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Abstract

Organic thin film devices based on 6,13-bis (tri-isopropyl silylethynyl) pentacene (TIPS-
pentacene) semiconductors were fabricated using off-centre spin-coating (OCSC) technique
for depositing the organic insulating layers. Using this technique in our work produced
stable transistors with high mobility and low operating voltage which can be realised from
the improvement of insulator/semiconductor interface. All the devices were fabricated using
organic gate insulators; poly(methyl methacrylate) (PMMA) and poly(vinyl alcohol) (PVA)
after having been cross-linked with 1,6-bis (trichlorosilyl) hexane (C6-Si) (10ul/Aml) and
ammonium dichromate, 0.8 wt.%, respectively. In the first part of this work, surface
morphology study was carried out for the two insulating layers to find the optimal
parameters. It was found that the OCSC method produces large and uniform grains leading
to negligible hysteresis and leakage current organic thin film transistors (OTFTSs) devices.
Relatively high mobility of about 1.42 cm? V1 s71, on/off ratio 7.5 x10° and low threshold
voltage of -2 V were achieved for the PMMA-based OTFTs, while values of 1.22 cm? V!
s1, 8.6 x10* and -2 V were recorded for mobility, on/off ratio and threshold voltage for the
PVA-based OTFTs, respectively. Also, the environmental effect on the OTFTs was
investigated during this work. For reliability tests, the effect of bias stress on the devices in
term of threshold voltage shift AV'T was investigated by applying various bias stress at
different time. The tests showed negligible hysteresis when applying a forward and reverse
stress voltage with a fixed shape of transfer characteristics.

In the second part of this study, organic thin film memory transistors (OTFMTS) were
fabricated and characterised using graphene oxide (GO) as a floating gate inserted between
two insulating layers for both types of devices, PMMA and PVA-based OTFTs. The
hysteresis obtained in these devices is an evidence for the memory behaviour and charge
storage in these devices. A memory window of 38 V and 29 V were achieved for the PMMA
and PVA- based OTFMT, respectively.

The last part of this study is to investigate OTFTs devices as gas sensors. In this
investigation, the OTFTs from part one of this study were used to detect alcohol vapour
(ethanol and methanol) with parts per million (ppm) concentrations. A sensing system was
designed and set up for this purpose. The device’s sensing was indicated from the change
in the output characteristics parameters while the devices are exposed to alcohol vapour.
Different parameters of sensitivity have been used such as the change in the mobility(p),
drain-source current (Ips) and threshold voltage shift (4Vss). High sensitivity was achieved
for PMMA-based OTFTs for detection of ethanol vapour; ( 6.6% ppm™ depending on the
change in the saturation current, 17.2% ppm™ for the change in the threshold voltage shift
and -0.0574 (cm?V-*s).ppm™* depending on the mobility with a short response and recovery
time of 54 s and 36 s respectively.
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Chapter 1

Introduction
1.1 Introduction

In the last four decades, inorganic semiconductors such as gallium arsenide and silicon,
metals such as copper and aluminium and dioxide insulators have been the main base
materials for the fabrication of electronic devices. However, many investigations have been
performed using organic materials, in particular semiconductors to fabricate electronic
devices. Organic semiconductor electronic devices are important due to their low-cost and
fast fabrication, flexibility, and lightweight [1].The key element in microelectronics is
transistor. Therefore, significant research has been done to improve performance of organic
thin-film transistors for future electronics [2-5]. The market demand for high-performance
organic electronics has also increased because of the new emerging applications. It is now
estimated that the market for flexible electronics will reach $300 billion by 2028, with
growth from $29.28 billion in 2017 to over $63 billion in 2023 [6]. In the last few years,
organic materials have become widely used in electronic devices and circuits providing
lightweight and flexible electronics. Also, organic materials can be processed at low-
temperature, low-cost manufacturing and solution deposited to be used for large-area
coverage electronics. Figure 1.1 illustrates the cost versus performance diagram of organic
semiconductor technology compared to silicon technology. It is clear from Figure 1.1 that
some organic semiconductor devices have similar performance as the solid state-based

devices but with lower fabrication cost (The shadow area in Figure 1.1).

A High speed,
ultra-low power,
/ o high temperature
SlllCOIl operation,
- high performance ,
b ~ ultra- miniature
| s |

p

Costs

| Low-cost Jarge area, flexible,

. -
Orgamc- " _~| easier manufacturing

v

Performance

Figure 1. 1: Hlustration of performance versus cost for organic semiconductor and

silicon technologies
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Different devices built using organic materials have attracted researchers attention such as
organic thin-film transistors (OTFTSs) [7,8], organic memory devices [9], organic solar cells
[10], sensors [11], and organic light-emitting diodes (OLEDs) [12]. Also, electronic
materials have become more attractive for display applications such as televisions and
mobile phones. Figure 1.2 shows the current market size of the printed, organic and flexible

electronics industry for the year 2019 [13].

2019 Market Snapshot

Displays SSO.BBn'—\

Conductive Ink (inc In-Mold
Electronics) $2.3Bn

2019
$37.1bn
New form
factors create
the biggest
user pull

- Printed & Flexible Sensors $3.9Bn

/ OLED Lighting
$25M

Logic, Batteries, OPV,
E-textiles $81M

Figure 1.2: Current market size of the organic and flexible electronics industry [8].

1.2 Historical background

Organic electronics is a subdivision of modern electronics, and it deals with organic
materials, such as polymers or small molecules. The discovery of the electrical conductivity
in organic materials can be traced to 1862 when Henry Letheby obtained a partly conductive
material using anodic oxidation of aniline in sulfuric acid. In history, the beginning of
organic electronics has started with the identification of organic semiconductors in the late
1940s [14]. Literature shows that the research in the electrical behaviour of organic
materials was carried out in the 1960s [15], while in the early 1970s [14] photoconductive
organic materials were found, and in this decade, the conductive polymers were discovered.
Later in the 1980s, [16] photo-emissive polymers created a new wave in the field of organic
electronics. The discovery of electrically conductive polymers considerably changed our
views on polymer materials and shaped the basis of future organic electronics. Heeger,
MacDiarmid, and Shirakawa discovered in the 1970s that the polymer polyacetylene, after
certain modifications, can be made conductive. Where doped polyacetylene can be used to
form a new group of conducting polymers, and the electrical conductivity of the material

can be systematically tuned over a range of magnitudes [17]. Alan J. Heeger, Alan G.
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MacDiarmid, and Hideki Shirakawa were awarded the Nobel Prize (in the year 2000) in
chemistry for their discovery of highly-conductive organic polymers (iodine-doped
polyacetylene) [17]. Later, the performance of organic electronic devices has continuously
improved; the power conversion efficiencies of organic photovoltaic cells (OPVCs) have
reached over 5 % [18]. Figure 1.3. shows the timeline performance of carrier mobility in
organic field-effect transistor (OTFs) started from 1986 with mobility of 10° cm? V1!
reported from poly-thiophene up to 20 cm? V1 s71[19-21].

3 fSilicon crystal

10

Polycrystallin silicon

morphous silicon

Small molecules

Mobility (cm’ V™' s7)
[y
o]

Polymer

1985 1990 1995 2000 2005 2010 2015 2020

Year

Figure 1. 3: Timelines performance of carrer mobility in organic field-effect transistor OTFTs

1.3 Organic electronics applications

Organic electronics have attracted remarkable attention over the last several decades as a
potential candidate for low-cost, lightweight, flexible, semi-transparent, and customisable
solution for a large variety of applications not well suited to traditional inorganic
technologies. The most researched device applications have been organic photovoltaics
(OPVs), organic light-emitting diodes (OLEDs) and organic field-effect transistors
(OFETS). Figure 1.4 shows some application areas of organic electronics technology. The
major applications of organic electronics are sensors, active-matrix (AM), flat panel

displays (FPDs), organic light-emitting diodes, low-end smart cards, electronic ink, flexible
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electronics and electronic identification tags. Sensors based on organic electronics are
widely used and studded for home safety, medical purpose and environmental monitoring

[22]. Herein, we will review some of these applications of organic electronics.

Lap on Solar
chip cell
—
Ambient
censors [COENSOIS Power —» |Actuator
Bio J
Sensors Batters
Organic electronic
Lighting Smart tags
' t M
Smart :
fibber “_OTIED—* Display MeTOFY
- -
Signage Transistors

Figure 1. 4: Typical applications of organic electronics

Nowadays, thin-film transistors (TFTs) play an important role in the field of electronic
devices technology. TFTs are the backplanes of most displays such as LCDs and OLED.
However, OTFTs have several advantages such as low-cost of manufacturing, large area
coverage, flexibility and low-power operation. Therefore, OTFTs are promised to be a
candidate for new emerging backplanes applications. For instance, it is impossible to
fabricate AM LCDs based on hydrogenated amorphous silicon TFTs on a plastic substrate
because of the high temperature required (> 300 °C ). Whereas, organic materials easy to be
fabricated and deposited on a flexible substrate at a low temperature. The early Active
Matrix (AM) display based on organic semiconductors was reported in 2000 [23] while
Rogers et al. in 2001 [24] have demonstrated electrophoretic flexible display based on
OTFTs. Hong et al. in 2005 [25] produced a high-resolution AM LCDs based on OTFT.
Organic electronics technology can be used to develop low-cost circuits for applications like
card games, electronic ticket, and product packaging as well as organic sensors. Hence, the
integrated radio frequency identification (RFID) tag which is required 13.56 MHz (high-
frequency, HF) to be operated and can provide the operating power to the tags via inductive
coupling for example; ticket, smart card passport, library labels and many applications will

be a promising candidate for organic electronics. The organic RFID tags are made from
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plastic make them more flexible and thinner than silicon-based tags. Furthermore, organic
RFID tags can be produced from solution process providing low-cost fabrication to compute
with bar code tags. Baude et al. in 2003 [26] used vacuum deposition technique to
demonstrate pentacene-based RFID circuits. In 2005, Subramanian et al [27] provided an
organic RFID tag using novel pentacene and oligothiophene precursors. Blache et al. [28]
in 2009 demonstrated 4-bit transponder based on organic complementary metal-oxide-

semiconductor (CMOS) and working at a frequency of 13.56 MHz.

Another application of organic material is memory devices. There is more interest from
researchers to develop and improve memories using organic materials due to there
properties such as low-cost fabrication, high density, high speed and nonvolatility. There
are many types of organic memory devices, for instance, organic thin-film memory
transistors (OTFMTSs) [29-33], charge storage in metal-insulator-semiconductor (MIS) [34]
and bi-stable switching memory devices [35], which have been wildly fabricated and tested

by researchers.

In the past few decades, gas sensors have been extremely important in many applications.
The most applications of gas sensors are monitoring automotive exhaust gases [36],
controlling the air quality and concentration of some gases in the air [37]. Therefore, organic
semiconductor materials have been used for manufacturing of high sensitivity sensors [38].
There are many advantages of using organic materials to produce sensors such as fabrication
with low-cost processes on flexible plastic substrates with large-area coverage at room

temperature, flexibility and lightweight.

This thesis focuses on the improvement of TIPS-pentacene-based organic TFTs and their
applications such as organic thin-film memory transistors (OTFMTSs) and organic transistor-

based gas sensors.

1.4 Memory devices

Memory devices are used to store information or data that can be recovered later. There are
two main classifications of memory devices: volatile and non-volatile memories. The
information stored in the volatile memory devices is lost as soon as the power supply is
turned off and requires persistent power to maintain working. Volatile memory devices can
be classified into two types: Static Random-Access Memory (SRAM) and Dynamic
Random-Access Memory (DRAM). SRAM is a type of random-access memory (RAM)

which can store each bit using latching circuitry (flip-flop) and the data is lost when the
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power is removed (volatile memory). Whereas DRAM s classified as a random-access
semiconductor memory and is able to reserve every bit piece of data in a memory cell.
Therefore, the difference between them is the lifetime. The memory cell is made up of a
miniature capacitor and a transistor. Each one of them is generally based on metal-oxide-
semiconductor (MOS) technology. Charged or discharged are the only options a capacitor
can be to portray two values of a bit (standardly called 0 and 1). SRAM is used for CPU
cache memory because it is faster than DRAM which is used as the main memory for a

computer.

There are four types of non-volatile memory devices (NVMs) which can keep the stored
data even when the power supply is turned off: Ferroelectric Random Access Memory
(FeERAM), Flash memory, Phase-Change Memory (PCM) and Magnetic Random Access
Memory (MRAM). Figure 1.5 shows the categories of memory devices technologies.

DR FeF.AM Flach .
Volatile Memory devices Non-Volatile

ME AN Phaze rJJuge
SRAM TIEMArY

Figure 1. 5: A classification of memory devices technologies

Ferroelectric RAM has a similar structure of DRAM but instead of the dielectric layer, a
ferroelectric layer is installed to obtain non-volatility. FeRAM is the same as flash memory
in functionality and it is one of the non-volatile random-access memory alternative
technologies. Ferroelectric RAM as a switch and storage was published in 1952 by Dudley
Allen Buck [39]. Two types of FeRAM devices are found, capacitor-type and ferroelectric
field-effect transistor (FeFET). Capacitor-type is similar to DRAM, the main difference
between them is using ferroelectric thin film as a gate in capacitor-type to store data

whereas, for DRAM the data can be stored in a dielectric layer while FeFET is a device of
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a single element with a ferroelectric thin film layer as a gate dielectric in its structure [40].
Flash memory is a non-volatile memory device which is used to store and transfer the data
information between digital devices. It can be electronically programmed and erased easily.
It is usually used in USB flash devices, digital camera, MP3 players and other solid-state
drives. One of the most used non-volatile memory is flash memory where a floating gate
can be used to store data and the change in threshold voltage illustrate the memory state.
FeRAMs memory devices have low power usage, high read/write endurance cycles and fast

write performance which make them more demand than flash memory.

Another type of non-volatile random-access memory called Magnetoresistive Random-
Access Memory (MRAM) which is developed in 1980 and it was supposed to be dominant
memory where the data can be stored in magnetic domains [41]. Unlike SRAM and DRAM
that utilize electric charges to store data, MRAM (magnetoresistive RAM or magnetic
RAM) utilizes magnetic charges instead, which makes it a type of non-volatile RAM.
MRAM is beneficial because it can still maintain data even when the power is switched off.
The rule of MRAM technology is for the data to not be stored as electric charge or current
flow, but instead as magnetic storage elements in micro-size cells. MRAM uses electron

spin to store data, as well as a magnetic tunnel junction and a transistor to perform.

The fourth type of non-volatile RAM is Phase change memory where data is stored by
changing the used material’s state signifying, on a micro-scale, it reciprocates amongst
crystalline and amorphous. A cell of Phase Change Memory (PCM) is formed of one resistor
and a bipolar junction transistor. In this non-volatile memory technology, recorded data is
in accordance with the utilization of convertible phase change in materials. PCM materials
alter state rapidly reciprocating between an amorphous and crystalline phase if appropriate
heat pulses are implemented [42]. PCM is presumed to be an auspicious rising non-volatile
memory. It has already been used in DVDs, CD-ROMS and other similar optical

information technologies

1.4.1 Floating gate memory device

In general, flash memory technology is constructed on a floating gate concept. This type of
memory operates on the principle of charging nanoparticles, nanowires, or nanocrystals
which are integrated into the insulating layer of a MOS capacitor or TFT [43-45]. A floating
gate memory has a field-effect transistor or metal insulator semiconductor (MIS) structure
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with two gates, in addition to the control gate; it has a floating gate embedded in the gate
dielectric. A floating-gate memory cell is a MOS transistor with a gate surrounded by
dielectrics. The floating-gate (FG) is electrically governed by a capacitive-coupled control-
gate (CG). Electrically isolated FG acts as a storage electrode for the cell device. Charges
injected into the FG can be stored as a data and describes the memory state by altering the

transistor’s threshold voltage.

MIS capacitors provide the basis for numerous types of electronic devices from thin-film
transistors to charge-coupled devices and memory devices. The straightforwardness of the
MIS structure has made it a strong device extensively used for the analysis of the interfaces
and electrical properties of MIS-based systems. This is similar to metal oxide semiconductor
(MOS) capacitors used as analytical tools for the improvement and understanding of silicon-
based devices. Understanding the theory and physics of MIS capacitors was used to improve
the inorganic-based devices. Organic MIS structures are explained by their capacitance-
voltage (C-V) characteristics which exhibit three distinct regions: accumulation, depletion
and deep depletion (inversion in inorganic MOS). Memory devices based on MIS structures
comprise of charge traps added inside the insulator of the structure, the charge traps behave
as the floating gate. Adding the floating gate results in a clear modification in the C-V
characteristics and hysteresis in the double-sweep C-V curve. The hysteresis leads to the
two stable capacitance states which may be controlled and read by an external bias and thus

exhibiting the anticipated memory performance.

As for organic thin-film memory transistors (OTFMs), when a large enough program
voltage is applied between the control gate and the source contact, an electronic charge can
be brought onto the floating gate by quantum tunnelling or thermal emission [43]. Charging
the floating gate changes the transistor’s threshold voltage, as the charge on the floating gate
partly screens the electric field between the control gate and the semiconductor. The
threshold voltage shift can be sensed by measuring the drain current at a certain gate-source
voltage. As the floating gate is totally isolated by the dielectric layer, charges stored on the
floating gate remain there without the need for any applied voltage (non-volatile memory).
To delete the memory, a voltage of opposite polarity should be applied to discharge the

floating gate [43].
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1.5 Gas sensing

One of the essential elements of modern organic electronics is organic field-effect
transistors (OFETs) which can be used as gas sensors. The main defining factor for the
increase in new legislations and motivation has been global warming and pollution levels
in the atmosphere (for both urban and rural areas) as well as health problems related with
atmospheric pollution. Because of the intense necessity of technology (such as smartphones,
iPad, tablets, and laptops) from the public in modern-day, the industry advanced powerfully
and rapidly. The actions involved with these industries and technologies require chemical
activities that entail chemical reactions. Material waste in the gaseous state is the most
common outcome of these chemical reactions and serval of these gases may be highly
flammable plus dangerous to both human health and the environment. In the past two
decades, global warming has been getting notices as an environmental issue with
greenhouse gases being released into the atmosphere as the main cause. As mentioned
above, industrial activity plays a big part in releasing those toxic and harmful gases. The
gases pile up in the atmospheric structure which induces global warming. This sparked
fields such as science and engineering to research and develop in this issue. The recent
industrialisation has set human living standards positively to a very high level in the last
several decades. Though it also brought negative effects such as gases that are hazardous
for the environment and public health [46]. So gas sensors have been created for the
inspection and sense of a few gases like oxygen (for breathable atmospheres [47] and
combustion processes, such as boilers and internal combustion engines) [48], hydrocarbons
(in oil fields), plus other gases frequently used in medical applications or manufacturing of
chemicals. In vehicles, hydrocarbons gases are used as fuels. However, they are very
flammable and can cause an explosion or fire so for safety they should be used up to the
legalised level. Other things that need monitoring to protect workers in industrial sectors are
loathsome odours, toxic gases, and volatile organic compounds. It is significant for the gas
sensors to be miniature and low-cost so it can be provided for a variety of uses [49]. Small
and cheap gas sensors are increasingly demanded in important places such as medical
diagnostics, food quality control, indoor and outdoor air quality monitoring. Some diseases
can also be identified from exhaled breath being analysed for trace gases [50]. Being able
to read and record signals smoothly through low-end supporting electronics is an advantage
which can be achieved by using electronic sensors in these applications. Because of their

low-temperature deposition, customizable surface and their low-cost fabrication process
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compared to inorganic counterparts, organic transistors have risen as remarkable
semiconductor technology and widely used for OTFTs-based sensors [51]. In this study,
TIPS-pentacene-based OTFTs (explained in chapter 4) is tested as a gas sensor for alcohol
(ethanol and methanol) using a gas sensing system. The test is applied for two types of
organic transistors (CPMMA-based and cPVA-based OTFTS).

1.6 Importance of the study and aim

Organic electronics are widely used in electronic devices due to their flexibility, low cost-
fabrication and lightweight with nano sizes. Therefore, this study aimed to fabricate and
improve TIPS-pentacene-based OTFTs using the off-centre spin-coating method for
depositing two types of insulators (CPMMA and cPVA) to improve the interface between
semiconductor and insulating layers. Memory transistors have been very demanded during
the last few decades. Hence, part of this study aimed to employ OTFTs as memory
transistors by adding graphene oxide as a floating gate (embedded in the insulating layer)
applied for two types of transistors (CPMMA-based and cPVVA-based OTFTSs). Since ethanol
and methanol are of the most commonly used alcohol in chemical industries and scientific
labs, detecting their vapours in the atmosphere is a matter of importance and this is taken in
account in this work to test OTFTs devices as gas sensors for ethanol and methanol.

This project is divided into seven main objectives:

1. Fabrication of organic thin-film transistor OTFTs using the off-centre spin-coating
method for depositing the insulating layers to improve the insulator-semiconductor
interface.

2. Study the surface morphology of deposited materials.

3. Study and analysis of the electric characteristics of the deposited layers.

4. Fabrication of organic thin-film memory transistors OTFMTs following the same
procedure for OTFT with inserting graphene oxide (GO) layer as the floating gate.

5. Study and analysis of the electric characteristics of the OTFMTSs.

6. Testthe OTFTs as a gas sensor for alcohol (ethanol and methanol).

7. Study and analysis of the electric characteristics of the OTFT as a gas sensor.

1.7 Structure of this Thesis

This thesis focuses on the development of organic TFTs and their applications such as

organic thin-film memory transistors OTFMTSs devices and gas sensor devices.
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The structure of this thesis is as follows:

Chapter 1 illustrates a general introduction to organic electronics. Historical background
of organic electronics as well as their applications such as OTFMTs and gas sensing are
briefly reviewed. Chapter 2 provides a principal theory of organic semiconductors and
dielectric materials. Also, the charge transport in the organic semiconductor is explained.
Organic thin-film transistors (OTFTSs), organic thin-film memory transistors (OTFMTSs) as
well as gas sensing operation principles and electrical characterisation are illustrated in this
chapter. Chapter 3 demonstrates the experimental methods, setups used for manufacturing
and characterisation of organic TFTs, organic TFMTs and gas sensing. Also, displays the
materials used in this work. Chapter 4 is the first experimental part which focuses on the
fabrication and characterisation of organic thin-film transistors. The main aspect in this
chapter is improving the charge transport through MSI in OTFT, where the off-centre spin-
coating technique is used to deposit two types of insulator layers (cPVA and cPMMA) in
order to improve the insulator-semiconductor interface. TIPS-pentacene semiconductor,
aluminium and gold are employed as the active layer, gate electrode and drain-source
connectors respectively to fabricate two types of OTFTs (cPMMA-based and cPVA-based
OTFTs). The surface morphology of the insulators and semiconductors are studied in this
chapter to provide the optimal deposition parameters and high carrier mobility.
Chapter 5 demonstrates one of the OTFT’s applications which is organic thin-film memory
transistor. Where the same structure of OTFT in chapter 4 are used in addition to graphene
oxide GO layer being embedded in the insulator layer to provide two types of memory
transistors (cPMMA-based and cPVA-based organic memory transistors). Also, the electric
characteristics were studied. Chapter 6 presents the second application of OTFTs, which is
OTFTs-based gas sensors. In this chapter, the design and setup of the gas sensing system
are illustrated to test OTFTs devices which were fabricated in chapter 4 as a gas detector
for two types of alcohol (ethanol and methanol). The electric characterisation of OTFT-
based gas sensors is studied in this chapter as well. Chapter 7 summarises the main results

from the thesis and discusses possible directions for further work.
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Chapter 2

Devices Theory of Organic Electronics

This chapter reports on the background theory of organic semiconductor devices. Firstly,
the basic properties of organic semiconductors are reviewed and followed by a discussion
of their charge transport properties. Further, the small molecular organic semiconductors
theory is also detailed. Device fabrication and characterisations are also discussed in this

chapter.

2.1 Introduction

The research concentrated on organic electronics has expeditiously advanced in the last
three decades reaching industrial progress and increasing applications. The research on
organic electronics comprised electronic engineering, material science, applied physics and
industrial chemistry plus further areas. Pentacene-based organic devices have the ability to
be used in various applications such as integrated circuits (1C), flexible displays and organic
displays due to their lightweight, low-cost manufacture, large-area coverage, and higher
integration density. These are the main reasons why they have been firmly improved and
developed.

