 2andE. 4, into equationkE. 1results in:

q? E.5
; =——+qgxF
167z £, X

The distance at which the barrier reaches its maxinealue, given bym, is obtained when

dEr/dx = 0 as shown iequationE. 6

dE, :1( T

+0x F |=
dx dx\167&. X, P J

HereequationE. 6 can be further simplified to:

2

0=—— I _4qF

167, X
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Rearranging the above equation results in an egjore$orxn given byequationE. 7

[ a E.7
" \16mE,c, F

Substituting foxm from equation E. into equation E. 5the magnitude of the barrier lowering,

A¢g takes the form:
q E.8
Agy =X F+ | ———=2xF
167& £, X,

The electric field associated with the depletioyelafound at the interface of the metal and
semiconductor is determined by the distributiorao€eptor ionsEquationE. 9 shows the

potential variation with the distance associatetth\the distribution of acceptor ions.

d*v _gN, E.Q
dx®  ge

whereg is the relative permittivity of the material.

An expression of the electric field can therebyamhieved by solving for the Poisson’s

equation given irequation E. Yesulting inequationkE. 10Q

_dv _gNW E. 10
dx  &¢&

F=

whereW s the depletion width associated with the disttidin of acceptor ions.

W is obtained by integratingquation E. 10rom the surface of the semiconductor to the edge

of the depletion layer resulting in:

5 E. 11
o B
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whereVapp is the applied voltage andiis the built-in potential.

SubstitutingequationE. 11 (using the maximum depletion width given xy) in E. 10 gives

an expression for the field in terms\af,, andNa as:

20N E.12
-

Combining the expressions ferandF given byequations E. 1AndE. 12and inserting them
into equationE. § the final expression fak¢s becomes:

E. 13
| 9 2l 20N, r‘{ &N, }%
A9s = Vo Vi) | = a2z (Vi V.
¢B |:167E0800:I}/|: ‘gogr ( bi app) 8772€g€r£‘§( bi app)
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Appendix F: Disordered model for an Organic Thin-Film Transista (OTFT)

The expressions for the linear and saturation drairents of OTFTs is derived using a gradual
channel approximation assuming a plaoype transistor working in accumulation regime as

shown inFigure F. 1

Dielectric

Figure F. 1: Structure of a planar self-aligned gépAG) p-type OTFT with gold source and
drain contacts.

Upon applying a negative gate bi&s, charges accumulate at the semiconductor/ diedectr

interface. The aforementioned induced cha@getakes the form:

Q.= pqdz=—C, (Vs —V,) F.1

whereq is the electronic charge, is the free hole concentratiotz is the thickness of the
accumulation layelCox is the dielectric capacitance per unit area\dnd the voltage induced

in the channel.

On application of a negative drain bi&s, a drift current density], flows between the source
and drain contacts and is given by:

J = pau F, F.2

whereFy is the lateral field between the source and drairthe x direction anduetis the

effective mobility.
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By incorporating the Universal Mobility Law (UML) igen by equation F. 3 into

equation F. 2the expression for the current density takeddha shown inequation F. 4
:ueff = Kpm F 3

3= gKp™F, F. 4

whereK is the mobility prefactor anch is a material parameter.

Taking into account the variation of the free hotmcentration with the surface potential,

m1 F.5
J= quim”{ex;{—qw ﬂ F,
KT,

- a¢
el

where pi is the intrinsic hole concentratiolk, is Boltzmann’s constant andic is the

equationF. 4 becomes:

Here,

characteristic temperature associated with the rpioal DOS.

With a channel widthy, the current density can be expressed in ternteeoturrent], as
shown inequation F. G

1 F.6
I =(w dz)qu,m”[exp{Mﬂ F

KT,

Utilising Poisson’s equation, the accumulation fayécknessdz can be expressed as:

dZ:i% 0+ dg F.7

o J-(2an/&¢ ) (KT /) exp(ag/KT,)
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whereFy is the vertical fieldy, in the accumulated layet is the permittivity of free space

ande is the relative permittivity of the semiconductor.

Replacing fordzin equationF. 6 with equationF. 7, the current expression becomes:
b m+(y/2) F.8
| =+qwKg™ ¥ |Lé x| exg 2 d¢
2kT KT

Upon integration okquationF. 8 betweerD and¢s (i.e. the maximum surface potential), the

current takes the form given aguationF. 9:

I :J_quKﬁ”**(J/Z) / 505 J‘¢s p[ m+ ]/2)) J dg

| =+ WKy *?) ) 2KTcEe, p[mﬂ/z } k.9

2m+1

UsingequationF. 1 and applying Gauss’ law, the surface potentiallmasubstituted with the
applied voltages such that:

506} I:y = Cox (VG _Vx) F. 10

Replacing for the vertical fieldgy, usingequationF. 7, equationF. 10 above becomes:

e |2ORKT. p(q¢J:C o) F. 11
0 5‘5 q kTC ox\ 'G X

RearrangingequationF. 11 above and replacing inequation F. 9the current then takes the
form given inequation F. 12
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N p(q(m+(1/ 2))¢SJ _ G (Ve =)™

KT. (2p&s, kTC)WZ))

m F.12
| = swkg™e?) ) 2KTeE8, Car™ (Ve ij: E
(2m+1) (2n&,£KT.)