In this chapter, electric characterisation and fundamental concepts concerning organic thin-
film transistors (OTFTs) and their applications such as organic thin-film memory transistors
(OTFMTSs) and gas sensing have been reviewed to give the base for the discussion about
the results provided in Chapters 4, 5, and 6. In sections 2.2 - 2.4, an overview of the principal
elements of organic devices, semiconductors and insulators, are presented as well as a short
review of the charge transport mechanisms in organic semiconductors and metal-
semiconductor interface. Whereas in section 2.5, the doping density is explained. Then thin
film transistor structure is illustrated in section 2.6. After that, the principles behind the
work of memory devices are addressed in section 2.7 with floating gate memory devices
being an important focus. Lastly, section 2.8 clarifies the application of OTFTs as gas

sensors in details.
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2.2 Organic semiconductors

Organic semiconductor materials have attracted the focus of industrial and academic
researchers in recent decades because of the wide variety of applications for these materials.
Various organic semiconductors have been used as an active layer in organic thin-film
transistor devices (OTFTs) [1-3], organic light-emitting diodes devices (OLEDs) [4,5],
organic memories devices [6,7], organic photovoltaic devices (OPVs) [8,9] and organic
sensors [10-12]. The thermal evaporation method can be used for depositing most of these
materials including molecular crystals, and other materials such as conductive polymers
which are deposited by spin-coating and inkjet printing methods. Polymeric semiconductor
materials have been widely used in electronic devices due to their outstanding properties,
for instance, high solubility in various solvents and low-temperature fabrication which make
these materials more suitable for large area deposition processes such as spray coating and
printing. On the other hand, insoluble small-molecule semiconductor materials are the
majority and often are deposited through a vacuum process. The most frequently used small-
molecule organic semiconductor is pentacene. Pentacene, however, experiences instability
due to oxidation once exposed to humidity and/or oxygen. This makes the carrier mobility
decreases, reducing the lifetime of the organic devices. Therefore, TIPS-pentacene which is
one of the pentacene derivatives is used to reduce the oxidation effect [13]. Figure 2.1 (a)

and (b) shows the molecular structure of pentacene and TIPS-pentacene, respectively.

Figure 2. 1: Molecular structure of (a) Pentacene (b) TIPS-Pentacene

19



Chapter 2 / Devices Theory of Organic Electronics

Small-molecule organic semiconductors are different from inorganic semiconductors,
which are usually undoped (intrinsic semiconductors). Thus, the idea of p-type or n-type
organic semiconductors relies on Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) levels instead of the possibility of a doping process.
The holes are more readily injected than electrons in p-type semiconductors, while it’s the
reverse for n-type semiconductors. A determining feature of p-type semiconductors is that

their holes typically have greater mobility than electrons [14].
2.2.1 Charge transport in organic semiconductors

Organic semiconductors are conjugated carbon-based materials with electrical conductivity
located in between the conductivity of insulators and metals. Conjugated molecules have a
network of p-orbitals with delocalized electrons as well as alternating single and double
bonds [15]. Crystalline structures can be formed from the small molecule semiconductor
which can improve the charge carrier transport. On the other hand, conjugated polymers are
usually semicrystalline with amorphous regions which restrict their charge transport
property. Weak intermolecular van der Waals forces bond organic molecules and influence
their thermodynamic, electrical, and mechanical properties [16], which are contrary to the

inorganic molecules with strong covalent bonds.

Semiconductors and small molecules are structured of hydrocarbon molecules with a carbon
atom as a backbone. The carbon atoms have six electrons which are located in the electron
configuration of 1s? 2s? 2p?. The first orbital 1s contains the electrons with lower potential
energy and closest to the nucleus. Whereas, the electrons with higher potential energy are
placed in the 2s and 2p orbitals which are responsible for interaction with other elements to
produce different compounds by formatting bonds with other electrons. Holes and free
electrons are the main charge carriers that pass between molecules. Organic materials
become conjugated when they have sp2 hybridized carbons. In hybridization processes, two
bonds types can be formed, sigma (o ) which are single bonds created between carbon-
carbon atoms and carbon-hydrogen atoms (localised electrons). While weakly couples Pi
(7) bonds dominated the dislocated electrons. Figure 2.2 (a) illustrates the creation of sp?
hybrid orbitals, while Figure 2.2 (b) shows an example of z -conjugated electron system
structure in ethylene. o bonds formatted the molecules' backbone with a potential

energy of (> 10 eV) which is stronger than z bonds (< 4 eV) [17].
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In organic semiconductors, there are two potential energy levels, the highest bonding energy
level which is called Highest Occupied Molecular Orbital (HOMO) and the lowest anti-
bonding level Lowest Unoccupied Molecular Orbital (LUMO). These (HOMO) and (LUMO)
energy levels are similar to the highest energy level in valence band (Ev) and the lowest

energy level in conduction band (Ec) in inorganic semiconductors, respectively [18].

Is 2 2p, 2p, 2p,

Electronic configuration of carbon atoms in ground state | 1| i) -
e
Electronic configuration of carbon atoms in excited state I I} -

R
sp’ hybridization in carbon atoms | T} i

three sp2 unhybridized
hvbridized  orbital
orbitals

Figure 2. 2: (a) lllustrates the electronic configuration of sp? hybridization. (b) The

structure of conjugated w-electron as an example for ethylene.
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Because ¢ bonds nonreactive, they have a weak effect on the optoelectronic properties and
a strong one on the molecular structure. The energy gap plays a significant role in organic
semiconductors properties. Therefore, molecular orbitals are used to explain the energy gap

properties [16].

For the interaction of two atomic orbitals, two new molecular orbitals will be formed;
bonding orbital and antibonding orbital (stated with “*””). Bonding orbitals can be produced
from the in-phase combination of two similar atomic orbitals, while antibonding orbitals are

developed from the out-of-phase combination.

Bonding orbitals occupied with electrons while antibonding is empty making the molecular
orbitals more stable. Antibonding orbitals ©* represent the lowest unoccupied molecular
orbitals (LUMO), while the highest occupied molecular orbitals (HOMO) are represented
by m bonding orbitals. The orbitals of molecules can be limited by the HOMO-LUMO
orbitals. The energy gap of the molecules is the main difference between HOMO and
LUMO [18].

Similar to inorganic semiconductors, the conductivity of an intrinsic semiconductor can be
altered by doping. Doping an organic semiconductor with an electron donor or acceptor will
respectively produce an n-type or p-type semiconductor. An electron-transporting
semiconductor (majority electrons) falls within the n-type category and a hole-transporting
one (majority holes) belongs to the p-type group. Current organic semiconductor devices,
however, are generally based on the intrinsic materials and one of the key reasons for this
is the stability challenges associated with doping. Typically, device instability materializes
as a result of diffusion of dopant ions or very small molecules. The diffusion of these small
dopant molecules could cause malfunction of organic electronics devices. To realize device
stability, the use of larger aromatic molecules (i.e. ones with strong m-electron donors or
acceptors) are better choices for doping [17]. Akin to inorganic semiconductor doping,
establishing mobile majority charge carriers involves introducing impurities (electron
donors or acceptors) into the material. Dopants either accept electrons from the HOMO to
create holes (p-type doping) or donate electrons to the LUMO energy levels to increase the

electrons (n-type doping) [18-20].
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The degree ordering of the chain is more important and the charge transporting in the solid
state critically depends on it. Also, structural defects and chemical density affect charge
transport properties [19-21]. This dependence can be recognised in the experimental
characterisation of the organic thin-film transistor as the result of transport properties vary

with the quality of the sample.

Shows in Figure 2.3 the molecular orbital with electronic order for the ground state (So),
first excited state (S7), and first triplet excited state (7). It shows that there are two electrons
with an antiparallel spin which saturates the HOMO of the molecule in the ground state.
Nevertheless, the LUMO band remains vacant until a state of agitation arises. To stimulate
conduction in organic materials, an extra electron must be introduced to the LUMO band or
an electron removed from the HOMO band [22]. When the excitation process occurs, an
electron moves from the HOMO to the LUMO, where the additional or missing electron in
the anti-bonding or bonding orbital, respectively, are compatible with the nature of the
excited state. The injection or extraction at electrodes is one of the main processes to achieve
conduction in such materials. In such materials due to the weak intermolecular bonds,
delocalisation of charges is limited to few close molecules causing low charge mobility [10].
Under the effect of electric field or application of temperature, the carriers (electrons or

holes) are moved in the case of the availability of similar energy levels [23].

Energy

Figure 2. 3: Molecular orbitals with electronic order for the ground state (So), first excited state

(S12), and first triplet excited state (T1) in organic semiconductors.
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The doping in conventional semiconductors such as (Si) with a few parts per million of
donor or acceptor impurities produces localised energy states in the bandgap close to the
conduction and valence bands. Because of the low purity of organic materials, this kind of
doping is not practical in organic semiconductors. Consequently, p-type organic
semiconductors have energy alignment with the electrode and this results in better injection
of the hole, whereas n-type semiconductors have a better alignment for the injection of

electrons.
2.2.2 Polymeric and small molecular organic semiconductors.

Polymer and small-molecule semiconductors have an advantage in electronic organic
because of their electrical and optical proprieties and low-cost fabrication with the capability
of modified their polycrystalline films to improve charge transport [24,25]. In spite of
discovering new organic materials, the development of these materials is an important role
to improve charge transport properties, electronic structure and charge-charge interaction
[26]. Depends on the molecular weight, organic semiconductors can be classified into two
groups heterocyclic polymers which are of molecular weight more than 1000 and
conjugated polycyclic compound with less than 1000 molecular weight [27]. Polymers can
form with a large area thin film make them suitable materials for semiconductors.
Nevertheless, they have poor solubility in organic solvents. Therefore, researchers use small
molecules as semiconductors. The advantage of small molecules is the ability to modify the

molecular parameters leads to enhance charge transport.

Unceasing efforts have been made to improve charge transport mechanisms and achieve
higher carrier mobilities in polymers and organic small molecules. Within the backbone of
polymers, torsion gives rise to disorder. As a result of such a disorder, the hopping
mechanism is primarily responsible for charge transport, under which the applied voltage
causes a charge carrier to jump, or more specifically ‘hop’ from one discrete level of energy
to another. Figure 2.4 illustrate the electron transport via hopping between different energy
levels. However, it remains uncertain as to what mechanism dominantly controls charge
transport in small molecules. The disorder grade of energy levels tends to incline towards
lower value, giving a vague image of any transport mechanism or possibly opening gates

for another one.
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2.3 Gate Dielectrics

In organic electronic devices such as the OTFTs, the boundary between the gate dielectric
and the active layer acts as an important player by possessing the control of charge carriers
flowing through it. This particularly active function of the interface has essentially resulted
in the growing interest in improving dielectric materials as key principles when developing
organic electronic devices. In a gate dielectric, important aspects such as the permittivity
constant and the thickness of its film are indirectly responsible for determining the operating
voltage of the device. Charge movement in organic thin film transistors is heavily stimulated
by the mechanical and chemical properties of the insulator-semiconductor interface, which
is regulated by another significant aspect known as the dielectric film roughness. The
“decision-taking” activity is also influenced by additional important elements such as the
process and groundwork of the insulating layer and the deposition process, besides the
above mentioned factors. The classification of insulating materials can be under; inorganic,
organic, multilayer, nanocomposite, and ultra-thin self-assembled monolayers (SAMs)

materials. However, the focus of this study is on organic(polymeric) materials.

Inorganic materials such as tantalum oxide (Ta20s) and titanium dioxide (TiO2) are chosen
as excellent examples of materials of high dielectric constants. Additionally, silicon dioxide
(SiOy) acts as an exceptional dielectric layer as a result of its thermodynamic stability and
huge bandgap, besides the high dielectric constant value [28] Highly valuable qualities of
short-chain length and dense packaging present in self-assembled monolayer (SAM)
dielectric films has enabled them to be considered amongst the good dielectrics for organic
electronics such as low-voltage OTFT [29]. These SAM dielectric films are otherwise
usually used as surface treatments. It is possible to make crucial modifications to the surface
of dielectric materials. The addition of a layer of multilayers insulating films makes it
possible to improve the development of crystalline gains of a semiconductor as well as the
roughness of its surface. These materials represent a category of dielectric layers comprising
of organic or inorganic insulating materials. Namely, octadecyl-trimethoxysilane (OTMS)
on zirconium oxide dielectrics, octadecyl-trichlorosilane (OTS) on silicon oxide, and alky!l
phosphonic acid monolayers on alumina are excellent examples of such additives [30-32].
Also, the important objective of improving the field-effect mobility of OTFTs can be
achieved by the addition of polymers such as polystyrene on the oxide layer [32,33].
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An important highlight of the permittivity of organic insulators is that their frequency is
dependent. However, it is not an unachievable task to alter this permittivity. The production
of dielectric materials through the blending of ceramic and polymeric materials, such as
nanocomposites, are capable of doing so. Studies and investigations in a number of recent
decades have been widely focusing on inorganic dielectric materials, some of which are
mentioned below along with their important characteristics:

2.3.1 Polymer dielectrics

Organic materials possessing the qualities of dielectric importance can be majorly classified
as polymers. With the help of techniques such as spin-coating, inkjet printing or dip coating,
it is possible to synthesise polymers. Initially, the first common polymers administered as
insulating layers in organic electronics were poly(methyl methacrylate) (PMMA) and
polystyrene (PS). The production of organic devices is also done using polymer dielectric
materials such as poly(vinyl phenol) (PVP) and poly(vinyl alcohol) (PVA). Where they
have superior insulating characteristics with neglected leakage currents. Furthermore, the
cross-linking technique using some of the agents such as [1,6-bis (trichloro silyl) hexane
(C6-Si) with PMMA or ammonium dichromate with PVA, will help improve the strength
of these insulators and achieve the desired thermal stability, surface hardness and solvent
resistance [34]. On the other hand, a number of reports have remarked research highlighting
the enhanced characteristics of low leakage currents, insolubility and high capacitance in
OTFTS with siloxane cross-linked ultra-thin polymeric films [35-38]]. Dielectric materials,
in general, have low capacitance, so organic transistors based on them must run at relatively
high voltages [39]. Table 2.1 illustrate the dielectric constant for most used organic and

inorganic materials in electronic devices [40].
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Table 2. 1: Dielectric constant for some organic and inorganic materials.

Organic Dielectric . . Dielectric
Materials(Polymeric) constant ITEIEEsiie L i Tele constant
PS (Polystyrene) 26,24 SiOz (silicon dioxide) 3.5-4.5,3.9
P4VP (poly (4-vinyl phenol) 26,24 SisN4 (silicon nitride) 6.2
PI (polyimide) 2.6 Al203 (aluminium oxide) 8.5-9
PMMA (polymethyl 3.6, 2.65-3.9, ; ;
methacrylate) 33 MgO (magnesium oxide) 9.8
PVP (polyvinyl phenol) 3.8 ZrOz (zirconium oxide) 25,17.5
PVC (polyvinyl chloride) 4.6 Taz0s(tantalum pentoxide) 26
PVA (polyvinyl alcohol) 7.8 TiO2 80

2.4 Metal-semiconductor interface

In metal-semiconductor contacts, there has been an assumption of low resistance. Such is
the case of two connected metals. An Ohmic contact can be synthesised by assigning the
value of Fermi energy level of a p-type semiconductor, to be less than or equal to the work
function of the metal (), as shown in figure 2.4 below which illustrate the energy band

for metal and semiconductor before and after contact. It is important to note the location of

the Fermi level, which is near the valence band (Ev).
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(b) After contact

Figure 2. 4: Energy band diagram of a p-type semiconductor (work function (£5)) and a

metal (work function (4h)), (a) before contact and (b) directly after contact.
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The contact, whether Ohmic or rectifying, is identified on the basis of the Fermi energy
level of the semiconductor (Ers) and @m. It is the characteristics of the interface between
metal and semiconductor that the nature of this contact is depended upon. On the contrary,

the Fermi level of n-type semiconductors must be higher than @m [41].

It can be seen that the two materials are brought into contact resulting in thermal
equilibrium. A modest downward band bending in the semiconductor band structure aligned
the Fermi levels. It also depicts the electrons increasing the number of holes in the interface
as they travel into the metal from the semiconductor, while the electrons in the metal are
capable of moving into empty states in the semiconductors [42].

2.5 Doping density

In organic semiconducting materials, the function of doping density is to primarily represent
the number of free majority charge carriers that exist in semiconductor bulk. The Mott-
Schottky analysis from the slope inverse of 1/Cm? versus gate voltage, Ve, in the depletion

region, can be performed to determine the doping density (Na(w)) as follows [43];
d 1y27-1
Now) = ~2[qe; 7~ ()] 21)

Herein, the depletion layer width is given by w.

The uniform distribution of dopants gives a straight line with a slope proportional to doping
density. To consider dopants as acceptors, the slope of the plot must be positive. To consider

dopants as donors, the slope of the plot must be negative.

2.6 Organic thin film transistor (OTFT) devices

The concept of thin film transistors began in the latter half of the 20" century. The successful
development of the first TFT, by Le Comber, known as Si:H TFT, took place in 1979 after
drawing inspiration from the first concept reported by Weimer in 1962 [44,45]. Since then,
research and investigations have been continuously undertaken on organic thin film
transistors (OTFTs), which have largely occupied multiple areas of electronic applications
[46-49]. The formation of a channel in metal-oxide-semiconductor-field-effect-transistor

(MOSFET) as a result of inversion of charge carriers close to the insulator-semiconductor
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interface is the key highlight to differentiate it from OTFTs. The off-state and on-state,
otherwise known as high channel resistance and low channel resistance respectively, occurs
as a result of the application of voltage to the gate electrode. For a p-type semiconductor-
based FETS, the depletion mode is activated when a positive voltage is applied leading to
the depletion layer of charge carriers, resulting in an off-state. On the other hand,
accumulation mode is activated when a negative voltage is applied leading to a large

concentration of charge carriers, resulting in an on-state.
2.6.1 Device structures of OTFTs

Organic thin film transistors (OTFTs) can be structured or configured in four different ways.
The first two methods involve assembling the gate at the bottom. Among them, the first
technique is bottom-gate, bottom-contact (B-G, B-C) where the source and drain adjacent
to the semiconductor layer, which is situated at the top place as shown in Figure 2.5 (a). The
second way is bottom-gate, top-contact (B-G, T-C) herein, the source and drain above the
semiconductor layer, Figure 2.5 (b). In the next two techniques of configuring OTFTs, the
gate is situated at the top. Amongst these, the source and drain are located adjacent to the
semiconductor, top-gate, bottom-contact (T-G, B-C) as in Figure 2.5 (c). Lastly, the
semiconductor is at the bottom and the source and drain are above it, adjacent to the gate

dielectric, top-gate, top-contact (T-G, T-C), as shown in Figure 2.5 (d).

Source Drain

Source Drain

Gate dielectric Gate dielectric
Gate Gate
Substrate Substrate

a b

Gate dielectric Gate dielectric
Source Drain

s
C d

Figure 2. 5: The four schematic diagrams configurations of OTFTs with (a) bottom-gate, bottom
contact (BG-BC), (b) bottom-gate, top contact (BG-TC), (c) top-gate, bottom-contact (TG-BC) and
(d) top-gate, top-contact (TG-TC).
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In between the semiconductor and the gate electrode, a dielectric layer must be present so
as to separate them from each other. Also, factors such as the order of electrode and source-
drain electrodes, their location at the top or bottom, and the presence of semiconductors and
dielectric layers between them are possible aspects upon which the structural architecture
of OTFTs depend upon. It is essential for charge carriers to be able to inject and retrieve
between the source/drain electrodes and the semiconductor. Hence, it is required for the

nature of the contact present to be Ohmic.

It is assumingly understandable that each of the structural architectures of OTFTs has its
own benefits and downsides. For OTFTs having gate electrodes as the top layer, it is
comparatively difficult to deposit the dielectric layer on the semiconductor in OTFT which
has top layer gate electrode and bottom layer contact configuration. However, the advantage
of the dielectric layer in this arrangement is that it performs an additional function of
offering a passivation layer for the semiconductor, besides acting as a gate insulator. On the
other hand, for OTFTs having an arrangement with the bottom layer as a gate electrode, the
semiconductor occupies the top layer allowing the source and drain electrodes to be
patterned through photolithographic methods. However, due to lower contact resistance, the
OTFTs with top contact layer have a higher performance rate than OTFTs having bottom
contact layer. The lower contact resistance mentioned here arises as a result of the increment

in the contact area between the semiconductor and metal.

This study mainly focuses on the OTFTs with bottom-gate layer and top-contact layers
arrangement. Basically, OTFTs with such structural architecture mainly operate through
three-terminal devices; the gate, source, and drain. Firstly, the deposition of the gate
electrode onto the substrate takes place. The next step involves separating the gate from the
semiconductor, which is achieved using a dielectric layer. Lastly, the source and drain
contacts are deposited on the semiconductor. Furthermore, a channel, or an uncovered
semiconductor distance, separates drain and source from each other. These structural
configurations are similar to the MIS capacitor as shown in Figure 2.6. For effective
functioning, a direct current (DC) voltage is applied to the gate electrode. This results in a
successful achievement of the control process for the flow of current when applying a gate-
source voltage (Vgs) higher than a threshold voltage (V7) to create the channel between

source and drain contacts.
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Figure 2.6: Schematic structure of the bottom-gate, top-contact organic thin-film transistor OTFT.

2.6.2 Electrical characteristics of OTFTs

In this study, organic thin film transistors are constructed based on p-type semiconductors.
To control the conductivity of the transistor channel, the application of a negative gate-
source voltage (Vegs) results in the accumulation of holes. The curves of drain-source current
(los) versus drain-source voltage (Vps) occurrence takes place through this moderation of
the accumulation layer. The output characteristics of a p-type transistor can be stated for
different applied values of gate-source voltage (Ves), the values of the drain-source current
(Ios) change as a function of the applied drain-source voltage (Vos). At low Vps (Vbs < Vas),
Ips initially increases proportionally with Vps, to help the device operate in the linear region
as shown in Figure 2.7. In other words, this can be described as Ipsginy related to the Vos (as
in equation 2.2 [50].

wWcC; \%4
Ipsqiny = 7 H[Vcs - Vr= %] Vps (2.2)

The operation in the saturation region, Vps > (Vas —VT)

WC;
L

Ipsqin) = n[Ves — Vrl Vps (2.3)
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Here, Ci=insulator capacitance per unit area, p = field-effect mobility and Vr = threshold
voltage which in definition can be stated as ‘the value of the gate-source voltage that
required for the transistor to be switched on’ [51]. The presence of dopants or traps can
effectively change the ideal value of threshold voltage, which is otherwise equal to zero in

any ideal transistor.

JSH® V= 0V
—&— Vgs=-10 V]
30 H—* Ves=-20V] :
—de— Vs=-30 V] 4

—9—Vgs=-40V]

Saturation region

Linear —> K4

-Ips (MA)

== = 2=
& =

Figure 2. 7: Output chractristics of a usual p-type-based OTFT, The black dashed line shows the
channel pinch-off for OTFT.

For a drain-source voltage Vps value greater than (gate-source voltage Vgs - threshold
voltage V), i.e. (Vps > Ves - V7), the drain-source current saturates to ‘pinch-off’ the
conductive channel. Here, it is important to note that Ips do not depend on Vps. This whole
activity takes place in the saturated region, wherein, the saturated drain-source current,

Ips(sat), can be given by [50];

wc;
IDS(sat) = ;ﬂ(VGS - VT)Z (2.4)

32



Chapter 2 / Devices Theory of Organic Electronics

In the saturated regime, Win, the field-effect mobility can be estimated by rewriting equation
2.3 as;

JTos_ _ () (2.5)

Vgs—VT 2L

The transfer characteristics can be known from the plot slope of (Ipsian)™/? versus gate-
source voltage Vgs. (represented by the black curve in figure 2.8). The figure below
represents a plot in which the intercept on the voltage axis can be seen, which helps
determine the threshold voltage. Moreover, the on/off current ratio (ratio between off-
current and on-current) can be evaluated from the plot of Ips(sat) on a logarithmic scale
versus Vgs (blue curve). This also denotes the switching performance of TFT. Lastly, the
speed of Ips ramping up with the increasing source-drain voltage can be identified from the
remaining parameter, the subthreshold slope values (red colour in Figure 2.8). Also, the
transfer curve in Figure 2.8 shows two ways of applied Vgs voltage (from -10 V to 50 V
then back to -10V) with negligible or without hysteresis.
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Figure 2. 8: A typical p-type semiconductor based OTFT ’s transfer characteristics in the inthe
form of Ips'? (the black left axis) and Ips on a logarithmic scale ( the blue right axis) versus

applied gate viltage Ves.
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2.7 Organic non-volatile memory devices

The future of low-cost electronics has been mainly driven by organic non-volatile memory
devices (ONVM). The ONVM device has also helped in reducing electronics to the least
possible weight and increasing their flexibility [52-54]. The NVM can be categorised under
a) floating gate memory, in which the addition of a thin layer of nanoparticles within the
device insulator differentiates them from conventional devices such as MIS and TFTs, and
b) charge-trapping, in which the metal gate and original dielectric have an extra memory
stack between them. Integrated devices such as inductors, resistors, capacitors and

transistors can be recognised under the second category.

The characteristic features mentioned can be achieved through ONVM devices based on
OMIS and OTFT structures with a floating gate as these have the ability to integrate data
processing and store a large amount of data. Specific features such as high switching speed,
long retention time and large memory window were observed in nano-floating gate
memories which are designed on the basis of transistor structure [55-62]. The following
overviews on ONVM give us a better understanding and clarification, specifically focusing
on floating gate memories devised on the basis of MIS capacitor and TFT structures.

2.7.1 Floating gate memories

ONVM devices based on OTFTs are capable of reading while keeping their memory state
intact i.e. “non-destructive read-out”, which has made them especially attractive in the field
of organic electronics. Also, it is possible to fabricate them in any integrated circuit or the
same production line as OTFTs. The passive crossbar array of memory elements mostly
possess the issue of sneak current (a very weak electric current that doesn’t damage the
device immediately, but will burn out the device over time) , but the integration of ONVM
devices with OTFTs settles this issue [63,71]. Several other extraordinary features of
floating gate memories have resulted in manufacturing more than 90% of NVM production
based on the floating gate principle [70]. The structural configuration in these devices is not
very different from modified MIS and TFTs, wherein the internal gate acts as a semi-
permanent charge storage unit, also known as ‘floating gate’. The basic structural assembly
of non-volatile floating gate memory is based on the following two structures: a) thin-film
transistor, and b) metal-insulator-semiconductor (MIS). For floating gate memory based on

the first category (TFT), the insulating layer completely surrounds the metal layer, in which
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the charges are stored. The transistor channel responsibly injects the charges into the
floating gate causing the threshold voltage, Vr, to change, as a result of the application of
sufficient voltage V. The charges stored in the floating gate can be discharged by applying
reverse polarity [63]. Figure 2.9 illustrate the schematic structure of an organic thin film
memory transistor (OTFMT) device based on a floating gate inserted between two

insulating layers.

Semiconductor

aaaaaaaaaa

N Substrate

Floating gate

Figure 2. 9: A schematic structure of OTFMT based on a floating gate.

The latter half of the twentieth century witnessed the introduction of the first-ever
nonvolatile floating gate memory device [72]. It was in the year 1967 when Kahng and Sze
introduced the device, based on an n-type semiconductor of metal oxide semiconductor
field-effect transistor (MOSFET) [72]. It can be seen that two insulators: insulator 1 (I1) and
2 (12), 11 with a thickness of di: separating the floating metal gate (FG) from the
semiconductor and 12 with a thickness of dz between the FG and the external metal gate (G).
Both insulators develop an electric field, E, after the external gate experiences a positive
gate voltage, i.e. Vg > 0. This allows the device to activate accumulation mode, in which
the electrons flow through 11 into the FG. This occurs as a result of the conduction band of
the semiconductor bending downwards as shown in Figure 2.10 which illustrates the energy
band of a memory device based on a floating gate when applying different gate voltages
Ves; 0V >Ves, Ves =0V and Ves < 0 V. In general, the current through the insulators is
highly dependent on the electric field, and Fowler-Nordheim tunnelling is more likely to

expertise it, by applying Gauss’s law [73].

&g E = & E,+Q (2.6)
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and

VG == V1 + VZ == d1E2 + d2E2 (27)

&, = absolute permittivity of insulator 1 = €y &1, (Where &; is the permittivity
of free space (a vacuum), which has a value of 8.85x10? Fm™, and &,1
Is the relative permittivity of insulator 1, more usually called the

‘dielectric constant”)

&, = absolute permittivity of insulator 2 = £y &, (&2 is the relative permittivity

of insulator 2)
Q = stored charge in the floating gate (write step).
V1 = voltage across insulator 1
V. = voltage across insulator 2

By solving the above equations (2.6 and 2.7), the electric field across insulators, e.g. E1in

I1, can be given by:

E. = Vg Q 2.8
1= @ ra@) (2.8)

Flower-Nordheim
Tunnelling

(=)

Direct tunnelling

Blocking layer

LUMO/E
E¢sso
Tunnelling layer
Floating gate
LOMOJE,
Direct tunnelling EG << ()
Flower-Nordheim EG <0

Tunnelling
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Figure 2. 10: Schematic of energy band structure for a memory device based on a flating gate

during appling different values of gate voltage Vs; 0 >Vs,Ve=0and Ve <0
For the whole time of currents in two insulators are different, and continuous variation of

charge of floating gate with time, with the application process of Vgs pending, we can have
[70],

Q) = [JU1(ED) = Jo(E)]dt (29)
Q(t) = the stored charge as a function of time t
J1 = the current densities in insulator 1
J2 = the current densities in insulator 2

Further, if the Fowler—Nordheim tunnelling represents the transfer of charge through the

insulator, the J can be given as:
J = CiE%exp (- ) (2.10)

Here, C1 and Eo are constants.

The stored charge Q can be calculated from this point onwards using the current density.
Assuming that d2 >> d1, when the external voltage Vs, is removed after time t, there occurs
a shift in the threshold voltage by an amount 4 V1 which is caused by Q and can be given as
[70];

AVy = —% (2.11)

The electrons stored in the floating gate are discharged due to the effective functioning of
the erase step, which occurs as a result of applying a negative Vgs (Vs < 0). It is possible
to leave the floating gate completely free of electrons and with a positive charge by applying

enough negative Vgs.
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2.7.2 Characterisation of floating gate memory devices

2.7.2.1 Write/Erase processes

The conductivity of the device, if possibly changed in a non-destructive method, has the
ability to enable memory cells to store information so as to keep it autonomous from external
conditions and keep its states changeable (from “programmed, 0” to “erased, 1”). Such
quality of the memory cells, in other words, can be expressed as, the amount of stored or
removed charges in or from the floating gate, respectively, determines the magnitude of
change in threshold voltage, V1, from a high to low state [70]. This particular mechanism
occurs for floating gate memories based on n-type channel semiconductors, whereas in the

p-type channel, the functioning mechanism is vice-versa.

The plot of the drain-source current (Ips) versus gate-source voltage (Ves) at a constant
drain-source voltage (Vps) simplifies the understanding of write and erase processes for a
floating gate memory device, shown in Figure 2.11 (a) for a p-type and (b) for n-type

semiconductor channel respectively [63].

Ips

4

(cs{'”) (“]”) (“0™)

Ips>> 1 (“17)- S j -
AVy, Memory AV, Memory
ywindow window
[DS= 0 (‘LO”) - : s : 3 > V
V., V V, V., V V, GS
Erase Read Write J ‘ Erase  Read Write J
P-type semiconductor N-type semiconductor

Figure 2. 11: The operation of write and erase of memory device based on a floting gate for (a) p-type

and (b) n-type semiconductor channel.
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It can be clearly seen in the figure that there is a shifting in threshold voltage, Vr, from the
initial device state to the charged floating gate state. As a result of the shift, a memory
window is created signifying the capability of memory devices to the storage of charges.
The logic data “1” for write and “0” for erase of the p-type channel floating gate memory is
represented by two diverse current states: a high current (Ips >> 1) and a low current (lps =
0), respectively. If the floating gate memory is based on an n-type channel, the mechanism
is reversed. When the values of programmed and erased Vr possess the value of applied
voltage Vg between them, the “read” process proceeds without ignoring to value the flow

of current within the device.

2.7.2.2 Retention properties

Measurement of estimation of time taken to unload the floating gates’ information gives
retention. The shift in the threshold voltage of memory cell, as a result of charge loss, is

dependent on the equation below [107]
dQpc = Cpe dVy (2.12)
Here,
dQr¢ = charge loss of floating gate
Cr¢ = capacitance of floating gate
dV; = the floating gate threshold voltage shift

Regarding retention, it can also be concluded that it is a time value save by a non-volatile
memory cell, irrespective of the power of the floating gate. It is possible that the gate defects
and mobile ions cause a leakage of stored charges in the floating gate. The leakage may
happen through the insulator or the external gate [74]. Several mechanisms such as
thermionic emission, electron de-trapping, or contamination can lead to the loss of charges
[74-76]. On the contrary, factors such as dielectric materials and gate quality are very much

capable of improving the retention features of memory cells [76].
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2.8 Gas sensing

The behaviour of a gas sensor is labelled by the response factor (R) of a TFT parameter;
current mobility (u), threshold voltage ( V1) and on/off current ratio (lonoff) at particular
bias voltage (Ves) as:

_AX

R= (2.13)

Where AX is the distinction between the parameter derived at a particular gaseous analyte
concentration (C) and its amount at a reference gas (e.g. an inert gas or atmospheric air,
where C = 0 ppm). In contrast, Sensitivity (S), is characterised as:

dR
5= (2.14)

The approximation of this gas sensing parameter (S) is generally obtained by the slope from
a linear fit of the R versus C plot within a particular concentration interval. Furthermore, the
limit of detection (LOD) can be estimated from the intercept of that line with the
concentration axis with a zero response. There are two more parameters linked to timing
since the sensor response doesn’t befall instantly. For AX to differ from 10% to 90% of its
value, the interval needed is the onset time (tset). Calculating the reset time (treset) i the same
way, only that X differs from its value at a particular C to its value at the reference
atmosphere.

Organic semiconductors are sensitive to the chemicals in the environment, which is
dependent on the type and concentration of the chemical analyte. As for the gas sensing
motives, a usual mechanism of detection states that the chosen analyte molecule may act on
the charge carriers within the semiconductor sensing layer by either impurities (generating
electrons or holes ) or traps. Since most of the semiconductors act as a p-type, the nearby
electron-donating molecules affect and reduce the charge carrier density, which is
increasing the sensing layer resistivity. However, electron-withdrawing molecules led to
decreasing of the sensing layer resistivity by increasing the charge density. Otherwise, the
sensing layer may be only polarized by the analyte molecule and can be detected by a
capacitive current. Therefore, the incidence of each mechanism depends on the operation
conditions, such as temperature and voltage bias. Whereas, analyte adsorption and charge

carrier are exceedingly dependent on these parameters.
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To produce any gas vapour, there is a need for inert gas as a gas carrier such as nitrogen. To
produce alcohol vapour, a flow rate (F1 ml.min) of nitrogen is passing over a vial contain
alcohol solvent at room temperature (23 °C +1 °C) and under atmospheric pressure as shown

in Figure 2.12. Then the concentration of alcohol vapour C; can be calculated using equation

(3.3) [77].

c, =22 (2.15)

Herein,
P is the permeation rate,
p is the reciprocal vapour density of alcohol,

and F1 is the nitrogen gas flow rate.

Nitrogen Gas
e

| Alcohol vapour
+ Nitrogen gas

Alcohol liquid

Figure 2. 12: Schematic diagram shows producing alcohol vapour with a nitrogen currier gas.

For different alcohol vapour concentration, another nitrogen streaming of a flow rate F» can
be mix with the original alcohol vapour which is working as a diluting gas and the final

alcohol concentration can be determined using equation (2.16);

C=C —= (2.16)

Where C is the alcohol vapour concentration under the test, F.is the flow rate of the dilution

stream. (More details for the gas sensing system in section 3.5.4, chapter 3)
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Chapter 3

Materials and Experimental Techniques

3.1 Introduction

This chapter explains the materials and experimental techniques used during this work.
Different materials were used to fabricate organic thin-film transistors (OTFTs) such as
metals, insulators, and semiconductors. The experimental technique involves different
methods to deposit the metal gate, gate insulator and the semiconductor active layer, for
instant thermal evaporation, off-centre spin-coating, and drop-coasting techniques. To
minimise device contamination, all fabrication work was performed in class 1000
cleanroom ( maximum of 1,000 particles in size of (>0.5 um) are permitted per cubic foot
of air) .Two types of OTFTs were fabricated in this work depending on the insulating layer
(cPMMA-based and cPVA-based OTFTs) using same fabrication technique. Also, these
OTFTs were tested as gas sensors using a gas home-built testing system, as explained in
section 3. Moreover, organic thin-film memory transistors (OTFMTSs) were fabricated using

the same procedure for the OTFTs besides inserting graphene oxide as the floating gate.

3.2 Materials

The materials used in this work were purchased from Sigma Aldrich; Poly (methyl
methacrylate) (PMMA) (molecular weight 93,000),6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene), Polyvinyl alcohol (PVA) (molecular weight 89,000-98,000,
99+% hydrolysed), Graphene oxide (GO)(water-based 4%)

3.2.1 TIPS-Pentacene

For the active layer, 6,13-bis (triisopropylsilylethynyl) pentacene (TIPS-pentacene) was
employed. Tips-pentacene is produced when a bulky group of tri isopropy! silylethynyl of
the pentacene molecular have been replaced at the 6,13-positions in order to give it a
solubility [1]. Moreover, the herringbone packing in pentacene will be interrupted by
functionalised groups in the TIPS-pentacene core which is cooperating in a face-to-face (n-
stacking) orientation. This interreact will improve n-orbital overlap, which enhances and

increases carrier mobility [2].
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This interreact will improve m-orbital overlap, which enhances and increases carrier
mobility [2]. Figure 3.1 represents TIPS-pentacene’s chemical structure. Because the
functionalised group for TIPS-pentacene is permanent, it will be substituted even after
deposition, and this new structure of pentacene will not affect the semiconducting properties
of the material. TIPS-pentacene has a high solubility (>100 mg mL™) in many organic
solvents which is more useable and economical than pentacene. TIPS-pentacene crystal has
a unique molecule arrangement after deposition, which means the direction of the crystal

will decide the resistivity of the semiconductor [3,4].

Figure 3.1: Molecular structures of 6,13-bis(triisopropylsilylethynyl) (TIPS- pentacene).

3.2.2 Poly (methyl methacrylate) (PMMA)

One of the widely used polymers in electronic devices is poly(methyl methacrylate)
(PMMA). PMMA was first used in 1933 as a gate dialectic for several electronic devices
by German chemist Otto R6hm [5]. The low dielectric constant and high resistivity (around
3 and 2x10% Q cm, respectively) made PMMA highly chosen in electronic applications
[6,7]. Furthermore, PMMA has a hydrophobic methyl radical, which makes it a moisture
inhibitor [8]. PMMA is the synthetic polymer of Methacrylate (MMA), which is
polymerised from MMA droplets in water under the influence of free-radical initiators to
form solid PMMA. In this work PMMA (Mw = 93,000 porches from Sigma-Aldrich) is
employed as the gate dielectric of the OTFTs and OTFMTs devices after being cross-linked.

Figure 3.2 shows the molecular structure of PMMA.
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Figure 3. 2: Molecular structure of Poly(methyl methacrylate) (PMMA)

3.2.3 Poly (vinyl alcohol) (PVA).

Poly (vinyl alcohol) (PVA) is a flexible, hard, and durable polymer which is mostly studied
and applied as an insulating layer in electronic devices. It is widely used in electronics and
medical products due to its remarkable properties such as water-solubility, nontoxicity, low-
cost, flexible hydrophilic network, high charge storage, considerable dielectric strength,
stable thermal and has an oxygen/aroma barrier property [9-12]. PVA was used as the gate
dielectric layer for OTFTs in 1990 [13]. The monomers of vinyl alcohol are unstable and
rearranging to its tautomeracetaldehyde. Hence, polyvinyl acetate (PVAC) is hydrolysed to
form PVA by polymerisation of the monomer, and the hydrolysis is incomplete, which
provides different hydrolysis degrees of polymers. The physical proprieties of PVA such as
density, crystallinity, water-solubility, film formation and polarisation degree depend on the
crystal deposition, moisture, molecular mass and degree of hydrolysis [14]. Figure 3.3

shows the molecular structure of PVA.

—[ CH,— CH%{I
|

CH

Figure 3. 3: Molecular structure of polyvinil alcohol (PVA)
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3.2.4 Graphene oxide (GO)

Graphene oxide (GO) is a two-dimensional structured oxygenated material synthesised from
graphene by chemical or thermal reduction processes. There are three methods that can be
used to synthesise GO; Brodie [15], Staudenmaier [16], or Hummers method [17]. For all
these methods, graphite was oxidized to various levels of oxidation to provide GO. Due to
the polar oxygen functional group, graphene oxide is hydrophilic, which is contrary to
graphene (hydrophobic). Many solvents can exfoliate GO, but it is well exfoliated in water
[18]. Desperation graphene oxide platelets can be produced by simple stirring and
sonicating GO in a solvent. Figure 3.4 illustrates the chemical structure of graphene oxide
[19], which contains sheets of sp? hybridized carbon atoms structured in a hexagonal
arrangement in addition to a few sp® hybridised carbon atoms constructed as epoxide or
hydroxyl. Carboxyl and carbonyl groups are produced by the edge areas of these sheets [20].
GO flakes are varied in sizes (from a few nm to mm) [21]. These size variation and the
chemical structure tunability made graphene oxide to be attractive material and widely used
in different fields of electronics such as composites materials, sensors, clean energy devices

and medicine [22].

Figure 3. 4: Molecular structure of graphene oxide consists of carbon, hydrogen and

oxygen.[19]

3.2.5 Gases used for sensing

For the gas sensing test, two types of alcohol formula were used (Ethanol and Methanol)

because of their wide use in factories and our life.
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3.2.5.1 Ethanol

Ethanol has different names such as alcohol, grain alcohol or ethyl alcohol. It is an organic
compound and has a chemical formula of (C.HsOH), as shown in Figure 3.5. Ethanol is
widely used in the industry as a solvent, and it is an intoxicating material. There are two
types of processes to produce alcohol, fermentation and hydration of ethylene. Fermentation
is usually used for alcoholic beverages by growing yeast cell to convert carbohydrate to
ethanol. Sugar crops like beets and corn are the essential formatted materials to product
alcohol. Another way of producing alcohol is hydrating ethylene which can be obtained by
passing a mixture of steam and ethylene over an acid catalyst at a high temperature and
pressure. Ethanol can be obtained as a dilute solution from both methods. In this study,
ethanol solution 99.8% was purchased from Sigma Aldrich to be used in testing OTFT-

based sensors.

Figure 3. 5: Molecular structure of ethanol

3.2.5.2 Methanol

Methanol is a colourless liquid. It has a boiling point of 64.96 °C, and it can be solidified at
-93.9 °C. Methanol burns with a non-luminous flame when mixed with air. It has high
miscibility with water and an odour similar to ethyl alcohol. Methanol is also called wood
alcohol, or methyl alcohol. It has the chemical formula of (CH3OH) which is an organic
compound with a long series of the alcohol as shown in Figure 3.6. The structure of
methanol contains a methyl group (CHs) connected by a hydroxyl group (OH). Methanol is
produced from heating wood in a vacuum (without air) leading to form methanol by
breaking some of the carbohydrates. Then it can be condensed to produce methanol vapour.
Methanol is a polar organic solvent and is widely used in the industry. However, it is a toxic

gas, and it may cause death when inhaled or ingested in a large amount.
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Figure 3. 6: Molecular structure of methanol

3.3 Experimental techniques

In this section, all the experimental techniques used in the fabrication and measurement
methods will be explained. Thermal evaporation was used to deposit the metal gate and
drain-source connectors while spin-coating was used to deposit the gate insulator and the
floating gate thin film layer for the OTFTs and OTFMTs devices. On the other hand, the
drop-casting technique was used to deposit the active semiconductor layer. In the section of
testing OTFTSs devices as gas sensors, the testing gas system employed for this purpose will

be explained in detail.

3.3.1 Thermal evaporation of metals

Two metal types were thermally evaporated, aluminium (Al) and gold (Au) for the gate
electrode and drain-source connectors, respectively. Figure 3.7 shows the schematic
diagram and a real image of the Oerlikon Leybold Vacuum Univex 250 deposition system
used during this work. In this deposition technique, the electric energy was applied to heat
the metal contained in a small boat to its evaporation points. The evaporated metal then was
deposited through a proper shadow mask on a cold substrate fixed by several centimetres
on the top of the boat. The evaporation system was set under high vacuum of 5x10° Torr
in order to reduce film impurities and prevent reaction between the metal vapour and the
atmosphere. In this system, the evaporation rate and the final deposited layer thickness can
be controlled by a quartz crystal sensor (QCS) and a software program [19]. The evaporation
rate for Al and gold deposition was set to 1A/s.

55



Chapter 3 / Materials and Experimental Techniques

a b
Thickness Vacuum
monitor chamber
Shutter-

Pump
Source boats w=—s- *
Power
supplies

Figure 3. 7: (a) Schematic digram of thermal evaporator, (b) Real image of thermal evaporator

3.3.2 Spin-coating

The spin-coating technique has been used to deposit thin film layers for different organic
materials such as polymers and semiconductors. This technique can provide a uniform thin
film with variable thickness. The spin-coating process uses diluted materials in a solution
form. Then the solution will be dispensed on the substrate surface sequentially, which is
fixed on the spinner chuck followed by operating the spinner with a specific speed for a
fixed time. The layer thickness depends on the deposited material’s concentration, spinning
speed and duration, surface tension, the viscosity of the solution and drying time. Therefore,
the higher spinning speed with a longer time provides a thinner layer [23-25]. Figure 3.8
illustrates the steps of the spin-coating process, while the theoretical model for the spin-

coating process is shown in equation 3.1 [23];

n 1
d = Ll-n'pmz\/; (3.1)

Where d is the thickness of the spun film, 1 and p are the viscosity coefficient and the density

of the solution, ® is the angular velocity and t is the spinning time [23]. In this work, the
off-centre spin-coating method [26], was used to deposit the insulating layer for the OTFTs
and OTFMTs as well as the GO floating gate. This method is similar to the on-centre spin-

coating technique, but in this case, the sample was placed on the edge of the spinner holder
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about 3-4 cm away from the centre, as shown in Figure 3.8. Using a conventional on-centre
spin coating method leads the centrifugal force to act on the grains in multi-directions which
results in multiple directions of the crystal alignment and depends on the location of the
samples (randomly-aligned domain formations). Whereas, when an off-centre spin-coating
method is applied (in which the sample is located a distance away from the centre of the
spinner), the grain alignment will be nearly in the same direction of the centrifugal force.
Also, in the solution polymer, it was found that a chain pre-aggregation is presented. In this
crystal alignment, the chain alignment was found localised at the polymer film surface in
addition to the bulk. Spin speed is found to be a parameter to influence the grain size while

the overall crystal alignment depends on the distance from the spinner centre [27-29].

Applying the solvent
solution

Centre of the
spinner

High Vacuum —

Stop the spinner

Figure 3. 8: Steps of the spin-coating method (off-centre technique).
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3.3.3 Drop-casting

Drop-casting is a simple method with less cost used to deposit organic solvents such as
semiconductors and polymers, where the solvent will be evaporated to provide a thin film
of a single crystal. Figure 3.9 shows the steps of the drop-casting process. The first step of
this method is dropping the organic material on the substrate surface via a pipet as shown
in Figure 3.9 (a). Secondly, the dropped organic material will be left for a few minutes to
evaporate the solvent before placing the substrate on a hot plate for fast evaporation as
shown in Figure 3.9 (b). In this work, the sample substrate was put on a 3 mm glass from
one side to make an angle of about 7° with the substrate holder to facilitate the orientation
of the crystals and making the film thickness uniform on the substrate as shown in Figure
3.9. Evaporating the solvent will lead to initial nucleation followed by crystalline growing
of the organic material. The evaporation starts from the interface between the dropped
solution material and air [30]. Different conditions can be applied to improve the crystal
grain size, coverage and the growth orientation direction. For instance, the solvent
evaporation can be controlled by choosing the appropriate solvent having a specific boiling
point which is the main factor for controlling nucleation [30]. Also, the dual solvent can be
used to reduce the coffee stain effect (when a fluid containing particles evaporates and a
dark-coloured edge remains). Using a saturated solvent environment will control the
evaporation rate, as well as vibration-assistance, can improve the crystallisation, soluble

additives and nucleation [30-32].