Simplifying equation F. 12replacing for the lateral fieldsx= dVi/dx, and integrating across
the accumulated channel length the drain current then becomes:

| f KWC™ IvD (V, -

V )2m+l dV
2m+1)(2£0£ KT.)"

X X

F.13

| = VE™2 ~(V, —VD)M}

w KCa™ [
L (2m+1)(2m+2)(25,5kT.)"

Lastly, by adding the threshold voltage effests,the linear drain currenk;,, and saturation

drain current)sa, expressions are given bguationF. 14 andequation F. 15espectively:

W KC2™ 2me2 2m+2 F. 14
= ox x| (Vg =V, =(Ve -V, =V,
lin L (2m+1)(2m+2)(2505rk_|_c)m [( G T) ( G T D) J
W KC2mt [ 2ms2
= ox V. -V F. 15
=L (2m+1)(2m+2)(2€0,srkTC)mL( o) }
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Appendix G: Verilog Code for OTFT model
/I VerilogA for organic_vccs, org_vgsexp, veriloga

‘include "constants.vams"
‘include "disciplines.vams”

module org_vgsexp(vg, vs, vd, outvgs, outgnd);

input vg ,vs, vd;

output outvgs, outgnd,;
electrical vg, vs, vd;
electrical outvgs, outgnd;

parameter real m=0.57 from (0:inf);

parameter real K= 2.15*pow(10,-16)from (0:inf);
parameter real vthdrift=-1.5 from (-1*inf:inf);
parameter real wkd=2000*pow(10,-6) from (0:inf);
parameter real Ikd=20*pow(10,-6) from (0:inf);

real vgst, vds, ids, vdint, vsint, Cox, Eo, Epoly,
const, REVERSE;
analog
begin
@(initial_step)
begin
Eo = 8.85 * pow(10,-12);
Cox = 1.2* pow(10,-4);
Epoly = 3;
kBOLTZ = 1.38*pow(10,-23);
TC =473;
if (V(vd) > V(vs)) begin
vdint = V(vs);
vsint = V(vd);
REVERSE = -1;
end
else begin
vdint=V(vd);
vsint=V(vs);
REVERSE = 1,
end
vds = (vdint - vsint) * -1;
vgst = (V(vg)- vsint- vthdrift)*-1;
const =(wkd*K*pow(Cox,(2*m
+1)))/(pow(2*E0*Epoly*kBOLTZ*TC,m)*lkd);
if ((vgst-vthdrift ) < 0)
const = 0;
else
if (vgst < vds)

kBOLTZ, TC,
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ids = const*(pow(vgst,(2*m +2)))/((2*m
+1)5(2*m +2));
else
ids = const*(pow(vgst,(2*m +2))-pow((vgst-
vds),(2*m +2)))/((2*m +1)*(2*m +2));
end

if REVERSE == 1)
begin
V(outvgs) <+ ids;
V(outgnd) <+ 0;
end
else
begin
V(outvgs) <+ 0;
V(outgnd) <+ ids;
end

end
endmodule
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Appendix H: DRC rules for the Self-Aligned Gap (SAG) process

Drawn Mask Purpose of Layer

layer Layer

numbers | Name

1 ALU1 Defines the initial aluminium layer for OTBTand diodes. It
also allows formation of the self-aligned gap flrdevices
in the circuit.

2 ALU2 Defines areas where contact between gold anchinium
layers is required as well as completing crossstreictures.

3 AU Defines the chromium/gold features for eachFDTand
diode.

4 SuU8CO Defines the areas where crossover strigctweeproduced in
order to avoid connections between the All andlay2rs.

5 ETCH Defines the areas of aluminum that can lmoxved after
oxide growth. These areas are only required to Igupp
electrical current to specific areas to the cirdait gate
dielectric growth to occur.

6 ISOLETCH Defines the organic semiconductor isolation featufer
every device in the circuit.

7 GATECON Protects areas of the aluminium wherercleontact is

required to the gate. Areas not protected by tyer will be
anodized (the gate dielectric will be grown.