Organic solution droplet

Solvent vapour

i { Substrate

b

e
 Substrate |

Figure 3. 9: Drop-casting method for depositing a thin layer of organic semiconductors (a)
drops of TIPS- pentacene solution over the substrate (b) getting thin layer by evaporating the

solvent on a hot plate .
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In this work, the drop-casting method was used to deposit the active semiconducting layer
(TIPS-pentacene) for OTFTs and OTFMTSs. Organic semiconductors having strong self-
organisation are easy to crystallise using this method. Nevertheless, this method is not
appropriate to be used for deposing a thin film with a large area, as the solvent evaporation
cannot be uniformly controlled [33]. Even for the inadequate large area coverage and
uncontrollable crystal thickness, many deposition processes are built on this method to
improve the morphology of the deposited solution. Some of these processes control the
evaporation rate [34], where slower evaporation rate results in high crystallisation as the
solution will have more time for self-organisation. Therefore, solvent evaporation is
significant in the drop-casting evaporation technique. The drop-casting method can save
materials and fabrication power, as there is no need for high temperature. Also, slanting the
substrate is a process which can help improve the crystal orientation and quality. In this
process, the solution droplets will be pinned at the higher end of the substrate and then
transferred toward the lower end side [34] as sown in Figure 3.9. Also, the solvent
evaporation will be faster on the top end, and crystallisation starts in this region first then

moves to the bottom end [35].

3.4 Experimental details

In this section, the experiment will be explained in more detail for each process, starting

from preparing the substrate up to finishing the device fabrication.

3.4.1 Preparation of the substrate

For preparing the substrate, one or more sizes of slides can be used depending on the
device’s base size. These sizes are in millimetre dimension, and one or more devices can be
built on each substrate at one time. Dicer tool is needed to cut the substrates into fit sizes,
and shadow masks should be ready to be used for the deposition process. In this work, the
glass substrate slide was cut in the size of 25x15 mm each. A holder with four slides was
used, and four devices can be fabricated in each slide as shown in Figure 3.10 (a, b). Before
starting to deposition layers, the substrate was cleaned by hands with hot water to ensure
there is no contamination caused during cutting the glass, then dried by streaming nitrogen

gas.
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Figure 3. 10: (a) Four samples on the holder(S1, S2, S3, S4) ,(b) Four devices on the glass sample
(D1, D2, D3, D4) as the gold deposited (connectors).

Furthermore, the slides were rinsed using Decon 90 in De-lonised water and sonicated in
an ultrasonic bath for 10 minutes. After that, acetone, methanol, and 2-propanol were used
with the ultrasonic treatment for 5 minutes in each solvent to remove all the impurities on
the substrate. The slides were dried after each cleaning process by streaming nitrogen gas.
In the end, the substrate is exposed to Oz in a plasma etcher for 10 minutes to make the
slides hydrophilic. Table 3.1 summarises the procedure of cleaning glass substrates before

being placed on the substrate holder.
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Table 3. 1: The steps of the cleaning processes

Step Number of Clean_lng Details

processes solution

1 1 Decon-90 in DI- || > minutes in ultrasonicated at 40 °C
water 2%

2 3 DI-water S minutes in ultrasonicated at 40 °C
3 2 Acetone 5 minutes in ultrasonicated at 40 °C
4 2 Methanol 5 minutes in ultrasonicated at 40 °C
5 2 Isopropanol minutes in ultrasonicated at 40 °C
6 1 10 minutes in O, plasma

3.4.2 Film deposition

3.4.2.1 Deposition of the metal gate

For the metal gate, a thin film of aluminium (Al) was evaporated on the clean glass

substrates. An aluminium layer 50-60 nm thick was evaporated on each glass substrate using

the thermal evaporation technigue, as explained in section 3.3.1. Immediately after finishing

the cleaning of the substrate, four glass samples were placed on the substrate holder, as

shown in Figure 3.10 (a) then were placed in the evaporator. The evaporation rate was 1A/s

under a vacuum of 5x10° Tor. After this step, all samples are ready to deposition the

insulating layer. Figure 3.11 illustrates the steps of deposition metal gate using a thermal

deposition technigue, in this work Aluminum (Al) has been used as a gate connector for
the OTFTs devices.

61




Chapter 3 / Materials and Experimental Techniques

1

Shadow mask  Substrate holder Glass sample ~ Deposited Al gate

Figure 3. 11: The steps for depositing Al matel gate through a shadow mask.

3.4.2.2 Spin-coating the insulating layer

In this section, cross-linked poly(methyl methacrylate) (cPMMA) and cross-linked
poly(vinyl alcohol) (cPVA) were deposited as the dielectric layers for the OTFTs. For this
purpose, Polymethylmethacrylate (PMMA) 5 wt. % was dissolved in butyl acetate and
cross-linked using 1,6-bis (trichlorosilyl) hexane (C6-Si) (10pl/1ml) as the cross-linking
agent and filtered using 1um syringe filter. Whereas, for cross-linking polyvinyl alcohol,
PVA 10 wt. % powder was dissolved in deionised water on a stirrer for 48 hours at 70 °C.
Then, the PVA solution was filtered using a 0.45 pum syringe filter. Ammonium dichromate,
0.8 wt. % was added to the PVA solution as the cross-linking agent. Then the solution was
placed on a stirrer for 12 hours at a temperature of 65 °C. After that, the cPV A solution was
filtered again using the 0.45 um syringe filter to remove any accumulating particles. Finally
the cPMMA and cPVA solutions were deposited as the insulating layer for the OTFT
devices using simple off-centre spin-coating (OCSC) method [26]. The off-centre spin-
coating method process is the same as the conventional on-centre method, but in this case
the substrate sample is placed on the edge of the spinner about 3-4 cm from the centre as
explained in section 3.3.2. EMS spin-coater model 4000 was used in all the spin-coating
processes. In this work, the deposition process of cPMMA insulating layer started by
applying the solvent solution on the substrate using a disposable glass pipet then

immediately the spinner was operated with a low speed (500 rpm for 10 sec) (see steps 1
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and 2 Figure 3.8) to spread the solution over the glass substrate. Immediately moving to step
3 (Figure 3.8) by applying a higher spin speed (2000 rpm for 40 sec) to get a uniform thin
layer of the insulator, then finishing the process by stopping the spinner as in step 4 (Figure
3.8). To evaporate the solvent from the thin film, all samples were cured on a 120°C heater
for 60 minutes. To deposition cPVA thin file, the same process used for the deposition of
cPMMA was followed with annealing at 90°C for two hours. Finally, all the samples were
exposed to a 0.8 sccm O2 ozone vacuumed at 3 mbar for 1 min to reduce the moisture and

improve the layer surface before they were kept under vacuum for the next step.

3.4.2.3 Deposition the floating gate

In this study, graphene oxide (GO) thin layer was deposited as the floating gate for two
types of memory transistors (CPMMA-based and cPVA-based memory transistor).
Graphene oxide solution (0.4 mg/ml water dispersion) [purchased from Sigma-Aldrich] was
used as the floating gate. Also, to deposit this layer, off-centre spin-coating (OCSC) method
was used after dispersing and mixing the solution on the stirrer for 15 minutes. The GO
solution was dropped on the substrate using a glass pipet. The spin speed started at 500 rpm
for 10 sec to spread the solution over the substrate. Then immediately the speed was
increased to 3500 rpm for 20 sec to produce a GO thin layer. Finally, all samples were cured

at 80°C for 20 minutes before they were kept under vacuum for the next layer.

3.4.2.4 Deposition of the organic semiconductor

TIPS-Pentacene (6,13-bis(triisopropyl-silylethynyl) pentacene) (2 wt % toluene solution)
was chosen as the semiconductor active layer. The TIPS-pentacene solution was deposited
using the drop-casting method, as the solution was dropped over the cPMMA (or cPVA)
insulating layer. This deposition was performed in a glove box under a nitrogen
environment. A special technique was applied for this method by placing the substrate on
the holder with a small angle of 7° (3mm high) as shown in Figure 3.9. A glass pipet was
used to apply drops of the TIPS-pentacene solution on the substrate then the substrate was
left for 10 minutes for the evaporation of the solvent. Finally, the sample was placed on a
hot plate at 50°C for 1h to completely remove the solvent from the semiconducting layer
before it was kept under a vacuum for 24h to be ready to deposit the gold contacts (drain-
source contacts). Atomic Force Microscope (AFM) technique was used to study the surface
morphology and estimate the layer thickness, which was found to be in the region of 60-70
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nm. Different parameters can affect the device’s performance such as the insulator and

semiconductor thicknesses, channel length and width plus the fabrication techniques used.

3.4.2.5 Deposition the metal contacts

Gold was used and deposited as source-drain contacts in all the devices. Thermal
evaporation method (as explained in section 3.3.1) was used in order to get a thin layer of
gold for the drain-source contacts over the semiconducting layer. The evaporation was made
through a shadow mask, as shown in Figure 3.10 (b). After placing the shadow mask on the
faces of the devices, all devices were placed in the thermal evaporator. The evaporation rate
was 1A/s and was performed under a vacuum of 5 x 10°® mbar. An optical microscope and
profilometer were used to verify the alignment of the gold contacts and estimate the layer
thickness, which is found to be 50-60 nm. Immediately, the test and the electrical
characterisation measurements were performed for all the devices before storing them under

vacuum.

3.5 Characterisation details

This section presents details of all electrical and optical characterisation methods used for

OTFTs, memory devices and gas sensor testing.

3.5.1 Atomic Force Microscopy (AFM)

In this work, the digital instrument nasoscope atomic force microscopy (AFM) was used to
study the surface morphology for each deposited layer such as the insulator, floating gate
and semiconductor active layer. AFM is a technique with a high-resolution scanning probe
which can be used to study the morphology surface of materials and gives clear images of
the surface smoothing of thin layers. The atomic force microscopy was developed in 1985
by Binnig, Quate and Gerber [36] which facilitates the study of atomic-scale features for a
range of materials surfaces. AFM can be used to measure thin film thickness, nanoscale
roughness, analyse and study lateral friction forces, van der Waals forces, magnetic forces
and repulsive forces [37-40]. AFM images can be obtained by moving (scanning) a sharp
probe over the sample surface while analysing the interaction of the tip and the sample. The
AFM scanning process can be performed by scanning the sharp probe tip of the microscopic
cantilever over and close to the top of the sample surface. Then, the attraction force between

the sample and the sharp probe (radius less than 10 nm) with a very short separation distance
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(0.2-10 nm) can be measured and recorded while the probe gently touches the top of the
sample surface [41].

The attraction force can be described by Hook's low, equation 3.2
F= —k.x (3.2)
Where F is the attraction force, k is spring constant, and x is the cantilever deflection.

Figure 3.12 shows the main components of an AFM, which are the cantilever, probe, laser,
scanner, photodetector and data processor. The force at the interface between the sample
surface and the probe will affect how the probe will have interacted with the sample’s
surface. The probe will be in a contact mode which is when a repulsive force occurs while
a non-contact mode will materialise when the probe moves far from the surface during
attractive force domination. The distance between the probe tip and the material’s surface
should be adjusted in order to keep the cantilever deflection a constant. AFM has three
imaging modes, the contact mode when the separation between the probe and the surface
less than 0.5 nm, while for the separation ranged from 0.5 to 2 nm it is an intermittent
contact, and the non-contact mode is when the separation is 10 nm or below. In contact
mode, the tip touches the sample surface. Whereas, in a non-contact mode, the tip will be
very close to the sample surface without touching. Intermittent mode is similar to the contact
mode, but in this case, the cantilever makes intermittent contact with the material's surface
in the range of resonant frequency. In this mode, the probe will slightly tap on the surface
during the scan, touching the surface when it is swinging bottom. In this mode, the lateral
force will be reduced drastically because the contact time is a very short fraction of its
oscillation period. The intermittent mode is chosen to investigate the samples with a

structure weakly bound to the surface, such as polymers and thin films [42].
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Figure 3. 12 : Simple princibles of the atomic force microscopy AFM

65



Chapter 3 / Materials and Experimental Techniques

3.5.2 Profilometer

In this work, the Dektak XTL profilometer was used to measure all the thin layer’s
thicknesses. A profilometer is a measuring instrument used to measure and investigate a
material's surface, in order to analyse its roughness, flatness, curvature, and critical
dimensions which are computed from the surface topography. During the last fifteen years,
profilometer is widely used, as well as developed techniques for measuring the surface
morphology [43,44]. There are two types of profilometers: contact and non-contact. In most
of these devices, the vertical difference between the highest and lowest point of the surface
can be measured to find the surface roughness and thin layer thickness as well as uniformity
of the thin film. The sample height variation can be measured by either the probe or the
sample is being moved. Therefore, the mechanical movement will be converted to an
electric signal that can be amplified to give a DC output signal. All profilometers have the
same essential components, which are stylus, gearbox, datum, transducer, pickup, sample
holder, data acquisition system and control unit. The gearbox drives the pickup, which then
moves the stylus over the examined surface at a fixed motion speed. This movement will be
changed as the surface varies. All the mechanical movements are transmitted by the
transducer to an electric signal. Then, these signals are collected by the data acquisition

system after being amplified by the electric amplifier to generate the surface analysis.

3.5.3 Measurements

All the current-voltage (I-V) characteristics for the OTFTs, OTFMTs devices and gas
sensors were performed using a Keithley 2636 source meter at room temperature. Figure
3.13 illustrates the schematic diagram setup of the measurement. For measuring the output
characteristics of OTFTs and OTFMTs, a DC voltage was applied to the gate electrode while
the drain-source current (Ips) is measured versus the drain-source voltages (Vps) for
applying different values of gate voltages. Whereas, the transfers characteristic
measurements were performed by applying a fixed drain-source voltage and measuring the

drain-source current as a function of different applied gate-source voltages (Ves).
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Keithley B62636
source meter

Figure 3. 13: (a) Schematic diagram of the electric characrisation measurement, (b) The
enlarged section of the sample

3.5.4 Experimental setup for the gas sensing system.

A gas sensing system was built to test and study the capability of the OTFTs as gas sensors.
Figure 3.14 shows the schematic diagram of the sensing system for this work. In this study,
two types of OTFTs (cPMMA-based and cPVVA-based) have been tested as alcohol vapour
(ethanol and methanol) detectors. Therefore, the OTFTs devices in chapter 4 were used to
perform the sensing behaviour. Alcohol (ethanol and methanol) were prepared and provided
in different concentrations. To obtain these concentrations, nitrogen was used as a diluted
gas to be mix with a constant concentration of alcohol vapour, producing different
concentrations of alcoholic vapour. The second method can be applied by streaming a
constant nitrogen gas to be mix with different streaming of alcohol vapour, but the first one
is more preferred because alcohol evaporates in certain speeds that are difficult to increase
or decrease. As shown in figure 3.14, there are two flowmeters set up in this system (F: and
F2). Flowmeter 1 was used to control the nitrogen gas stream flowing over the alcohol (carer
gas) which is fixed to a flow rate of 100 ml.min*, while flowmeter 2 was used for streaming
a variable rate of nitrogen gas (100 ml.min to 500 ml.min) as the dilution gas. Also, the
system has two flasks containers, one to hold alcohol liquid to generate alcohol vapour, and
the other one is for holding the sample under investigation. The testing was at room
temperature. Alcohol vapour for this test was produced with nitrogen as the gas carrier with
a flow rate F1 of 100 ml.min™ passing over a permeation vial containing a quantity of
alcohol solvent at room temperature (23 °C +1 °C) and under atmospheric pressure. Then

the concentration of alcohol vapour Cy (ppm) was calculated using equation (3.3) [45].
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Cp =— (3.3)

where P (mg.min) is the permeation rate, p (ml.mg™) is the reciprocal vapour density of
alcohol and F1 (ml.min) is the nitrogen gas flow rate. To produce different concentrations
of alcohol vapour (methanol or ethanol), another nitrogen diluting stream of a flow rate of
F, was mixed with alcohol vapour to produce alcohol concentrations (1, 2, 4, 6, 7 and 8

ppm) using equation (3.4) [45].

F;
F1+F,

C=0C (3.4)

Where C (ppm)is the alcohol vapour concentration under the test, F> (ml.min) is the flow
rate of dilution stream. All measurements were made in atmospheric pressure and room
temperature using in-house Bangor gas sensing system and Keithley 2636 source meter,
Therefore, the sensing system in this work can control the carer gas (nitrogen) and alcohol
vapour through 5 different valves fixed on the streaming tubes and alcohol’s concentration
was controlled by changing the flow rate in flowmeter 2 while the rate in flowmeter 1 (F1)
remains constant at (100 ml.min). Finally, the gas sensing system is connected to Keithly
B 2636 as well as a computer in order to measure and record the |-V characteristics of the
sensor. Because our sensor is OTFT-based, therefore, a gate connector was connected in

addition to the drain-source connectors, as shown in Figure 3.14.

Valve switch Flow meter 1

Lo 1)

Input __|
nitrogen —

|
I
2.3

Qutput gas

J

100-200 ml'min
wariahle

Flow meter 2

@

Sample

Power supply

Figure 3. 14: Schematic diagram of the gas testing system .
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Chapter 4

Organic Thin Film Transistors (OTFTs)
4.1 Introduction

Nowadays, TIPS-pentacene-based organic thin film transistors (OTFTs) are gaining
significant research interest due to their stability in ambient and solubility in most organic
solvents [1-4]. These two properties enable TIPS-pentacene to be deposited from solutions
to act as the active layer for OTFTs. Also, it has an anisotropic crystal form with a large
bandgap, which enhances performance in organic thin film transistor. In this work, off-
center spin-coating technique is used for depositing insulator layer to enhance the
performance of the insulator/semiconductor interface. Which is very important to improve
current mobility of OTFT. TIPS-pentacene was used as the active layer to fabricate OTFTs.
The bottom gate, top contact (BG-TC) configuration has been used in this study [5-7]. For
the gate dielectric, cross-linked polymethyl methacrylate (cPMMA) and cross-linked
polyvinyl alcohol (cPVA) were chosen because of their good insulating and low leakage
current between the gate and the active layer. Gold and aluminium metals were exploited as
drain-source contacts and gate, respectively. The channel's length was varied with a fixed
channel width, and the fabrication process was buttery butter . For the transistor’s
characterization measurement; the applied gate and drain-source voltage, channels
dimension and insulator thickness were taken into consideration. Also, the devices were
investigated during applying a stress voltage to establish the endurance properties of these
devices. Three types of stress were used in this investigation; the first one was performed
by applying different gate bias stress at a constant time, followed by applied constant gate-
bias at different stress time. Finally, constant gate bias was applied at constant stress time
with different drain bias stress. This study investigated two different types of transistors
with two different gate insulators and the same active layer. All measurements were

completed at room temperature with double sweep voltage scan.
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4.2 cPMMA-based OTFTs

4.2.1 Device fabrication

In this work, BG-TC fabrication structure was used to fabricate OTFTs devices to reduce
the contact resistance [8,9]. For the gate, Al metal was thermally evaporated through a
shadow mask on a clean glass substrate as depicted in Figure 4.1(a) and(b). Figure 4.1 (c)
is the actual microscopic image shows the drain-source channel with TIPS-pentacene active
layer. Polymethylmethacrylate (PMMA) 5 wt. % was dissolved in butyl acetate and cross-
linked using [1,6-bis (trichloro silyl) hexane (C6-Si) (10ul/1ml) as the cross-linking agent
and filtered using 1pum syringe filter. The cross-linked PMMA (cPMMA) then spin-coated
using simple off-center spin-coating (OCSC) method [10] with an initial spin speed of 500
rpm for 10 sec, then 2000 rpm for 40 sec as the gate insulating layer and annealed at 120 C°
for 60 min. Before drop-casting the semiconductor, the cPMMA layer was exposed to 0.8
sccm O ozone under vacuum (3 mbar) for 1 min to reduce the moisture and improve the

layer surface.

Glass substrate

0.6 mm x 0.4 mm 2.4 mm x 1.5 mm

Figure 4. 1: Schematic diagram of cPMMA-based OTFT structure. (a) slide sample with a top view
including all layers. (b) Cross-sectional representation of the device fabrication. (c) Microscopic
image of the drain-source channel with the TIPS-pentacene active layer.
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The insulating layer thickness was measured by the profilometer, and it was found to be 330
15 nm. For the active layer, (6,13-bis(triisopropyl-silylethynyl) pentacene) TIPS-Pentacene
(2 wt % toluene solution) was drop-casted over the cPMMA insulating layer under nitrogen
environment in a glove box on a substrate with a small angle of (7°) as shown in Figure 3.9
in chapter (3). Then all samples were annealed at 50 C° for 1h to remove the solvent from
the semiconducting layers toproduce a 60 nm active layer thickness. The devices were left
under vacuum for 24 hours before gold was thermally evaporated to create drain-source
contacts through a shadow mask with a thickness of 50 nm. Further details explained in the
chapter (3), materials and experimental techniques.

4.2.2 Device optimization and surface morphology

In an initial experiment, PMMA was spin-coated using the conventional on-centre spin-
coating technique to represent the insulating layer to OTFTs. These devices exhibited high
leakage current and a clear hysteresis at the output and transfer I-V characteristics with

voltage sweep in both directions, as shown in Figure (4.2 (a, b)).
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Figure 4. 2: (a) Output and (b) transfer curves for cPMMA based OTFT (on-center spin-coating
method)
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To improve the device’s behaviour and avoiding the high leakage current and hysteresis in
the PMMA-based OTFT devices, the cPMMA layer was deposited using the off-center spin-
coating (OCSC) technique. Using the OCSC technique with its centrifugal force gives high
crystalline alignment due to the unidirectional of materials on the substrate as shown in
Figure 4.3 To explain these results, a morphology study was also performed for both sets of
device’s layers. Figure 4.3(a), illustrates the AFM image of the cPMMA insulator layer
spin-coated using the on-centre technique,whereas Figure 4.3 (b) represents the AFM image
using the off-centre technique to deposit the cPMMA insulator layer. It was found that the
roughness of cPMMA layer (using the on-centre technique) and cPMMA (using the off-
centre technique) are 5.77 nm and 4.65 respectively. AFM results confirm that the cPMMA
layer deposited using the off-centre spin-coating technique has less surface roughness than
-cPMMA layer deposited with the on-centre technique. The change in the surface of the
insulating layer formed a good interface between the insulating and semiconducting layers
[11,12], which gives high mobility, elevated on-off ratio and low threshold voltage in the
range of (1.22 -1.42 cm? V1 s, 6.5 x 10* -7.5 x10° and -2 V- (-10 V), respectively.

3D image 2D image

0 1: Helght sopm ||

Figure 4. 3: AFM images of cPMMA thin layer deposited with (a) on-centre spin-coating
technique(b) off-centre spin-coating technique.
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Figure 4. 4: AFM images for (a) drop-costing Tips- pentacene layer (three dimensions image to the
left and two dimensions image to the right). (b) Actual microscopic image of the Tips-pentacene

layer drop-costed on cPMMA layer.
4.2.3 Electrical characterization of OTFTs

Before studying the 1-V characteristics of OTFT devices, the fabrication structure should be
described. Glass substrates were used in this fabrication with slide dimensions of (25 mm x
15 mm), and each slide contains four devices as shown in Figure 4.1 (a). The four devices
have the same channel width (1000 um) and different channels lengths (50,100,150 and 200
um). The drain-source electrode contacts were made of gold with an area of (5 x 10 cm?).
From the output and transfer plots, electrical parameters can be estimated for the transistor.
Double sweep drain-source voltage and gate-source voltage were applied to investigate the
current hysteresis in both output and transfer characteristics. Figure 4.5 (a) shows the
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relationship between drain-source current (Ips) and drain-source voltage (Vps) from 0 to -
50 V with a step of 2 V.

25| V. =50V
' y: 4 V. ~-40V
20 | /__ , e
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Figure 4. 5: (a) Output and (b) Transfer characteristics of cPMMA- based OTFT using off-center

deposition technique.

The applied gate voltage was in the range of 0 to -50 V, which is increasing by 10 V each
step. The field effect mobility in the saturation region can be estimated from the transfer
plot in Figure 4.5 (b) using the mobility equation 4.1 [13,14].
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WC;
Ips = uT (Vs — Vr)? (4.1)

Where V7 is the threshold voltage (the minimum gate-source voltage Ves required to create
a drain-source current and turn on the transistor) and C; is the insulator capacitance per unit

area.

From Figure 4.5 (b) the threshold voltage Vr can be estimated by the intercept of the Ves
plot versus (Ips)¥2. For the OTFT device in Figure 4.5, the estimated value for Vris -8 V
and on /Off current ratio is 7.2 x 10°. The mobility p in the saturation region was calculated,
and it was found 1.42 cm? V! s%. It is clear that all the devices gave a p-type field effect
transistor (FET) behaviour. From Figure 4.5 (a) it can be seen that Ips current increase
linearly when the Vgs > V1 for a small value of Vps. Furthermore, the saturation region
clearly obtained when Vps> Vgs— V1 and that can be observed from the pinch-off in the
channel. The obtained relatively high mobility comes from the good interface between the
organic semiconductor and the insulating layer. The output and transfer characteristics show
no or negligible hysteresis, which is evidence of the improved surface morphology by using
cross-linked insulating layer and ozone treating [15,16].

4.2.4 Repeatability and stability study of cPMMA- based OTFTs

For more investigation, the repeatability of the devices was studied with a similar procedure
and fabrication method. In this study, all devices were fabricated and characterised to
investigate the repeatability and stability of such devices. Sets of OTFTs were fabricated
with the Al/CPMMAJ/TIPS/Au structure, and then the electrical characteristics were
measured to calculate the mobility, threshold voltage, and on/off ratio. Herein, the insulator
and semiconductor layers thickness are kept the same for all devices (330 nm and 60 nm
respectively). Different channel lengths were used (50,100,150 and 200 um). Table 4.1
illustrates several fabricated devices with actual measured channels length and their
calculated parameters. The average mobility of these sets of devices is (1.35 cm2.v? s?),
and the highest and lowest obtained mobilities were 1.42 and 1.22 cm2.v! s, respectively.
The attained mobility in this study is higher than the prior research works using TIPS-
pentacene as an active layer [5, 9, 17,18]. Because molecular structure and morphology
highly depend on the properties of the interface between semiconductor and insulator layer
[19]. Therefore, the relatively high mobility can be attributed to the surface treatment and

interface morphology, which results in higher carrier mobility due to a good interface
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between the semiconductor and insulating layers [20,21] which has obtained from the high
aliment and crystalline with a relatively low surface roughness of the deposited insulator
layer using the off-centre spin-coating technique as shown in Figure 4.3. Furthermore, the
average threshold voltage was found at 6.2 V with a minimum of 2 V and a maximum of 10
V. The average on/off ratio obtained is 3.8 x 10° with a minimum and maximum values of
(6.5. x 104, 7.5 x 10°) respectively.

Table 4. 1: The electrical parameter for several devices with a different channel length.

Device pemeyasy) | OO eurrent |y ) L (um)
D(4.3)* 1.42 7.2 10° 8 100
D2 1.39 2.0 x 10° 10 08
Ds(4.6)* 1.36 1.6 x 10° 2 148
D4(4.8)* 1.40 7.5 x 10° 4 145
Ds 1.35 7.0 x 10° 5 148
Ds 1.22 6.5. x 10° 6 198
Dy 1.36 8. x 10* -9 192

(*) refers to the figure’s number of each device .

To study the stability, a set of devices were investigated and measured at a different time
when they were stored under vacuum between measurements. For example, device (D3) in
Table 4.1 and shown in Figure 4.6 was investigated immediately after fabrication to
calculate the electrical parameters. The channel length and width of this device are 148 um
and 1000 pm, respectively. The carrier mobility was found in the region of 1.36 cm? Vst
with a threshold voltage of - 2 V and an on/off ratio of 1.6 x 10°. These measurements were
repeated after one month, three months, six months, and twelve months. All devices were
kept under vacuum at room temperature (22 = 1 C°). Figure 4.7 displays the output (a) and
transfer (b) characteristics for the same device (D3) measured after 12 months. The results
show high stability with minimal degradation in the mobility changing from 1.36 to 1.281
cm? V1 st after 12 months. In addition, the on/off ratio was slightly decreased from 1.6 x
10° to 2.5 x 10% The threshold voltage showed a slight difference between -2 V and -6 V
during this period. A negligible hysteresis was observed after storing the device for 12
months as shown in Figures 4.6 and 4.7. Table 4.2 describes the results of these
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measurements after one, two, six and twelve months. All the measurements were performed

under laboratory conditions at room temperature.
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Figure 4. 6: (a) Output and (b) Transfer characteristics of cPMMA- based OTFT immediately after

fabrication.
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Figure 4. 7: (a) Output and (b) Transfer characteristics of cPMMA- based OTFT 12 months under

vacuum after fabrication (for device Ds).

Table 4. 2: Stability of devices after keeping under vacuum for a different storage time.

Time of measurement u (cm2Vv-igst) | Onfoff current M)t
ratio
Immediately after fabrication 1.36 1.6 x 10° -2
After 1 month 1.342 1.1x10° -4
After 3 months 1.31 1.6 x 10° -6
After 6 months 1.295 1.6 x 10° -7
After 12 months 1.281 2.5x10* -6
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4.2 5 Bias stress effect on cPMMA-based OTFTs

In order to use OTFTs for practical applications, it is essential to study the effect of electrical
stress. The degradation of devices over time is a barrier for extensive applications of OTFTs.
In this section, three different electric bias stress were exploited to apply on TIPS-pentacene
based OTFTs with cPMMA insulating layer. At first, we applied a fixed negative gate-
source and drain-source voltage with different stress time to investigate the threshold
voltage and the drain-source current behaviour after these conditions. Then, for the same
device, a fixed time duration and drain-source potential were applied with different gate-
source voltage stress. Finally, different drain-source stress voltages were applied with
constant duration and fixed gate-source voltage. It was found that applying bias stress
between the gate and source leads to a change in the charge transports properties such as
decreasing of the channel current with dropping in charge carrier mobility resulting from
the shift in the threshold voltage. In addition, hysteresis can be observed in the output and
transfer characteristics. While the drain-source voltage bias stress affects the charge
injection properties. Furthermore, the threshold voltage and drain-source current are more
affected during the bias stress for most of OTFTs [17, 22, 23].

4.25.1 Initial test

To investigate the effect of bias stress on the OTFTs, the initial output and transfer
characteristics were measured (immediately after fabrication) for a new device with the
structure Al/CPMMA/TIPS-pentacene/Au. For this study, the output and transfer
characteristics for device D4 in Table 4.1 were measured, as shown in figure 4.8. From the
device characteristics, the field-effect mobility, threshold voltage and on/off ratio for this
device were found to be 1.40 cm? V1 st - 4 V and 7.5 x 10° respectively. Figure 4.8 (a)
represents the output characteristics of device D4 between drain-source voltage Vps on the
x-axis and the drain-source current Ips on the Y-axis. The applied drain-source voltage range
(Vps) is from 0 V to - 60 V with a step of 1 V at a fixed gate-source voltage Vgs from 0 V
to - 50 V with a step of -10 V. The transfers characteristics of the same device is shown in
Figure 4.8 (b), which is the plot of the gate-source applied voltage Ves in the range of 0 V

to -60 V with a step of 1 V with respect to the square root of the associated drain-source
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current (Ips)*/? at a constant drain-source voltage of -50 V. The channel length L and width
W of the device under investigation are 145 pum and 1000 um respectively. All the I-V

characterisations were measured using a Keithley 2636 source meter at room temperature.
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Figure 4. 8: (a) Output and (b) Transfer of cPMMA- based OTFT Initial measurement of the
device (Da)
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4.25.2 Gate bias-stress of -40 V at various stress time

It is common to use the change in threshold voltage AVrto describe the effects of bias stress
in OTFTs [24-26]. In this work, the same device D4 as shown in Figure 4.8 was used to
study the effect of applying a constant gate bias stress of -40 V on the I-V characteristics.
This test was performed by applying different pulse durations of 0 s, 50 s, 100s, 1000 s,
5000 s and 10000 s. The applied gate-source voltage (base stress) of -40 V and drain-source
of 0 V remained constant during each duration of bias stress. The transfer characteristics
were measured after each stress time as per Figure 4.9 (a) and (d). Figure 4.9 (a) shows the
transfer characteristics before and after bias stress for a different stress time. The gate
voltage in x-axis ranging from 10 V to - 60 V against the square root of the drain-source
current (Ios )2 in the Y-axis under different stress time. It also shows the change in threshold
voltage V7 for different stress time which is clearly moved to a higher voltage when a longer
stress time is applied. The entire process was recorded under a fixed drain-source voltage
of -50 V. It is also clear that no or negligible hysteresis was found even when applying bias
stress for a longer time (10000 s). Figure 4.9 (b) is the enlarged version of data in Figure
4.9 (a) with a one direction sweep, where the gate voltage was shown from 0 V to -30 V.
The logarithm scale Log (-Ips) of Figure 4.9 (a) and 4.9 (b) has been shown in Figure 4.9
(c) and 4.9 (d), respectively. To analyses the effect of bias stress on threshold voltage shift
[26-28], from the data reported in Figure 4.9 we can obtain a plot that represents the stress
time vs threshold voltage change AVr. Figure 4.10 represents the changes of threshold
voltage and mobility as a function of stress time at a constant Vgs. With increasing the stress
time, the threshold voltage increases to more negative values and the mobility decreases
from 1.44 cm? V1 s71 as the initial value to 1.18 cm? V! s71. The threshold voltage shift
agrees with the stretched exponential function which define the threshold voltage shift
dependence on time stress [29,30].

t

AV = [Vr () = Vp(O)][1 — e~ (&)#] (4.2)

Where V- (0) is the initial state for the threshold voltage, V(o) is the equilibrium state for
the threshold voltage when (t - o), g is the stretching parameter (0< § < 1), and 7 is the
time constant. It is clear from Figure 4.10 that the exponential response for stress time
beyond time constant t (stress time > 1) is faster in comparing with that of lower stress time
(stress time < 7). The effect of bias stress for a long time contributes to decreasing Ips(t)/Ips

(0) due to the carrier trapping located at or near the insulator /semiconductor interface,
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which is resulting in a slower response. In this work, there is an agreement with other
research [31,34] in the Threshold voltage shift depends on the bias stress as shown in figure
4.10 where the threshold voltage shift AVtincreased exponentially to 12 V in stress duration
of 10*s.
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Figure 4. 9: (a) Transfer characteristics after bias stress at Ves = -40 V at different stress time (t)
(a) for (Ips)“? versus Ves. (b) the enlarged plot for (a) of the same data, (c) Log(-Ips) versus Ves. (d)

the enlarged plot for (c) of the same data
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Figure 4.10: The threshold voltage shifi AVt and saturation field-effect mobility u
versus stress time at Ves = -50 V.

4.2.5.3 Various gate bias-stress at 1000 s stress time

To investigate the dependence of Vr on gate bias stress Vgs, different Vs stresses were
applied (-20, -30, -40, -50, -60 V) to the device under test. A constant time stress of 1000 s
was used in these measurements. The transfer characteristics were measured after applying
each gate bias stress using a drain-source voltage of - 50 V. Figure 4.11 (a) shows a clear
increase of the threshold voltage toward higher negative values when the gate bias stress
increased. The Vrshift may be caused by the interface or near-interface charges, which are
trapped electrons or holes near the dielectric/semiconductor interface [35,36]. Figure
4.11(a) shows clearly another evidence of device stability with no hysteresis in the transfer
plot and the shape of the transfer characteristics did not change due to the stress voltage.
The maximum threshold voltage obtained with bias stress of - 60 V is -18 V which
producing AVr = -14 V. Figure 4.11 (b) is the enlarged plot of figure 4.11 (a) with one
direction sweep, from which we can see the apparent change in the threshold voltage during

the gate bias-stress process.
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Figure 4. 11: Transfer characteristics after different gate bias stress at stress time t = 10 0 s (a) for

(Ios)? versus Vs, (b) for the enlarged plot of the same data.

These results agreed with previous works [2,37,38]. Figure 4.12 summarizes the gate bias
stress-dependent of threshold voltage shift A7+ and saturation field-effect mobility u of the
OTFTs with a fixed stress time of 1000 s. It can be seen the decreasing in the mobility with

a small amount (from 1.44 cm? Vs to 1.15 cm? V1s) for a maximum gate bias stress of
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-60 V. The bias-stress-induced deep charge trapping in the semiconductor/insulator
interface [39,40] which participate in decreasing the field-effect mobility in OTFTs.
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Figure 4. 12: Saturation field-effect mobility and threshold voltage shift as a function of gate bias-
stress at t=1000 s

4.2.5.4 Various drain bias stress voltages at constants gate bias stress and stress time

In this section, various drain-source bias stress will apply (-10 V, -20 V, -30 V, - 40 V, -50
V) to study their effect on threshold voltage shift 477. A fixed stress time and gate voltage
(and t=1000 s Vgs = -50 V) were used to measure the transfer characteristics for each drain-
source bias-stress. Figure 4.13 (a) represents these results with a double sweep of Vgs (from
10 V to - 60 V and then to 10 V). From this figure, it is clear that no hysteresis in the drain-
source current even for high drain bias stress (-50 V), which is evidence for the high stability
of the devices. Figure 4.13 (b) is the enlarged plot of the data (Ves from 0 V to -30 V) in
Figure 4.13 (a) which clearly shows the change in threshold voltage shift as a result of
applying drain bias stress. Figure 4.14 illustrates the dependence of 47 on the drain bias
stress at a constant stress time of t = 1000 s and Vgs = - 50 V. The threshold voltage Vr
increases when drain-sours bias stress increased. This result comes from the raising of

trapped charges which are generated by the electric field across the channel as a result of
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drain-source voltage. In the same time the constant gate bias -stress-induced deep charge
trapping in the semiconductor/insulator interface, which participate with the drain stress in
decreasing the field-effect mobility in OTFTs The larger Vps produce a higher electric field
between drain-source electrodes, which is counteract the main electric field produced by
Ves. As a result of this process, the trapped charge density around the drain contact will be
reduced, which is decreased the A4V7 [41,42].
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Figure 4. 13: Transfer characteristics with applying varying drain-source voltages at Vgs = -50 V

at stress time t=1000 s. (a) for (Ins) versus Ves, (b) for the enlarged plots of (a).
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4.3 cPVA-based OTFT

4.3.1 Device fabrication

As in the previous work for cPMMA-based OTFTs, the same fabrication structure was used
to fabricate cPVA-based OTFTs devices, as shown in Figure 4.15. For cross-linking
polyvinyl alcohol, PVA 10 wt. % powder was dissolved in deionised water on a stirrer for
48 hours at 70 °C. Then, the PVA solution was filtered using a 0.45 um syringe filter.
Ammonium dichromate, 0.8 wt. % was added to the PVVA solution as the cross-linking agent
and was placed on a stirrer for 12 hours at a temperature of 65 °C. After that, the cPVA
solution was filtered again using a 0.45 um syringe filter to remove any accumulating
particles. For the deposition of the insulating layer, the cPVA was spin-coated on the Al
gate electrode with the same spin speed used for cPMMA insulating layer and annealed at

90 °C for 2 hours. The thickness of cPVA insulating layer was measured, and it was found
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to be 400 £ 5 nm. Similar to cPMMA-based OTFTs, TIPS-pentacene (2% toluene solution)
was drop-casted to provide a 60 nm active layer on the cPVA insulating layer. Then all
devices were left under vacuum for 24 hours before thermally evaporated gold as drain-

source contacts.

cPVA Layer TIPS-Pentacene layer Au Drain

Glass substrate Au Source Al gate

Figure 4. 15: Schematic diagram of cPVA-based OTFTs structure

4.3.2 Surface morphology and optimal parameters

Before starting the fabrication of cPVA-based OTFTs, a surface morphology study was
performed for the cross-linking poly (vinyl alcohol) (cPVA) insulating layers and 6,13-
Bis(triisopropyl-silylethynyl) pentacene (TIPS-pentacene) semiconductor layer using
Atomic Force Microscopy as shown in Figures 4.16 and 4.17. Figure 4.16 (a) shows the
AFM images (two and three dimensions) of cPVA layer which is deposited above an
aluminium gate with a scan area of 5 um. This layer was fabricated from 10 wt. % PVA
using the on-centre spin-coating technique. The average roughness for this layer was found
in the range of 4.9 nm. Figure 4.16 (b) shows AFM images (two and three dimensions) of
the deposited cPVA layer using the off-centre spin-coating technique with an average
roughness of 3.8 nm., It is clear that the surface roughness was decreased when the off-
centre spin-coating technique has been used. Figure 4.17 (a) shows the AFM image of a 60
nm TIPS-pentacene semiconductor thin layer which is deposited using the drop-coasting
method on 400 nm cPVA /50 nm Al layers (two and three dimensions). The average
roughness of this layer was found around 18.8 nm. Figure 4.17 (b) displays the optical
microscopic image for the same layer (with dimensions of 564 x 452 um) which is showing
the crystalline properties of the TIPS-pentacene layer.
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3D image 2D image

Figure 4. 16: AFM of 400 nm cPVA layer spin-coated on 50 nm Al gate, (a) using on-centre spin-

coating technique and (b) using off-centre spin-coating technique
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3D image 2D image

Figure 4. 17: (a) AFM for 60 nm TIPS-pentacene drop coasted on cPVA/ Al, (b) the optical
microscopic image for the same layer of TIPS-pentacene semiconductor (with dimensions of 564 %

452 pum)

Different spin speeds were used to find the optimal thickness of the cross-linking poly (vinyl

alcohol) (cPVA) insulator layer, as shown in Figure 4.18. Herein, it was found that 400 nm

thickness of cPVA layer gives an effective behaver of OTFT. This thickness was achieved

from a spin speed of 2000 rpm for 30 sec.
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Figure 4. 18: ¢PVA layer’s thickness varies with the spin coating speed at a constant spin time of

30s.
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In addition, the gold drain-source channels of the OTFTs were evaporated one day after the
deposition of the active layer with a thickness of 50 nm. Drain-source voltage Vps was
applied with a double sweep (0 V to -40 V then to 0 V) to study the hysteresis effect on the
output characteristics of the OTFT at different values of Vs (0, -5, -10, -15, -20, -25, -30).
From these measurements, it was found a low output current with clear hysteresis in the Ips
current as well as a large leakage current for PVA-based devices as shown in Figure 4.19.
It is clear from Figure 4.19 that employing PVA as the insulating layer exhibited leakage
current and no significant field effect mobility. To rectify this problem and produce
hysteresis-free OTFTs, cross-linked PVA (cPVA) and off-centre spin-coating deposition
technique were used to deposit the insulator layer. As shown in Figure 4.20 (a) and (b)
where a clear output and transfer characteristics are observed. Therefore, in all our
fabrications the cross-linked PV A insulating layer and the off-centre spin-coating technique

will be used to produce OTFTs devices.
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Figure 4. 19: Output characteristics of PVA-based OTFT
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4.3.3 Electrical characterisation of OTFTs

To investigate the electrical characteristics of the cPVA-based OTFT’s devices, it is
essential to explain the structure of the glass slide at which devices were fabricated. As
shown in Figure 4.15, there are four devices with different channel length for each sample.
For the measurement purpose, the devices were given as (D1, D2, D3 and D) as a reference.
The channels length started from 50 um for the device D1 to 200 um for D4 with increasing
of 50 um respectively. While all the devices have the same channel width (W=1000 pum)
and the area of the top Au electrodes was 5x107° cm?. It was found that the actual channel
length is different from the measurements above; this happened because of the evaporation
alignment of the drain-source electrodes. To make the electrical characteristic measurement
of the OTFTs devices more accurate, all the channel lengths were measured using optical
microscopic images after the fabrication. In this work, all the devices were stored under
vacuum and the measurements applied in air ambient using Keithley 3626B source meter.
Figure 4.21 (a) shows the output characteristics of cPVA-based OTFT, a typical
characteristic of p-type semiconductor-based transistor. The measurements were applied for
the device D2, which is representing the drain-source current (lIps) variation with drain-
source voltage (Vps) in the range of (0 V to -60 V) with double sweep with applying different
constant gate bias voltage from 0 V to -50 V. From the output characteristics in Figure 4.21
(@), the current increase linearly when the Vgs > V1 for a small value of Vps. Furthermore,
the saturation region clearly obtained when Vps > Vgs— V1 and that can be observed from
the pinch-off in the channel. Figure 4.21(b) illustrates the dependence of drain-source
current (Ips) on the gate-source voltage (Ves) from (0 V to -50 V) with a fixed drain-source
voltage (Vps) of -40 V. The channel length and width of the devices under test are (150 um
and 1000 pm), respectively. The cPVA insulating layer thickness is 400 nm. From Figure
4.21 (b), The field effect mobility in the saturation region can be calculated using the
mobility equation (4.1). Also, the threshold voltage Vr can be estimated from the intercept
of Vs plot versus (Ips)*2. In addition, On/Off current ratio was observed from the plot of
Vs versus log (Ips). The obtained mobility, threshold voltage and on/off ratio for this device
were estimated 1.13 cm? V1 s, -6 V, and 4 x 10* respectively. Table 4.3 illustrates the four
fabricated devices on one glass slide with their calculated parameters. The results in this

investigation are very good in comparison with the other studies [5,43,44].
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4.3.4 Repeatability study of OTFTs fabrication

We made sure the electric behaviours of the OTFTs are similar under the same fabrication
conditions and depend on the channel dimensions (L and W) and the applied voltages (Vas
and Vps). The same fabrication method was used to fabricate a set of devices under the same
environment. As shown in Table 4.3, under a fixed channel width (W= 1000 pm) and various
channel length, the devices exhibit functional mobility, threshold voltage and on-off ratio.
From table 4.3, it can be seen that the average mobility is 1.157 cm? V! s with a minimum
and maximum of (1.06 and 1.22 cm? V! s1). Besides, the average threshold voltage and on
/off ratio were found to be (4.25 V and 4.6 x 10%) respectively. The minimum and maximum
threshold voltage and on/off ratio were measured to be (-2 V and -6 V) and (1.32 x 10*and
8.6 x 10%) respectively. This study produced a stable and high mobility cPVA-based OTFTs
which is better than other studies, where Wei Huang et al [45] achieved current mobility
of 0.024 cm2.V1s? and threshold voltage of 15.5 V with memory window of 9.1 V using
PVA as insulator layer .And Zhuo-Ting Huang et al [46] achieved 0.33 cm?.V-is? and
threshold voltage of 63 with on/off ratio of 102.

Table 4.3 : The electrical parameters for a set of cPVA-based OTFTs measured directly after

fabrication.
. On/off current
Device U (cm2vtst) ) Vr (V) L (um)

ratio
D, 1.06 8.6 x 10* -2 198
D, 1.13 4 x 10* -6 150
Ds 1.16 1.32 x 10* -4 148
D4 1.22 4.5 x 10* -5 97

4.3.5 Bias stress effect in cPVA-based OTFTs devices

The stress response of OTFTs devices can be measured by study their behaviour with
different bias stress. As for cPMMA-based OTFTs, three electrical stress condition were

applied on the cPVA-based OTFTs to determine the threshold voltage and drain-source
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current behaviour response after these conditions. First, a fixed negative gate-source and
drain-source voltage with different time stress were applied. Then, a constant time stress
duration and drain-source voltage with a different gate-source stress were used. Finally,
applying a different drain-source voltages stress during a constant time and fixed gate-
source voltage. Before these measurements, the initial test for a reference OTFT device was

performed.

4.3.5.1 Initial test

As it was performed for the cPMMA-based OTFTs, the initial test of cPVA-based OTFTs
must be measured before studying the response of these devices to bias stress. In this test,
device (D2) was used, and the transfer characteristics of the initial test are shown in figure
4.21 (b). The measurements were made in air ambient and room temperature (22 + 1 °C)

using a Keithley 2636 source meter.