Design Layer Rules

Drawn layer 1: ALU1

11
1.2
13
1.4
15
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15

Min.
Min.
Min.
Min.
Min.
Min.
Min.

width
spacing

enclosure by Gatecon

spacing to Etch

spacing to Au

spacing Alul (no SU8) to Alu2 (unrelated

spacing to Isoletch (unrelated)

Alul overlap of Isoletch

Min. enclosure by Alu2 in Alu2 direction

Min. enclosure by Alu2 in perpendicular direction

Min. cover by SU8 on Alul/Alu2 crossover in AluZefition
Min. cover by SU8 on Alul/Alu2 crossover in perpeodar direction
Min. enclosure by SU8

Isoletch overlap for TFT width

Min. spacing of Isoletch to Alul/Gatecon

Drawn layer 2: ALU2

2.1 Min. width

Lo > >~
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2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

Min.

spacing

Overlap contact size of Alu2 to Au

Overlap of Alu2 on Au to make contact
Min.
Min.
Min.
Min.
Min.

spacing to Alul/Gatecon
spacing to Alul with Gatecon
spacing to SU8

spacing to Isoletch (unrelated)
spacing to Au (unrelated)

Drawn layer 3: AU

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

Min.
Min.
Min.
Min.
Min.

width

spacing

spacing to Gatecon

spacing to Alu2

spacing to Alu2-SU8 spacing

Overlap by Isoletch

Min.
Min.

spacing to Isoletch
spacing to Alu2 contact edge

Drawn layer 4: SUSCO

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

Min.
Min.
Min.
Min.
Min.

width

spacing to Alu2 for gate contact
spacing to Au

spacing to Isoletch

spacing to Gatecon ( unrelated)

Enclosure of Gatecon

Min.
Min.

spacing to Alul/Au contact edge
spacing to Alu2/Alul cross over

Overlap of Gatecon with Alul

Drawn layer 5: ETCH

5.1
5.2
5.3
5.4
5.5
5.6
5.7

Min.
Min.
Min.
Min.
Min.

width

spacing to Alul
spacing to Au
spacing

spacing to Gatecon

Min enclosure of Gatecon

Min.

enclosure of Alul

Drawn layer 6: ISOLETCH

6.1

Min.

spacing

Drawn layer 7: GATECON

7.1

Min.

width

7.2 Min. spacing

3A
2\
3\
3\
3\

Ere>Ri>

3\
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7.3 Min. spacing to Alul 2\
7.4 Min. spacing to Etch A
7.5 Min. spacing to Au A
7.6 Min. enclosure by Etch A
7.7 Min. enclosure of Alul 2\
Drawn layer 8: CONTACT
8.1 Min. spacing between Alu2/Alul contact 3\
8.2 Min. spacing between Alu2/Au contact 3\
8.3 Gatecon overlap of Alul/Alu2 4\
D T j [ 2 T T dTiore)
2 A S A AL AL S AL
_ _ : _
] | ] | B AL
(RC 2.9 | |22 ] au
O a2
22 i 22 ] 20| 24 _(1)21%0 15 i 1 3% ! ¥ Gatecon
(DRC 3.8)
| | | I% ORC 2.1)
U i i i

(DRC 2.4)

Figure H. 1: Explanation of the DRC rules.
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Appendix I: Mask layout of the circuit designs

The layout of the circuits and devices designetthisiwork is as shown iRigure I. 1(a).The
depiction of the mask layout is also shownrFigure I. 1(b)with numerical figures used to

correspond to the respective circuits and devisetetailed below:

1) A comparator with a latch stage comprising of thsets of inverter stages.

2) Vertical SU8 capacitors.

3) A comparator with a latch stage consisting of gleimnverter set.

4) A differential amplifier with a cascading load canfration.

5) A 9-stage ring oscillator.

6) A number of TFTs with varying channel length simeed for characterising the contact
resistances.

7) A differential amplifier with a saturated load tsastor.

8) A 5-stage ring oscillator.

9) Test bench for overlap capacitance.

10)Test bench for current mirror.

11)Inverter buffer.

12)Test bench for current source.

13)Diode characterisation with different widths foet®@hmic contact.

Anodization block
1 7
8
2 3
9 10
11
5 12
6 13
(b)

Figure I. 1: Figure (a) showing the layout of thiecaits designed in Cadence software and
(b) a depiction of the mask layout designs.
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Appendix J: Conference and Journal papers

Journal papers

[1] R. W. Wanjau and M. RajaPevelopment and optimisation of a self-aligned peqress
for organic lateral Schottky diodéqJn preparation for submission to Organic elentos
journal).

Conference proceedings

[1] R. W. Wanjau, M. Raja and B. Choub#yEE Sensors 201 Glasgow, U.K. (2017).
[2] R. W. Wanjau, D. Donaghy and M. Rajal" Conference on Ph.D. Research in
Microelectronics and Electronics (PRIME 2018lasgow, U.K. (2015).
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