4.3.5.2 Applying a gate bias-stress of -40 V at various stress time

In this test, a constant gate-source voltage (Ves=-40 V) bias stress was applied to the OTFT
device (D») for a different time duration (0, 50, 100, 500, 1000, 5000 and 10000 s). Drain-
source voltage Vps remained zero during the bias stress. After each period of stress, the
transfers characteristics were measured by applying Ves voltage from (10 V to -45 V) with
a constant drain-source voltage of -40 V as shown in figure 4.22 (a). The behaver of the
transfer curve still the same before and after applying the bias stress for a different period.
It can be seen that the threshold voltage has increased and moved toward a high negative
voltage after the bias stress was applied. Also, the stretched-exponential function Eg. 4.2
can be used to describe the threshold voltage depends on bias tress and stress time. Fuger
4.23 represents The saturation field effect mobility p and threshold voltage as a function of

versus stress time at a constant bias voltage Vs = -40.
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Figure 4. 22: Transfer characteristics after bias stress at Vs = -40 V at different stress time (t). (a)

for (Ins)2 versus Vs, and (b) the enlarged plots of the same data in (a).
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Figure 4. 23: The saturation field effect mobility i and threshold voltage as a function of versus
stress time at Vs = -40

4.3.5.3 Applying various gate bias-stress at constant stress time and fixed drain-source
voltage.

To study the effect of different bias stress Ves on the threshold voltage shift, we obtained
transfer curves at a fixed stress time and drain to source voltage of (1000 s and -40 V)
respectively.
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Figure 4. 24: (a)Transfer characteristics before and after applying various gate bias stress at a

constant stress time of 1000 s (b) enlarged data of (a).

The gate to source voltage was modulated from -5 V to -45 V, as shown in Figure 4.24.
Figure 4.24 (a) shows the transfer curves for the sample after each bias gate stress (-5, -10,
-15, -25, -35, -45 V) and the enlarged data is represented in Figure 4.24 (b). Even after

applying different bias stress, it can be seen that the shape of the transfer characteristic
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curves still the same with a shift in the threshold voltages. The largest threshold voltage
shift was obtained during this test is 10 V at bias stress -45 V. Figure 4.25 shows the
threshold voltage shift and field-effect mobility dependence on the gate bias stress at a fixed
stress time t=1000 s. Herein, the mobility slightly decreased (from 1.13 cm? V-*st0 0.935
cm? V1s71) due to the stress voltage. On the other hand, the threshold voltage shift was
increased (from O V to 10 V at 45s stress time). It was found from several types of research,
that a long time of discharging on OTFT leads to a change in the mobility and threshold
voltage as well. This change comes from the effect of charge trapping in the interface

between the active semiconductor layer and insulating layer [17,22,41].
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Figure 4. 25: (a) Threshold voltage shift AV and field-effect mobility p as a function of gate bias

stress at a constant stress time of 1000 s

4. 3.5.4 Applying various drain bias stress voltage at a fixed stress time and gate bias
stress.

In this test, the effect of Vps bias stress on threshold voltage Vr has been studied. Figure
4.26 (a) shows the transfer curve before and after applying a different drain bias stress (0,
15, 25, 35, 45, 50 V) with a constant stress time of 1000 s. It is clear that the V1 increased
when increasing the drain bias stress. Also, it has been observed that, no or negligible
hysteresis and the same shape in double sweep transfer characteristics, which mean a good

interface surface between the insulating layer and semiconductor. Figure 4.27 illustrates the
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change in threshold voltage shift as a result of applying various drain-source bias stress. The
threshold voltage shift started to change slowly and a linear-like at a small amount of drain-
source voltage stress, comparing with the effect of gate bias stress, which is highly increased
when the gate-source bias is increasing. This behaviour can happen from the charge trapping
in the insulating-semiconductor interface. The low Vps stress contributes to the release of
the charge trapping, which decreases the charge transport through the insulating-

semiconductor layers interface.
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Figure 4. 26: (a)Transfer characteristics before and after applying various drain-source voltage

stress at a fixed stress time 1000 s and Vgs=-50 V. (b) represent the enlarged data in (a)
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For the higher Vps bias stress, an electric field will be produced against the Vgs field and
contribute to reducing the charge carrier in the OTFT channel leading to a small change in
threshold voltage [47,48].
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Figure 4. 27: The effect of drain-source stress voltage on threshold voltage shift at VGS=-50 V and
t= 1000 s.

4.4 Summary

Two types of OTFTs were fabricated, PMMA-based and PVA-based OTFTs. Solution-
based TIPS-pentacene was used as an active semiconductor layer. All devices were
fabricated with a bottom-gate, top-contact (BG-TC) configuration. The investigation study
of these devices showed low output current, high leakage current and clear hysteresis in the
double sweep measurement. Further work was done to solve these problems. Cross-linking
PMMA and PVA (cPMMA and cPVA) were used as an insulating layer instead of PMMA
and PVA. Very good OTFTs behaviours without leakage current and hysteresis were a
chivvied. The results showed high mobility, on/off ratio and with low threshold voltage for
both types of OTFTs. For the cPMMA-base devices, the high mobility obtained was 1.42
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cm? V-1s1 with threshold voltage and on/off ratio of (-8 V and 7.2 x 10°) respectively.
Otherwise, the cPVA-based devices attained a high mobility, threshold voltage and on/off
ratio of ( 1.22 cm?V-1s? -5V and 4.5 x 10* ) respectively. By comparing the two types of
OTFTs, cPMMA-based OTFTs are the highest mobility, and it can be good candidate for
the TIPS-pentacene based OTFTs. Three different bias stresses were applied to study the
endurance of these devices. The main thing in this fabrication is the solution-based
semiconductor layer, which is made by the drop-coasting method instead of the thermal

evaporation method.

All the devices in this study showed no hysteresis, which is a significant achievement. Also,
all test measurements were done in the room temperature and lab environment, which gives
evidence of the stability of devices. The stability of longer time storage for the devices was
studied after one year of storage under vacuum, which is showed slightly degeneration the
field-effect mobility and output saturation current with a very good operation for most of
the devices. The repeatability of the devices was studied by fabrication more than one set
of devices with the same fabrication procedure, and the results show very close parameters

for all the devices under investigation.
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Chapter 5

Organic Thin-Film Memory Transistors (OTFMTs)

5.1 Introduction

In this chapter, two types of organic non-volatile memory transistors (ONVMTS) were
fabricated using graphene oxide (GO) as the floating gate. Cross-linked poly(methyl
methacrylate) (cPMMA) and cross-linked poly(vinyl alcohol) (cPVA) were deposited with
an off-centre spin-coating technique as the insulating layers for the OTFMTs. While p-type
semiconductor, TIPS-pentacene, was used as the active layer. Different concentrations of
GO with different solvents were used during this research to optimise the concentration of
GO in solvents. Achieving a large hysteresis in both output and transfer characteristics (to
represent the memory window) is a clear indication of the potential to use GO for high-
density memory transistors. The reported memory transistors also produced high field-effect
mobility for OTFMTs. The surface morphology and charge transfer mechanism were also
investigated for these memory transistors. All transistors and memory transistors were
fabricated on glass substrates which could provide the next stage for low cost flexible
organic electronic circuits. Fabrication of the devices and the electrical characteristics were

presented in this chapter.

5.2 cPMMA-based OTFMTs with GO as a floating gate.

In this section, the study is focused on the fabrication and characterization of ONVMTSs -
based on GO as a floating gate and cPMMA as the insulating layer. GO is a good candidate
as a floating gate in memory transistors due to the high charge storage and producing large
memory window [1-6]. The fabrication procedure of OTFMT is similar to the fabrication
of OTFT with an added floating gate layer. The floating gate was made of spin-coating GO
thin film inserted between two cPMMA insulating layers. As mentioned in (chapter 4) we
have good OTFTSs devices with high performance and negligible hysteresis in the transfer
and output characteristics using cPMMM as the insulating layer. These results will be used
as the bases for the fabrication of OTFMTs
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5.2.1 cPMMA-based OTFMTs device fabrication

cPMMA-based organic non-volatile memory transistors (ONVMTSs) were fabricated in
class 1000 cleanroom. All the devices were fabricated with the geometry of bottom gate-
top contacts (drain-source electrodes) configuration. Figure 5.1(a) shows a schematic
configuration of cPMM-based organic memory transistor fabricated on a glass substrate
using 50 nm thermally evaporated Al film as the gate electrode. Poly(methyl methacrylate)
(PMMA) 5wt % butyl acetate (anhydrous > 99% solution) was cross-linked using [1,6-
bis(trichlorosilyl) hexane (C6-Si) (10p/1ml)] as a cross-linking agent and filtered by 0.1um
syringe filter. The cross-linked PMMA (cPMMA) was spin-coated by a simple off-centre
spin-coating (OCSC) method [7] with a spin speed of 2000 rpm for 40 sec and then annealed
at 120°C for 60 minutes. The cPMMA insulating layer was then exposed to 0.8 SCCM O3
ozone under a vacuum of (3 mbar) for 1 minute to reduce the moisture and improve the
layer surface. The insulating layer thickness was measured using a profilometer, and it was
found to be 330+5 nm. For the floating gate, a thin layer of graphene oxide (0.4 mg/ml water
dispersion) [purchased from Sigma-Aldrich] was spin-coated using OCSC method over the
cPMMA layer with a spin speed of 3500 rpm for 20 sec and then annealed at 80°C for 20
minutes. In addition, the second cPMMA layer was spin-coated on the floating gate with
the same deposition properties as of the first cPMMA layer. Finally, a drop-casting method
was applied to produce a thin layer of TIPS-pentacene semiconductor (2wt % toluene
solution). After preparing TIPS-pentacene solution in the glove box, it was drop-casted on
the cPMMA with a small angle for the substrate as shown in Figure 3.9 (chap.3) and then
annealed at 90°C for 1h to produce a layer 60 nm thick. Finally, the drain and source have
been made through a shadow mask by thermally evaporating 50 nm of gold (the channel
width (W) and length (L) were 1000 um and 150 pm respectively). The optical microscopic
image of the device and its channel is shown in Figure 5.1(b) whereas, the morphological
quality and coverage for the cPMMA, graphene oxide and TIPS-pentacene layers were
examined using atomic force spectroscopy (AFM) and listed in Figure 5.1(c). The AFM
image of GO shows a uniform deposition of the film. While the TIPS-pentacene shows a
clear polycrystalline structure with large uniform and condenses grains. The large grains
size of organic semiconductor is an important parameter for the fabrication of high-mobility
thin-film transistors as it allows higher current when used as the active layer. The roughness

of the cPMMA layer was estimated from the AFM images to be in the region of 4.65 nm.
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Furthermore, the reference control transistors (without the floating gate) were also
fabricated with the same fabrication conditions for comparison. The electrical
characterization of cPMMA-based ONVMTSs with double sweep current-voltage (I-V) was
measured in air at room temperature (21+1) using Keithley B2636. All the details of the

measurement setup are mentioned in chapter 3.
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Figure 5. 1: (a) Schematic configuration of graphene oxide-based organic memory transistor
fabricated on a glass substrate (b) optical microscopic image of the device and its channel (c) the
morphological quality and coverage for the cPMMA, graphene oxide and TIPS-pentacene layers.

5.2.2 cPMMA-based OTFMTs device characterisations

The electrical characterisation of the control transistor is an important step to identify the
effect of the floating gate in memory structures. Therefore, the first step in ensuring the
memory behaviour is exclusively due to the presence of the floating gate, the control
transistor should have no (or negligible) hysteresis in both output and transfer
characteristics. Figures 5.2 (a) and (b) represent the output and transfer characteristics of
the cPMMA-based OTFT respectively using the off-centre spin-coating technique. Itis clear
that the OTFT shows a high current and mobility as well as no (or negligible) gate leakage
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current. It is also clear from Figures 5.2(a) and (b) the transistor behaviour showed no or
negligible hysteresis for a double sweep of the current-voltage (I-V) measurements. As a
result of the above characterisations, all the OTFTs and OTFMTs in this work were

fabricated using the off-centre technique for the deposition of cPMMA.
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Figure 5.2: (a) Output and (b) transfer characteristics of the cPMMA-based OTFTs as a reference
for the OTFMT measurements.
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To investigate the role of GO as the charge trapping layer in organic memory transistors, an
additional GO layer was inserted between the two cPMMA insulating layers of the transistor
in form of AI/cCPMMA/GO/cPMMA/TIPS-pentacene/Au as shown in Figure 5.1(a). The
output and transfer characteristics of the organic memory transistor are illustrated in Figure
5.3(a) and (b), respectively. Figure 5.3(a) shows the output characteristics of the memory
transistor at a gate voltage of -50 V as well as the output characteristics of the control device.
The measurements were the same in the sweep range and scan rate of (1 V.s?) for the
organic memory transistor and the control organic transistor in order to compare between
them and represent the effect of GO as the floating gate in the memory transistor. It is clear
from Figure 5.3(a) that the double sweep of the output characteristic gives a memory w(AVT)

of 38V for the memory device, while the control device exhibits a negligible hysteresis.

oL Ves=-sovoo 25
sk 420
el {1532
wn
= 3} 0
J10
2 -
b F e —a— OTFMT 45
—&— Control OTFT
0 £ 1 1 1 1 0
a o 10 20 30 40 50 60
“Vps(V)
. 4 0.0025
0005 Yy " . —— OTFMT
2 "9y : —a— Control OTFT | ¢ 0020
0.004 | \ : %90, -
) =
=_ 0.003 } {00015 =
~ =
@ =
— ]
- 0.002 | d0.0010 =
-
0.001 } 4 0.0005
0.000 | w3RpRREB/B | ( 000
b [ A [ [ A [ [
50 40 30 20 10 0 10

Vas V)

Figure 5. 3: (a) Output and (b) transfer characteristics of the cPMMA-based OTFMT with and
without the floating gate.
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The high hysteresis window in the output characteristics of the memory transistor is
attributed to the charging and discharging of the GO trapping layer with the appropriate
applied gate voltages. The counter-clockwise hysteresis in the transfer curves (lps -Vas),
Figure 5.3(b), indicates that charging and discharging of the memory transistor takes place
through the semiconductor-insulator interface. When a high enough negative gate is applied,
holes are injected from the p-type semiconductor (TIPS-pentacene) layer into the charge
trapping floating gate (GO) layer (through the top insulating layer - cPMMAZ2), charging up
the GO floating gate and programming the memory transistor. Whereas, when a positive
gate voltage is applied (Ves > 0), holes are removed from the charge trapping layer through
the semiconductor layer to conduct the erase process of the memory devices [8-11]. In order
to estimate the effect of the GO as the charge trapping layer, we determined the amount of

charge stored (Q) in the GO floating gate using equation 5.1 [9,12-14].
Q = CAV; . (5.1)

The insulator capacitance per unit area C; was measured for TIPS-pentacene/cCPMMA
structure and estimated to be ~ 6.8 x 10° F cm™. For a memory window of 30V (from the
transfer characteristics), the carrier charge stored was found to be approximately 9.15x 10!
cm?. Whereas, the threshold voltage represents the value of the Vs at which the transistor
is turned on and can be determined from the intercept of the plot of (Ips)? versus Ves, as
shown in Figure 5.3(b). The field-effect mobility (1) of the devices can be estimated using
equation 2.12 ( chap.2). The calculated value of the field-effect mobility u for the control
device was 1.36 cm™ V1 s, with a threshold voltage of -6.5 V and an on/off current ratio
of 8x10°. With the large memory window exhibited in OTFMT devices, a good field-effect
mobility of 0.85 cm™ Vs has been observed. The threshold voltages were estimated to be

about 2V and -28V for forward and reverse directions, respectively.

Successive positive and negative voltage pulses were applied on the gate electrode (with
Vps maintained at 0 V) in order to investigate the memory behaviour in terms of threshold
voltage shift as a function of the applied voltage. The transfer characteristic of the memory
transistor was measured after each application of the voltage pulse to calculate the shift in
the threshold voltage compared to the unstressed device. Figure 5.4(a) represented the
programming pulses of GO-based OTFMTSs, herein negative and positive pulses were
applied before measuring the transfer characteristics. These pulses result in a threshold

voltage shift to produce the write and erase state. When applying a negative pulse to the
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gate electrode (2 s pulses, -10V), the threshold voltage is shifted to a higher negative value.
Whereas, applying a positive pulse to the gate electrode (2 s pulses +10V) leads to the
threshold voltage to be shifted to a positive value from the unstressed device. Figure 5.4(b)
shows the double transfer curve sweep for different maximum gate voltage sweeps. These
curves illustrate increasing in the memory window when the maximum gate voltage (Vas
max) was increased. Preliminary tests on the reproducibility and stability of the OTFTs were
made during this study. OTFTs fabricated on the same glass slide showed a maximum
variation in the saturation value of Ips, threshold voltage and p of £10%. Though, a greater

variation of p, of up to £ 30 %, was found for devices fabricated on different substrates.
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Figure 5. 4: Transfer characteristics of the fabricated OTFMT after the application of positive and
negative pulses of 10 V for 2 s. (b) A double sweep of transfer characteristics for different

maximum gate voltage
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Overtime (devices stored under vacuum) showed good stability as the electronic parameters
did not change significantly after regular testing for 24 months. The memory behaviour of
the OTFMTSs was also retained for more than 24 months for devices stored under vacuum.
To further investigate the OTFMTSs behaviours, positive and negative pulses (+2 to +10 V
and -2 to -10 V) were applied on the gate electrode. Then immediately the transfer
characteristics were measured to calculate the threshold voltage shift after applying stress
on these voltages. It is clear from Figure 5.5(a) that the threshold voltage shifted to a higher
negative Ves voltage as the negative pulse (write state) increased. While, applying a positive
pulse (erase state) to the gate electrode resulted in a clear positive shift of the threshold
voltage, as shown in Figure 5.5(b). The shift in the threshold voltage leads to hysteresis and
memory behaviour which are resulting from the charge storage and trapped in the floating
gate [15-19].
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Figure 5. 5: The effect of (a) negative and (b) positive pulses on transfer characteristics of OTFMT

Figure 5.6 (a) shows the change in the threshold voltage shift depending on the applied
voltage pulses to the gate of GO-based OTFMT. These pulses were applied to the gate
electrode as shown and explained in figure 5.5. Increasing the applied voltage pulses leads
to an increase in the shift in the threshold voltage. A clear memory window can be
recognised with a programming voltage of less than 2V. Figure 5.6(b) shows the effect of
programming pulses on the value of Ips when applying a voltage to the gate electrode. The
write state was realised by applying a voltage pulse of -20 V for 2 s. Whereas for the erase
state, a voltage pulse of 20 V was applied. It is clear from Figure 5.6(b) that the Ips value
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did not change when a positive reading voltage is applied to the gate and it was possible to
distinguish if the device is in the write or erase states.
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Figure 5. 6: Programming characteristics of TIPS-pentacene based OTFMT. (a) The effect of the
programming voltage (2 s pulses) on the threshold voltage shifi(4V+), (b) write and erase processes

by applying a negative and positive pulse voltage, respectively, as a function of gate voltage.
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Using a reading voltage of 20V, the Ips was periodically measured in order to study the
retention behaviour of the memory transistors. Figure 5.7 shows the data retention capability
as a function of time for GO-based OTFMT in the write/erase states under the ambient
condition at room temperature. Appling negative pulses to the gate electrode (write state)
leads to accumulating the positive charges (holes) in the floating gate (GO), these holes
were transferred from the channel through the TIPS-pentacene semiconductor. As a result,
the opposite internal electric field was generated between the gate electrode and the channel.
Therefore, to turn on the transistor, a higher negative gate voltage is required which is
resulting in a shift in the threshold voltage higher than of the unstressed device. On the other
hand, applying positive pulses to the gate electrode (erase state), leads to move the holes

from the floating gate to the transistor channel through the semiconductor.
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Figure 5. 7: Charge retention characteristics of the OTFMT.

In another approach to investigate the non-volatile behaviour of the memory transistors,
voltage pulses for write and erase states (£20 V for 2 s) were applied to the gate and the Ips
values were monitored. The change in Ips was recorded after a certain number of write/erase
cycles, Figure 5.8 shows the measured values of the drain current as a function of a number
of cycles. Figure 5.8 clearly shows that the current representing the write and erase states

did not change after more than 200 cycles and after all these cycles it is still easy to
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distinguish if the device is in write or erase state. The average current recorded for the write
and erase states are 4x10°A and 3x10°A, respectively.

To understand the memory behaviour of the organic memory transistor, the energy band of
the  Au/TIPS-pentacene/cPMMA/GO/cPMMAJ/AI  structure was considered  for
investigation. Figure 5.9 represents the relative energy diagrams for the materials used in
the fabrication of the GO-based memory device.

1()’S Erase
II:IIIEWIWIﬂlﬂIﬂ‘D“u—mﬂthﬂﬂllﬂmD%hD.ﬂb
10°
— 107
z
A
= 10"
1079 Write
(S8 Cessnrt A G SISt et o G\t gn S
10"
[ 2 [ 2 [ 2 [ 2 [

0 S0 100 150 200
Write/Erase cycle (number)

Figure 5. 8: Endurance characteristic of the OTFMT device with GO as a charge-storage layer.

The work function for Au and Al are 5.1 eV and 4.3 eV respectively [20]. While, the highest
occupied molecular orbital (HOMO) and the lowest-unoccupied molecular orbital (LUMO)
levels of TIPS-pentacene are -5.3 eV and -3.4 eV), respectively [21]. As discussed earlier,
the counter-clockwise hysteresis direction of the transfer characteristics in Figure 5.3(b)
indicates that charging and discharging of the memory transistor takes place through the
semiconductor. When a high enough negative gate bias is applied, holes are injected from
the semiconductor through cPMMA into the GO layer and program the memory device. In
contrast, when a high enough positive gate voltage is applied, holes are ejected from the GO
layer resulting in the erasing process. The charging and discharging of the GO layer lead to
a clear shift in the memory transistor threshold voltage V; which in general represents the

memory window of memory transistors. In The charging process (writing) shown in Figure
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5.9 where under a negative bias is applied to the gate electrode, holes released from the
HOMO level are injected through the cPMMA and stored by the GO floating gate. The
presence of holes in the insulating layer leads to a higher negative threshold voltage. Based
on the experimental results and the energy band diagram in Figure 5.9, the transfer of holes
from the TIPS-pentacene to the GO floating gate occurs by tunnelling through the cPMMA.
The charge carriers can cross the cPMMA energy barrier as the HOMO level of TIPS-
pentacene and the work function of GO are very close. For all OTFMTs stored under
vacuum, reproducible memory properties were observed as devices were tested on regular
bases for 12 months. The results will help in the development of low-cost organic memory

devices as part of all-organic flexible circuitries for future plastic technology.
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Figure 5. 9: Schematic diagram of the energy band for the cPMMA-based OTFMT.

5.3 cPVA-based OTFMTs with GO as a floating gate.

To investigate the memory transistors with cross-linked poly(vinyl alcohol) (cPVA) as an
insulating layer, we fabricated several devices in the configuration of TIPS-pentacene
[cPVA/GO/cPVA/AL These devices were fabricated with the same procedure of the
cPMMA-based OTFMTSs, but cPVA insulating layer was used instead of cPMMA in this
fabrication. For a comparison, cPVA-based OTFTs devices were fabricated as a reference
with the same procedure described in chapter 4 to confirm that inserting GO as a floating

gate in the cPVA-based OTFTs devices gives them the memory behaviour.
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5.3.1 cPVA-based OTFEMT device fabrication

In this section, cPVA-based ONVMTs using GO as a floating gate were fabricated with the
geometry of bottom gate-top contacts (drain-source electrodes) as shown in Figure 5.1(a),
with cPVA instead of CPMMA layers. These devices were fabricated on clean glass
substrates in the cleanroom. After preparing the glass substrate, a 50 nm thin layer of Al
was thermally evaporated as the gate electrode. Then, 10 wt % of the cross-linked PVA
solution was prepared with the same procedure described in section (4.3). The cPVA water
solution was spin-coated using off-centre spin-coating (OCSC) technique on the Al gate
electrode with a spin speed of 2000 rpm then a annealed at 90°C for 120 minutes to producea
40045 nm insulating layer. Then, the cPVA layer was exposed to 0.8 SCCM Oz ozone under
vacuum (3 mbar) for 1 minute to reduce the moisture and improve the layer surface. Using
the same graphene oxide (GO) (0.4 mg/ml water dispersion) used in the fabrication of
cPMMA-based OTFMT and following the same spin-coating procedure with a spin speed
of 3500 rpm for 20 sec and annealed at 80°C for 20 minutes, a floating gate layer was
produced over the cPVA layer. Furthermore, the second cPVA insulating layer was spin-
coated on the GO floating gate with the same properties of the first cPVA insulating layer.
Additionally, the TIPS-pentacene (2wt % toluene solution) semiconductor layer was drop-
casted as the active layer on the second cPVA insulating layer with a small angle for the
substrate as shown in Figure 4.2. All devices were annealed at 90°C for 60 minutes to
produce a 60 nm active layer. Thermal evaporation was used to evaporate gold as the drain
and source through a shadow mask with a thickness of 50 nm (the channel width (W) and

length (L) were 1000 pm and 150 pm respectively).
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5.3.2 cPVA-based OTFMTs characterisations

To investigate (I-V) characteristics of cPVA-based OTFMTs, a reference OTFT device
without a floating gate was fabricated as a control transistor. Figure 5.10 (a) shows the
output characteristics of the control OTFT device with two direction sweep in the range of
Vps (0 V to -50 V then to 0 V and scan rate of 2 V) and Vs (0 V to -40 V with a step of 10
V) which is showing no leakage current and no or negligible current hysteresis.
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Figure 5. 10: (a) Output and (b) transfer characteristics of the control cPVA-based OTFT.

In addition, the transfer characteristic was measured by applying a fixed drain-source
voltage (Vps= -50 V) and a two direction sweep of Ves (0 V to -50 V then to 0 V) were
performed as shown in figure 5.10 (b). It is clear to notify that there is no leakage current

and no or negligible hysteresis in the transfer characteristics.

Figure 5.11 illustrates the output and transfer characteristics of the cPVA-based OTFMT,
where an additional layer of GO was inserted between the two cPVA insulating layers.
Figure 5.11 (a) demonstrates the output characteristics of the control OTFT and the effect

of the GO layer on the output behaviour of the memory transistor.
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Figure 5. 11: (a) Output and (b) transfer characteristics of the cPVA-based OTFT (without a
floating gate) and OTFMT (with a GO floating gate).

For the control device and the memory device, the gate voltage was fixed to -40 V and the
drain-source voltages were swept from 0 to -50 V. The memory window (AVT) in the output
characteristics of OTFMT was 29V, which is obtained from the double sweep of Vps voltage.

Also, there is no, or negligible hysteresis can be found in the control device.

Furthermore, the memory window of the transfer characteristics was measured to be 23V,

while the control device still has no or negligible hysteresis for the double sweep of Vgs in
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the range of (0 V to -50 V) and Vps was fixed to -50 V for both devices as shown in Figure
5.11 (b). Similar to the cPMMA-based memory transistor, counter-clockwise hysteresis in
the transfer characteristics were obtained in these devices. When a high negative gate bias
is applied to the cPVA-base OTFMT, holes can be injected from the TIPS-pentacene
semiconductor layer into the GO floating gate passing the top cPVA layer. These holes will
be charging up the GO floating gate and giving a programming state to the memory
transistor. While applying a positive gate voltage (Ves > 0), holes will be removed from the
GO charge trapping to the semiconducting layer giving an erase state to the memory
transistor. Equation 5.1 was applied to determine the charge stored (Q) in the GO floating
gate, which was estimated to be 1.65 x 102 cm™ when C; for the TIPS-pentacene/cPVA
structure was found 1.15 x 10° F cm and a memory window of 23V. This storage charge
is about double of that for the cPMMA-based memory transistor. To find the field-effect
mobility (u) of the reference and the cPVA-based memory transistor, threshold voltages
from the transfer characteristic in figure 5.10 (b) with equation 2.12 (chapter 2) can be
applied and the motilities were estimated to be 1.15 cm2V1s? and 0.68 cm? Vs for the
reference transistor and the memory transistor respectively. In addition, threshold voltages
of -1V and -25 V for the forward and reverse directions were estimated, respectively.
Threshold voltage is an indicator to study the memory behaviour, for this investigation,
consecutive positive and negative pulses of (+10 V and -10 V) were applied to the gate
electrode when Vps was kept at 0 V. The same procedure in cPMMA-based memory
transistors was followed to measure the threshold voltage shift in the transfer characteristics.
Figure 5.12 (a) represents the transfer characteristics of the cPVVA-based memory transistor
after applying negative and positive pulses (-10 V and +10 V) for 2s respectively to produce
the write and erase state. When a negative pulse of (-10 V) is applied, a significant shift in
the transfer curve can be observed to a higher negative direction, causing the writing process
with a low drain-source current. In contrast, a positive shift of threshold voltages were
detected when a positive pulse of (+10 V) is applied to produce the erase state. For more
investigation, different gate voltages ( -20V, -30V, -40V and -50V) were applied to measure
the transfer characteristics as shown in Figure 5.12(b). The drain-source voltage is fixed to
-50 V in both figures. From figure 5.12 (b), it is clear that the memory window of the transfer
characteristics increased when the maximum applied gate voltage was increased and the
obtained values were (8 V, 13 V,19 V,25 V) for the maximum gate voltages of (-20 V, -30
V,-40V, -50 V), respectively.
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Figure 5. 12 (a): Positive and negative pulses of 10 V for 2 sec were applied to the gate electrode
to investigate the transfer characteristics of the fabricated cPVA-based OTFMT. (b) A double sweep
of transfer characteristics of OTFMT with different maximin gate voltages (-20 V,-30 V,-40V and -
50V).

Figure 5.13 (a) demonstrates the effect on OTFMTSs’ behaviour when applying negative and
positive voltage pulses to the gate electrode with (Vps = 0V) and a fixed duration time of 2s.
After each applied stress voltage, the transfer characteristics were measured to estimate the
shift in the threshold voltage during applying a constant drain-source voltage (Vps = -50)
and Vgs was swept from +10 V to -50 V with a voltage step of 1V. Figure 5.13 (b) shows the
effect of applying positive voltage pulses on the threshold shift.
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It can be seen that increasing voltage pulses causes an increase in the threshold shift to a
higher positive value (erase state). Whereas, a negative shift in the threshold voltages was
obtained when negative voltage pulses are applied to the gate electrode (write state). This

behaviour can be clearly seen in figure 5.12 (a).
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Figure 5. 13: The effect of applying different pulses on transfer characteristics of TFMT (a) negative

pulses and (b) positive pulses.
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Figure 5.14 (a) illustrates the effect of applying negative and positive pulses to the gate
electrode for 2s on the threshold voltage shift of the memory transistor. It is distinct that
increasing the applied voltage pulses causes increasing of threshold voltages. The memory

window can be clearly seen even with a programming voltage of 2 V or less.
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Figure 5. 14: Programming characteristics of TIPS-pentacene based OTFMT. (a) the
threshold voltage shift (AV7) resulting from different applied voltage pulses, (b) applying a

negative and positive pulses voltage to produce write and erase processes, respectively.

133



Chapter 5/ Organic Thin-Film Memory Transistors (OTFMTS)

From Figure 5.14 (b), the write and erase states can be recognised for a range of applied
gate voltages (-15 V to -50 V ) which are attained by the effect of programming pulses of -
20 V and 20 V, respectively. As in the cPMMA-based memory transistor, applying a
positive reading voltage did not affect the Ips and still recognised the write and erase state

of the device.

For more investigation, to study the retention capability as a function of time, Figure 5.15
shows the measurement of Ips current after applying negative and positive pulses for the
write and erase states. These measurements were made under the same ambient condition
and temperature for measuring cPMMA-based OTFMT. Also, it can be seen that applying
negative pulses to the gate electrode leads to the positive charge to be accumulated in the
floating gate (GO). These positive charges came from the channel and transferred across the
TIPS-pentacene semiconductor therefore, an internal electric field was produced in the
opposite direction between the gate electrode and the channel. This opposite electric field
leads to a higher negative gate voltage needed to turn on the transistor. As a result, the
threshold voltage can be shifted more than in case of the unstressed device. On the contrary,
the holes (positive charges) were released from the floating gate (GO) to the gate electrode
through the TIPS-pentacene semiconductor when positive pulses were applied to the gate
electrode. In addition, in this case, the shift in the threshold voltages was moved to a lower

negative value leading to less gate voltage to be applied to turn on the transistor.
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Figure 5. 15: Characteristics of the charge retention for the OTFMT
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In order to test the endurance properties, a continuous bias pulses voltage of (£20 V) were
applied for 2s to the gate for the write and erase states. After a certain number of write/erase
cycles, the Ips current was measured to identify any change in the current value after
applying these numbers of pulses. Figure 5.16 clearly illustrates the write and erase current
states values and it can be seen that the drain-source current in both cases does not change
even after applying the bias pulses more than 200 cycles. the write and erase states produced

an average current of 1 x 10°A and 3 x 10A respectively.
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Figure 5.16: Endurance characteristics of cPVA-based OTFMT with GO as a floating gate charge

storage.
5.4. Summary

Graphene oxide-based organic non-volatile memory transistors were fabricated using low-
cost fabrication methods to fabricate two types of memory transistors depending on the
blocking-tunnelling barrier layer. Cross-linked polymethyl methacrylate (cPMMA) and
cross-linked polyvinyl alcohol (cPVA) were deposited using off-centre spin-coating
technique followed by ozone treatment to produce the blocking-tunnelling barrier layers for
these two types of memory transistors. Whereas, graphene oxide GO was spin-coated as the
floating gate and TIPS-pentacene was drop-casted with an angle of 7° to act as the active
layer for both types of OTFMTSs. The structure of the memory transistors was fabricated on

a clean glass substrate, then thermally evaporated Al was used as a gate electrode for all
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devices. Furthermore, gold was thermally evaporated as the source and drain ohmic
contacts. All the used materials were examined using AFM plus optical microscopy and
exhibited good morphology and crystallinity. In both types of transistors, output and transfer
characteristics exhibited clear memory behaviour for the devices embedded with GO and
no hysteresis associated with the control transistors. A clear shift in the threshold voltages
was recognized when appropriate negative and positive voltage pulses are applied to the
gate electrode. These shifts result from charging and discharging of the GO floating gate.
Large memory windows of 30V and 24V with reliable memory operations were obtained for
the cPMMA and cPVA-based memory transistors, respectively. The GO floating gate was
used as a charge trapping layer where the carriers transferred from TIPS-pentacene through
the top insulating layer. Good charge retention property was obtained for the two types of
memory transistors. The erase and write states were easy to be recognised when applying
pulses of +2V for cPMMA-based OTFMTs and 1V for the cPVA-based OTFMTSs as shown
in Figures 5.6 a and 5.14 a respectively. The average current recorded for the write and
erase states for the cPMMA-based devices are 4 x 10"°A and 3 x 10°A while for the cPVA-
based were 1 x 10°A and 3 x 10°A. Of-centre spin-coating method was used to produce the
insulating layer. Which provided a good interface surface morphology leading to improved
devices. Table 5.1 shows the parameters determined for both types of memory transistors.

Table 5. 1: The electrical parameters obtained from the two types of memory transistors

Mobility | Threshold voltage (V) Memory Charge capacity
Structure 201 o1 ind V -2
(cm2vtst Ve V1R window (V) Q(cm™)
CPMMA- 0.85 2 -28 30 9.15x 101t
based
Cbz\s/é?j\_ 0.68 -1 -25 24 1.65x 10%?

All the devices were based on the solution-processed organic materials and dielectric layers
which leads to low fabrication cost. Furthermore, using spin-coating and drop-casting

methods could hypothetically be integrated with plastic electronic devices.
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Chapter 6

Organic Thin Film Transistor-Based Sensor

6.1 Introduction

Organic thin film transistor based-sensing technology has been widely investigated in the
last few years [1-6]. The low fabrication cost, high sensitivity, short response and recovery
time allowed this type of sensors to dominate the research activities in academia and
industry [7]. In this chapter,, we tried to investigate and applying the two types of solution-
processed organic thin film transistors (OTFTs) based on cross-linking Poly(methyl
methacrylate) cPMMA and cross-linking Poly(vinyl alcohol) cPVA as insulating layers
which were deposited using off-centre deposition technique in chapter 4.Where the (TIPS)
pentacene semiconductor has been used as an active layer for alcohol sensors. The
fabrication and characterisation of the OTFTs were explained in detail in chapter 4. These
two types of transistors were exposed to alcohol vapours (ethanol and methanol) with parts
per million (ppm) concentrations for both gasses (1 ppm to 8 ppm). While exposing the
devices to different concentration of vapours, the current-voltage characteristics of the
OTFTs were investigated. The output characteristics (Vps-1ps) at different gate voltage (Vas)
and different gas concentrations were investigated. Furthermore, the threshold voltage and
device mobility with different gas concentrations were calculated using the transfer
characteristics. Alcohol vapour was produced with nitrogen as the gas carrier with a flow
rate F1 of 100 ml.min passing over a permeation vial containing a quantity of alcohol
solvent at room temperature (23 °C +1 °C) and under atmospheric pressure. Then the

concentration of alcohol vapour C1 was be calculated using equation (6.1) [8,9].

P
C="" (6.1)

where P is the permeation rate, p is the reciprocal vapour density of alcohol and F1 is the
nitrogen gas flow rate. To produce different concentrations of alcohol vapour (methanol or
ethanol), another nitrogen diluting stream of a flow rate F, was be mixed with alcohol

vapour to produce alcohol concentrations (1, 2, 4, 6, 7 and 8 ppm) using equation (6.2) [8,9].
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Fy

C == C1
F1+F,

(6.2)

Where C is the alcohol vapour concentration under the test, F is the flow rate of dilution
nitrogen stream. All measurements were made in atmospheric pressure and room
temperature using in-house Bangor gas sensing system and Keithley 2636 source meter.
More detail about the gas sensing system is described in detail in chapter 3 section 3.5.4

(experimental technique).

6.2 cPMMA-based OTFTs as gas sensors.

To investigate cPMMA-based OTFTs as gas sensors, the devices were exposed to alcohol
(ethanol and methanol) vapours with different concentrations 0 to 8 ppm (section 3.5.4
explained in detail how to get these concentrations) during the 1-V measurements. The
response and recovery time and the sensitivity of these devices were estimated from the
change in the field-effect mobility, the current on-off ratio, output saturation current and the

shift in the threshold voltages during the gas exposure [10-14].

6.2.1 Measurements and electrical properties

6.2.1.1 Ethanol sensing

First, the cPMMA-based OTFTs were tested as ethanol gas detector. In this investigation,
the output and transfer of the reference device were measured at room temperature, as shown
in Figure 6.1. Figure 6.1 (a) represents the output characteristics of the reference device,
were obtained by applying drain-source voltages (Vos = 0 to -60 V) with different gate bias
voltages (Ves =0, -10, -20, -30, -40, -50 V). Figure 6.1 (b) shows the transfer characteristics
for the same device when the Ves is swept from 20 V to -50 V versus (Ips)Y/? (with a step of
1V ) with a fixed Vps = -50 V. Figure 6.1 (a) and (b), exhibited a clear output and transfer
behaviour of OTFT. The maximum saturation current (lsa) from the output characteristics
for the reference device was estimated to be 26.7 pA when -50 V of Vs is applied. While
the threshold voltage (Vr), on-off ratio and the field-effect mobility for the same device are
-8V, 1x10* and 1.34 cm?Vs?, respectively. In order to test the OTFT as a gas sensor,
ethanol vapour was prepared from nitrogen gas stream with a flow rate of 100 ml. min™

passing over ethanol solvent. From equation 6.1, ethanol vapour with a concentration of 8
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ppm was generated from the main flow F1 (P = 0.630 mg. mintand p= 1.267 x10 ml.
mg?).
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Figure 6.1: (a) Output characteristics and (b) transfer characteristics of OTFT as a reference for

gas sensi ng measurements.

To produce different ethanol concentrations, various nitrogen flow rates were used in the
flowmeter (F> =100, 200, 300, 400 and 500 ml/min) for the ethanol vapour to be diluted,

and the final ethanol concentrations can be calculated from the equating 6.2. This method
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produced (1, 2, 4, 6,7 and 8 ppm) of ethanol vapour concentrations to be used in this test.
Figure 6.2 represents the effect of ethanol vapour exposure with a concentration of 8 ppm
on the output characteristics of the cPMMA-based OTFT. In this measurement, the output
curves of the reference device were measured under nitrogen gas only with applying a gate
voltage of (Ves =-20 V, -30 V, -40 V, -50 V) and the drain-source voltage was swept from
0 to -60 V (The blue curves in figure 6.2). On the other hand, for the same parameters of
Vs and Vps, the output characteristics of the device were measured during exposure of
ethanol vapour in a concentration of 8 ppm. The ethanol exposure affected the device as
clearly decreased the output saturation current. In an OTFT-based sensor, the parameters
such as field-effect mobility, threshold voltage and on-off current ration can also be affected
by the exposed gas molecular and through chemical interaction with the semiconductor and
(or) insulator layers. Herein, the gas will be absorbed or adsorbed to contribute as dopants
to trap and reduce the charge transport or assist in increasing charge transports between
semiconductor and insulator layers [3,15-20]. In this test, the exposed ethanol vapour was
permeated into the organic semiconductor to the accumulation region through the grain
boundaries and the analyst will hamper the charge carriers to cross the boundaries (making
charges traps at the grain boundaries) which leads to reducing the output current [21-23].
For the applied gate voltage of -50 V, the saturation current was dropped from 26.7 pA to
12.5 pA during the investigation under N2 and 8 ppm ethanol, respectively.
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Figure 6.2: Output characteristics of cPMMA-based OTFT when exposed to N2 only and 8ppm

ethanol vapour for a different Vegs.
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Figure 6.3 shows the change in the saturation current of the output characteristics during
exposure of different ethanol vapour concentrations (1, 2, 4, 6, 7 and 8 ppm) with an applied
Ves=-50 V and Vps is swept from 0 to -60 V. It is clear from Figure 6.3 that there is a decline
in the saturation current with increasing ethanol concentration. Therefore, the change in the
output characteristics of the cPMMA-based OTFT can be used as a sensing parameter to
detect the presence of ethanol vapour in the environment. This behaviour in the output
curves agrees with previous work for using OTFT to detect ammonia gas [24,25]. Figure
6.4 (a) represents the change in the drain-source current Ips as a function of different

exposed ethanol concentrations (0 to 8 ppm) at a fixed Ves =-50 V and Vps=-60 V.
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Figure 6. 3: Output characteristics of cPMMA-based OTFT sensor during exposure to different

concentrations of ethanol vapour (0 to 8 ppm), for a fixed gate voltage (Ves=-50 V).

From Figure 6.4 (a), it can be seen that the response of the cPMMA-based OTFT sensor
have a linear relationship over the change of the exposed ethanol concentration as Ips
decreased with increasing the exposed ethanol vapour concentration. The sensitivity of this
device for the applied parameters (Ves and Vps) was found approximately = -1.708 x 107
A. ppm™. Figure 6.4 (b) shows the percentage of relative variation of the drain-source

current (Al/1 x100 %) as a function of the ethanol vapour concentration;

Where  AI/I x 100(%) = =2 x 100 %, (6.3)
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I is the Ips current when the device is exposed to a known ethanol vapour concentration, and
lo is the Ips current when the device is exposed to N2 gas only. The sensitivity of the sensor
with respect to the change in saturation current Sips was calculated from the slope of the

curve in Figure 6.4 (b) which is - 6.6% ppm™.

For more investigation, the transfer characteristics of the cPMMA-based OTFT were
measured during exposing the sample to the same ethanol vapour concentrations (1 to
8ppm). In these measurements, Vps was fixed to -50 V, while Vgs was swept from 20 V to -

50 V, as shown in Figure 6.5.
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Figure 6.4: (a) The change in saturation current of the output characteristics for cPMMA-based
OTFT sensor as a result of the exposure of different ethanol vapour concentrations, (b) The relative

variation of Ipsas function to expose ethanol vapour concentration. Ves= Vps = - 50 V

A clear shift to a higher negative threshold voltage and decrease in the drain-source current
can be observed in the transfer characteristics as a result of increasing the exposed ethanol
concentration. In this test, the threshold voltage shift was increased from -8 V to -20 V as a
result of exposure 8ppm ethanol vapour to the device. Therefore, for the apparent change in
the threshold voltage of the OTFT-based sensor, it can be considered as an indicator to
detect ethanol vapour at low concentration. Figure 6.5 (c) illustrates the logarithm of the
drain-source-current log(lps) as a function of Vgs to estimate the change in the on-off current
ratio of the device due to the exposure of different ethanol concentration. It can be seen
clearly from Figure 6.5 (c) the on-off ratio decreases with increasing the exposed ethanol
vapour concentration. These results are in agreement with previous work using OTFT as a

gas sensor [3,25,26]. It was found that exposure ethanol vapour of 8 ppm contributes to
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decreasing the on-current from 2.79 x 10° A to 1.07 x 10 A. This change in the on-current
when the device exposed to different concentrations of ethanol vapour can be employed as
a gas sensing parameter. Figures 6.5 (b) and (d) are the enlarged data in Figure 6.5 (a) and

(c) respectively.
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Figure 6.5: Transfer characteristics of cPMMA-OTFT-based sensor when exposed to different
ethanol vapour concentrations (0 to 8ppm) at a fixed Vps = -50. (a) for (Ips)"? versus Ves (c) for
Log(lps) versus Ves. (b) and (d) are the enlarged data in (a) and (c) respectively.

The percentage sensitivity of the sensor depends on the change in threshold voltage Syt can
be estimated from the slope in Figure 6.6(b), which is found to be in the region of 17.2%
ppmL. There is a noticeably increase in threshold voltage value to a higher negative voltage
with increasing of the exposed ethanol concentration. Therefore, the change in the threshold
voltage of cPMMA-based OTFT sensor can be used as an indicator to detect ethanol vapour
concentration in an environment. Figure 6.7 shows the effect of exposure to ethanol vapour
concentration on the field-effect mobility of the cPMMA-based OTFT sensor. The mobility
of each exposed ethanol concentration was estimated using the threshold voltage data from
Figure 6.5(a) and equation (4.1). The field-effect mobility of the device under investigation
was dropped from 1.34 cm? V1s (exposed to N2 only) to 0.85 cm? Vs when the device

was exposed to a maximum ethanol concentration (8ppm).
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Figure 6.6: (a) Threshold voltage shift of the cPMMA-based OTFT device versus the exposed
ethanol vapour concentration. (b)The percentage relative variation of the threshold voltage shift as

a function of the exposed ethanol concentration. Vps= Vgs =-50 V.

From this result, it is clear to recognise that mobility is decreasing when the exposed gas
concentration is increased. The device sensitivity as a change in the mobility S, for the
applied voltages (Ves and Vps) to the ethanol concentration can be measure from the slope
in Figure 6.7(a), which is estimated to -0.0574 (cm?V-s™Y).ppm™. Figure 6.7(b) shows the
relative variation of the mobility as a function of exposed ethanol concentration, and from
the slope, it was found - 4.2% ppm™. Accordingly, the change in mobility can be used as a

parameter to indicate ethanol gas concentration in an environment.
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Figure 6.7: (a)The change in the field-effect mobility values of the cPMMA-based OTFT sensing
device versus the exposed ethanol vapour concentrations. (b) The relative variation of the field-

effect mobility as a function of the exposed ethanol concentration, Vps= Vgs =-50 V.

Figure 6.8 represents the change in drain-source current Ips as a function of time when the
cPMMA-based OTFT sensor was exposed to different ethanol gas concentration. The test

was made by applying gate and drain voltage (Ves= Vps = -50 V). First, the drain-source
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current Ips was measured for a period during which the sensor is exposed to N2 only until

reaching the saturation point. Then, different concentrations of ethanol vapour were.

For each concentration, the Ips current measurement must reach the saturation state before
exposing a pure N2 for purifying and getting the recovery state. It is clear that Ips current
decreased as a function of increasing the exposed ethanol concentration. In this test, the
response time (Res.ime) (Which is measured as the response changed from 10% to 90%) was
estimated to be 54 s when the device was exposed to 8 ppm ethanol vapour concentration.
Also, the recovery time was found very short as the Ips was recovered in 36 s when the
device was flushed with N2 gas to be purified. It can clearly recognise that the device
response was started from the first few seconds of exposure, which can be set as an alarm,
and we do not need to reach the saturation region for detecting. The inset figure in Figure
6.8 is the enlarged data for the device responses when it was exposed to 8 ppm of ethanol
vapour concentration, which is showing the current saturation region as a function of the
exposure time. The test was repeated after 3, 6, 12 and 24 months, and excellent stability

was observed for devices stored under vacuum.
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Figure 6. 8: The drain-source current as a function of time when cPMMA-based OTFT sensor is
exposed to various ethanol vapour concentration (0 to 8 ppm). The inset figure is the enlarged part
of the current when the device was exposed to 8ppm ethanol vapour concentration. Ves = Vps = -
50V

Figure 6.9 illustrates the device response (relative variation of the Ips current) of cPMMA-
based OTFT sensor as a function of time during exposure to different concentrations of
ethanol vapour. The Ips current percentage change 47/1% can be found from equation 6.3.
For these measurements, a fixed (Ves = Vbs = - 50 V) is used to estimate the drain-source

current during different exposure of ethanol vapour concentrations. From Figure 6.9 the

148



Chapter 6 / Organic Thin Film Transistor-Based Sensor

device response increased due to increasing of exposed ethanol concentration. A response
of ~57 % was obtained for exposing the device to 8 ppm of ethanol vapour. Whereas ~13%

was attained from exposing 1ppm of ethanol concentration.
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Figure 6.9: The output current relative variation of the cPMMA-based OTFT sensor as a function

of time during exposure to various concentrations of ethanol vapour, Ves = Vps =- 50 V.

6.2.1.2 Methanol sensing

In this section, cPMMA-based OTFTs were tested as a methanol vapour detector. The same
device which is used in detecting ethanol vapour (section 6.2.1.1), was used in this sensing
evaluation after being kept under vacuum for seven days for purifying. The sensing test was
made during exposure to methanol vapour with different concentrations (1 ppm to 8 ppm).
Therefore, the same procedure in case of ethanol sensing test was followed to calculate the
permeation rate P and reciprocal vapour density p of methanol, they were found 0.693 mg.
min"t and 1.264 x10° ml. mg?, respectively. To find out a reference data of the output
characteristics, the device was investigated under a nitrogen environment and normal
atmospheric pressure at room temperature. For this test, various gate voltages were applied
(Ves = -20, -30, -40, -50 V) and the drain-source voltage was swept from 0 V to -60 V as
shown in Figure 6.10 (the blue curves). Furthermore, the output characteristics for the same

sensing device with applying the same voltages range were measured during exposing the
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sensor to methanol vapour with a concentration of 8 ppm as in Figure 6.10 (the magenta
curves). From figure 6.10, it can be seen that the drain-source current curves in the output
characteristics during exposure to methanol concentration of 8 ppm have lower values than
those of the reference curves for the same drain-gate voltages Ves. It was found that the
output current in the saturation region was decreased from 26.7 pA (with exposing of 0 ppm

methanol vapour) to 16.3 pA (with exposing of 8 ppm of methanol vapour).
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Figure 6.10: Output characteristics of the cPMMA-based OTFT sensor device during exposing N

gas (blue curves) and 8 ppm methanol vapour(magenta curves) for different gate voltages.

Figure 6.11 illustrates the effect of exposing different methanol vapour concentrations (1 to
8 ppm) on the output characteristics of cPMMA-based OTFT sensor. Herein, the gate
voltage was fixed to -50V, and the drain-source voltage Vps was swept from 0 to -60 V for
each exposed methanol concentration. It can be recognised that increasing the exposed
methanol concentration leads to a drop in the output saturation current curves (this effect
was explained in section 6.2.1.1). Figure 6.12 (a) shows the device sensitivity to different
exposed methanol concentrations in term of change in Ips saturation current value (extracted
from the data in Figure 6.11). The sensitivity of the device under investigation was estimated
to be in the region of -1.21 x 108 A. ppm™. Figure 6.12(b) represents the relative variation

of the drain-source current (Al/l %100 %) as a function of the methanol vapour
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concentration. The device sensitivity (Sips) to the methanol vapour was found less than the
sensitivity to the ethanol vapour which is estimated from the slope of the curve in Figure
6.12(b) to be -4.51% ppmL.
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based OTFT sensor as a function of the exposed ethanol vapour concentrations. (b) the relative
variation of the drain-source current versus different exposed methanol vapour concentrations (0
to 8 ppm),Ves = Vps =- 50 V.

Figure 6.13(a) shows the transfer characteristics of the device during exposure of different
methanol vapour concentration. Herein, the square root of the drain-source current (-Ips)*/2
is plotted versus the swept gate-source voltage (-Ves) from 20 V to -50 V with a fixed drain-
source voltage of -50 V. From the transfer curves in Figure 6.13 (a), it can be found that the
threshold voltage (Vr) was shifted to a higher negative voltage with increasing the exposed

methanol concentration. The maximum shift in the threshold voltage was obtained with
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exposure of 8 ppm methanol vapour which is equal to -11 V. In Figure 6.13 (c), the gate
voltage was plotted versus log(-los) which is showing the change in the on-current of the
transfer carves as a result of the exposed methanol concentration. Here, the on-current was
decreased from 2.79 x 10° A (exposure N2 only) to 1.17 x 10° A (exposure 8 ppm of
methanol). Figure 6.13 (b) and (d) are the enlarged data in Figure 6.13 (a) and (c)
respectively which clearly show the shift in threshold voltages and the decreasing in the on-

current when the exposed methanol vapour is increasing.
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Figure 6.13: Transfer characteristics of the cPMMA-based OTFT sensor during exposure to various
methanol vapour concentration (0 to 8ppm)at a fixed Vps=-50 V. (a) for (Ips)*? versus Ves (c) for

Log(lps) versus Vs (b) and (d) are the enlarged data in (a) and (c) respectively.

Figure 6.14(a) represents the shift in the threshold voltage 4V as a function of various
exposed methanol concentration. The threshold voltages shift values resulting from
exposing different methanol concentrations, were obtained from transfer characteristics in
Figure 6.13 (a). There is a conspicuously increasing in the threshold voltage shift to a higher
negative voltage with increasing of the exposed methanol vapour concentration. The

sensitivity of the device under investigation as a change in the threshold voltage shift was
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found to be 1.3 V. ppm™. Figure 6.14(b) illustrates the threshold voltage relative
variation (AV;/V; %) of the sensor as a result of exposing different methanol
concentrations. Therefore, the device percentage sensitivity can be estimated from the slope
of the curve in Figure 6.14(b), which it was found 16.1% ppm™ and it is 1% ppm™ less than
of the ethanol vapour detection. To determine the effect of exposure methanol vapour on
the mobility of the cPMMA-based OTFT sensor, different concentrations were exposed to
the device under investigation. Threshold voltages shift data from Figure 6.13 (a) and
equation 4.1 were used to calculate field-effect mobility values of the device during

exposing methanol vapour.
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Figure 6.14: The effect of exposed different concentration of methanol vapour on the threshold
voltage shift of the OTFT-based sensor device, Vps = -50 V and Ves = 0 to -50 V.

Figure 6.15(a) shows the change of the mobility values for the OTFT-based sensor device
during exposing various methanol concentration. It can be seen that increasing the exposed
methanol vapour concentration leads to decreasing of the device mobility value. The slope
of the curve in Figure 6.15(a) represents the device sensitivity depends on mobility changes
Su to detect methanol vapour, and it was found 0.031 cm? V! s, ppm™. Figure 6.15(b)
represents the mobility relative variation of the device as a function of the exposed methanol
concentration. The slope of the curve in Figure 6.15(b) represents the device sensitivity

which was found -2.2 % ppm™* and still less than of the ethanol detection.
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Figure 6.15: The effect of different of exposed methanol concentration on mobility value of the
OTFT-based sensor device, Vps=-50 V and Ves = 0to -50 V.

Figure 6.16 illustrates the response of Ips current to a different exposed methanol
concentration (0 to 8 ppm) with a continuous-time of measurement at (Vs = Vps = - 50 V).
This investigation was started by exposing the cPMMA-based OTFT sensor with N2 gas
only (methanol gas off) until the Ips getting in saturation status, then 1ppm of methanol
(methanol Gas on) was exposed to the device. Slightly decreasing in the Ips current was
recognised until it reaches saturation value again. After this point, N2 gas was flashed again
(methanol Gas off) to purify the device and recover Ips value. These steps were continually
and quickly repeated with increasing of the exposed methanol concentration (0, 1, 2, 4, 6, 7
and 8 ppm) in each step. From the response plot in Figure 6.16, the response time (Res.
time) and recovery time (Rec. time) were calculated for the exposed methanol concentration
of 8 ppm. These times have been taken between 10% and 90% of the response and recovery
curves. The response and recovery time of the cPMMA-based OTFT sensor to methanol
vapour were found 66 s and 48 s, respectively. The inset figure in figure 6.16 shows the
enlarged response curve of exposing 8 ppm methanol concentration. Herein, the saturation
current can be clearly recognised. Figure 6.17 illustrates the relative variation of the drain-
source current A1/ % of the sensor during exposure to different methanol concentration as
a function of exposing time. The gate and drain-source voltage were taken to a fixed value
(Vs = Vps =-50 V). From the test, the maximum relative variation of Ips current was found
~39 % for the exposed methanol concentration of 8 ppm while ~6 % was obtained for
exposing 1 ppm concentration. Organic thin film transistor-based sensors have so much
attention due to the valuable sensing mechanisms towards alcohol such as; (1) alcohol

molecular volume having an effect on the sensing response of the OTFT-based sensor which
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affects the analyte diffusion into the semiconductor/insulator interface [27]. (2) sensitivity
towards polar alcohols, due to polar-type interactions being dominant in polar-polymer
sensors. While, in non-polar-polymer sensors where sensitivity is more towards long alkyl
chain-bearing alcohols, dispersion-type interaction was found [28,29]. (3) The hydroxyl
group (- OH) has a lone electronic pair. So because of that, hole charge carriers can be
trapped in the channel region by alcohol which decreases the drain-source current [30-32].
The hydroxyl group in the alcohol produced a deep trap state making a negative shift of
threshold voltage. The weak interaction between the semiconductor and gas analytes
generated a low trap density which is decreased the mobility of the OTFT-based sensor [3].
Furthermore, the sensing behaviour can be affected by the grain boundary of the

semiconductor active layer, which affects OTFT charge transport [33].
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Figure 6.16: The response of drain-source current to exposed various concentration of methanol
vapour (0 ppm to 8ppm). The inset figure is the enlarged part of the current change with 8ppm gas
concentration. Ves= Vps =- 50 V
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Figure 6.17: The variation rate of the drain-source current 41/1 x100% of the cPMMA-based sensor

when exposed different methanol vapour concentration as a function of time, Ves = Vps =- 50 V.

6.3 cPVA-based OTFTs as a gas sensor.

In this section, cPVA-based OTFTs were fabricated and tested as gas sensor. The same
procedure in chapter 4.3.1 was followed for the device fabrication. Furthermore, the same
method used in the cPMMA-based OTFT was applied for gas sensing test by exposing the
device to the same range of alcohol vapours (ethanol and methanol) concentrations (0 to 8
ppm). The electrical characterisations of the devices under investigation were measured to

study their capability to be used as gas sensors.

6.3.1 Measurement and electric characterisations

6.3.1.1 Ethanol sensing

In order to test the cPVA-based OTFTs as gas detectors, the output and transfer
characteristics were measured for a reference device (exposed to N2 only) under atmospheric
pressure at room temperature. Figure 6.18(a) and (b) illustrate the output and transfer
characteristics of the reference device. The output characteristic was performed by applying
different gate voltages (0 V, -10 V, -20 V, -30 V and -40 V) and the drain-source voltage

was swept from 0 V to -30 V as shown in Figure 6.18(a). A maximum output saturation
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current (lsat) of -22.5 A was obtained by applying Ves = -40 V. Whereas Figure 6.18 (b)
shows the transfer characteristics of the reference device. Herein, Vps was fixed to -40 V
and the gate-source voltage Ves was swept from 12V to -30V. The field-effect mobility p
and threshold voltage (Vr) of the reference device were estimated from the transfer
characteristic, which found to be 1.21 cm? V! s and -3 V, respectively. Figure 6.18
displays a clear output and transfer of OTFT behaviours which can be used as a comparison
data to calculate the electrical characteristic of the cPVA-based OTFT gas sensor. The same
gas system and testing gases in case of the cPMMA-based sensor test were used to examine
the capability of cPVA-based OTFT as a gas detector. Ethanol and methanol gases were
prepared and used with concentrations of (1, 2, 4,6,7 and 8 ppm) as explained in sections
6.2.1.1 and 6.2.1.2. Figure 6.19 demonstrated the output characteristic of the cPVA-based
OTFT device when it was exposed to N2 only and 8 ppm of ethanol vapour concentration

by applying different gate voltages Ves.
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Figure 6. 18: (a) Output characteristics and (b) transfer characteristics of OTFT device as a

reference for cPVA-based OTFT gas sensing testing.
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It is clear from Figure 6.19 that the Ips current was dropped from 22.5 pA to 13 pA when
the device was exposed 8 ppm of ethanol, for the gate voltage of -40 V. Which is a good

indicator in the OTFT-based sensor can be used to detect ethanol vapour in an environment.
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Figure 6.19: Output characteristics of cPVA-based OTFT sensor during exposing the device to N

only and 8 ppm ethanol vapour for different applied gate voltages.

Figure 6.20 shows the effect of exposing different ethanol vapour concentrations on the
output characteristics of the cPVA-based OFTT sensor. A fixed gate-source voltage Vgs of
-40 V was applied during this test, while the drain-source voltage Vps was swept from 0 to
-30 V. It is clear from Figure 6.20, increasing the exposed ethanol concentration from 0 to

8 ppm leads to a decrease in the saturation current of the output characteristic.

The data from Figure 6.20 can be illustrated in Figure 6.21(a), where the ethanol vapour
concentration is plotted as a function of the drain-source saturation current. The sensing
response based on the drain-source saturation current of the device to detect ethanol vapour
was estimated to be 1.20 x 10 A ppm™. Moreover, Figure 6.21(b) represents the relative
variation of the drain-source current ( AI/I X 100(%) ) of the tested sensor as a function
of the exposed ethanol concentration. The device sensitivity depends on the Ips change (Sips)
can be estimated from the curve slope in Figure 6.21 (b), which was found 5.1% ppm™.

Even though the sensitivity of the cPVVA-based sensor to detect ethanol vapour less than of
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cPMMA-based sensor (6.6% ppm™), it is still a remarkable result to concede the cPVA-

based OTFTs can be used as ethanol sensors.
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Figure 6.20: Output characteristics of OTFT device exposed to (0 to 8 ppm) concentration of

ethanol vapour for gate voltage Ves =-40 V.
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Figure 6.21: (a) The saturation current values of the output characteristics for the cPVA-based
OTFT device versus the exposed ethanol vapour concentration, Vgs=-40 V and Vps =-30 V. (b)The
relative variation of Ips as a function of different exposed ethanol vapour concentration. At Vgs=40
Vand Vps=-30V.
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Figure 6.22 shows the effect of exposing different ethanol vapour concentrations on the
transfer characteristic of cPVA-based OTFTs. Figure 6.22 (a) and (c) illustrate -(Ips)*/? and
-Log[lps] versus -Vps, respectively, during exposing various concentrations of ethanol
vapour. It was evident that the threshold voltage Vr was shifted to a higher negative voltage,
and the device on-current was decreased during increasing the exposure of ethanol vapour
concentration. After exposure of 8 ppm ethanol vapour, the threshold voltage and the device
on-current were changed from -3 V to -12.5 V and 2.4 x 10° to 1.69x 107, respectively.
While Figures 6.22 (b) and (d) represent the enlarge data of Figures 6.22(a) and (c)
respectively. These changes in threshold voltage and the device on-current can be
considered as ethanol sensing indicators.
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Figure 6.22: Transfer characteristics of the cPVA-based OTFT sensor during exposing to different
ethanol vapour concentrations (0 to 8ppm). (a) for (Ins)"/? versus Vs (c) for Log(Ips) versus Ves. (b)

and (d) The enlarged data in (a) and (c) respectively.
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The device’s response to different exposed ethanol concentration based on the change in
threshold voltage Syt can be found when the threshold voltage data from Figure 6.22 (a) are
plotted versus the exposed ethanol concentration as shown in Figure 6.23(a). Form the curve
slope in Figure 6.23(a), the device’s response was estimated to be 1.2 V. ppm™ for a fixed
drain-source voltage of -40 V. Figure 6.23(b) shows the relative variation of threshold
voltage AV+/Vt as a function of exposed different ethanol concentration. The sensitivity of
the device can be estimated from the curve response, which is about 38% ppm™.The change
in mobility is a significant parameter of the cPVA-based OTFT sensor. Therefore, the device
mobility for each exposed ethanol concentration (1, 2, 4, 6, 7, and 8 ppm) was calculated
using threshold voltages data from Figure 6.22(a) and equation (4.1). Then, the mobility

values were plotted against these concentrations in Figure 6.24(a). The device sensitivity
based on the change in mobility S, was estimated from the slope of the curve, which is

0.038 cm? V! st.ppm™. Figure 6.24 (b) displays the relative variation of the field-effect
mobility (4u/u%) as a function of various exposure of ethanol vapour concentration. The

device percentage sensitivity was estimated from the slope, and it was found 3.3% ppm™.
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Figure 6.23: (a) Threshold voltage shift of the cPVA-based OTFT sensor versus the exposed ethanol
vapour concentration. (b) Relative variation of the threshold voltage shift AV+/Vr as a function of

exposed ethanol vapour concentration. Vps=-40 V.
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Figure 6.24: The change in the mobility value of the OTFT-based sensor device versus the exposed

ethanol vapour concentrations, Vps=-50 V and Ves = 0to -50 V.

Figure 6.25 displays the change in the drain-source current Ips as a function of the time
when cPVA-based OTFT device sensor is exposed to various ethanol vapour
concentrations. All the measurement were done under atmospheric pressure at room
temperature with applied voltages (Ves =-40 V and Vps =-30 V). The test was started when
the device exposed to N2 only with a measured Ips current of 22.33 A in the saturation
region, and then ethanol vapour with a concentration of 1 ppm is exposure for 10 minutes,
(gas on in Figure 6.25) until the Ips current reaches the saturation region, which is increased
to 20.8 YA. After that, the device was exposed to N2 gas again for purifying. To continue in
this test, the same procedure of exposing 1 ppm ethanol concentration was followed and
applied for exposing different ethanol concentrations (2, 4, 6, 7 and 8 ppm) for 10 minutes
for each concentration. Figure 6.25 shows decreasing in the Ips saturation current to 19.66 ,
17.32, 15.2 pA, 14.0 and 12.9 pA, respectively. The response and recovery time to ethanol
vapour for this device were measured for exposing 8ppm ethanol concentration, and they

were found (Res. time= 60 s) and (Rec. time= 42 s) respectively.

The inter graph in Figure 6.25 is the enlarged data of exposing 8 ppm of ethanol vapour.
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Figure 6.25: The drain-source current of cPVA-based OTFT sensor as a function of time during
exposing various ethanol concentrations (1 ppm to 8ppm). The interior figure is the enlarged part

of the Ips current during eposure of 8ppm ethanol concentration. Ves=-40 Vand Vps =-30V

Figure 6.26 shows the relative variation of the drain-source current A47/I % when the device

was exposed to deferent concentrations of ethanol vapour.

This test was made with applying a fixed Vps and Vgs voltages of -30 V and -40 V,
respectively. The exposed ethanol concentration of 8 ppm produced a drain-source current
percentage change of 42 %. It can be seen that the relative variation of the Ips current was

increased with increasing the exposed ethanol concentration.
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Figure 6.26: The relative variation of the drain-source current for cPVA-based OTFT sensor

during exposing different concentrations of ethanol vapour. Ves=-40 V and Vps=-30V

6.3.1.2 Methanol sensing

In order to test the cPVVA-based OTFTs devices as a methanol detector, the same method
for testing ethanol vapour was followed and applied. Therefore, for comparison, the same
cPVA-based OTFT device was used after being kept for 7 days under vacuum to be purified.
The same exposed methanol concentrations (1 ppm to 8 ppm) in case of testing cPMMA-
based OTFT as a gas detector (6.2.1.2) were used in this test. Figure 6.27 represents the
output characteristics of the reference (when the device was exposed to expose N2 only) and
when exposing of 8 ppm methanol vapour for cPVA-based OTFT. Herein the applied gate-
source voltage Ves was varied from 0 V to -40 VV with a step of 10 V and the drain-source
Vps was swept from 0 V to — 30 V. Figure 6.27 indicates a dropping in the drain-source
saturation current when the exposed methanol concentration is increased for different
applied gate voltages. The maximum shift in the drain-source saturation current was found

7.2 WA when exposing 8 ppm of ethanol vapour for the applied gate voltage of -40 V.
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Figure 6.27: Output characteristics of cPVA-based OTFT device when exposing of N2 gas only
(reference) and 8 ppm of methanol vapour for different gate voltages (Ves= 0 to -40 V)

Figure 6.28 displays the effect of exposure deferent methanol concentrations (1 to 8 ppm)
on the device’s output characteristics for a fixed gate voltage of -40 V. this test demonstrates
that increasing of the exposed methanol vapour resulting in decreasing of drain-source
current. For example, the Ips saturation current was dropped from 22.33 to 15.4 pA when
the device was exposed to N2 and 8 ppm, respectively. This fact of changing the saturation

current allowed to cPVA-based OTFT devices to be employed as a gas sensor.
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Figure 6.28: Output characteristics of cPVA-based OTFT device exposed to a various concentration

of methanol vapour (0 to 8 ppm) for the applied gate voltage (Ves = -40 V).

To estimate the sensitivity of the sensor depends on the change in the Ips saturation current,
the resulting saturation current values for exposing different methanol concentration from

Figure 6.28 were plotted in Figure 6.29.

Figure 6.29(a) shows the dependent of Ips saturating current of cPVA-based OTFT sensor
on the exposed methanol concentration. From the slope of this plot, it was found that the
device sensitivity to methanol vapour Sips is -0.84 x10°® A. ppm™. While Figure 6.29 (b)
illustrate the relative variation of the Ips saturation current as a function of the exposed
methanol concentration. From the slope of the linear curve in Figure 6.29 (b), the relative
device sensitivity was estimated to 3.7 % ppm™, which is less than the device sensitivity to
ethanol. Figure 6.30 represents the effect of exposing different methanol vapour
concentration on the transfer characteristics of cPVA-based OTFT sensor. Figure 6.30 (a)
and (c) show the plot of -(Ips)*? and -Log[lps] versus -Vps respectively during exposing
various concentrations of methanol vapour ( 0 to 8 ppm). Whereas, Figure 6.30(b) and (d)
represent the enlarged data in Figure (a) and (c) respectively. In this test, the drain-source
voltage Vps was fixed to -40 V while the gate-source voltage Ves was swept from 10 V to -

30 V. It is clear that increasing the exposed methanol concentration to the sensor resulting
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in increasing the magnitude of threshold voltage shift to a higher negative value as clearly
shown in Figure 6.30 (b). Threshold voltage and the device on-current were changed from
-3V to-10 V and 2.4 x 10 to 1.4x 10 respectively, which are still less that of ethanol

sensing.
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Figure 6.29: Saturation current of the output characteristics for the cPVA-base OTFT as a function
of the exposed methanol vapour concentration, Ves = -40 V and Vps = -30 V b) The response of
cPVA-based OTFT sensor for a different exposed methanol vapour concentration.Vps=-30 Vand
Ves=-40 V

Figure 6.31(a) shows the change in the threshold voltage shift AVt of the cPVA-based OTFT
as a function of the exposed methanol concentration from 0 to 8 ppm. The data of the
threshold voltage shift was extracted from the transfer characteristics in figure 6.30 (a). It is
an apparent linear curve can be seen as increasing of the exposed ethanol concentration

leads to an increase in the threshold voltage shift of the OTFT-based sensor.
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Figure 6. 30: Transfer characteristics of the cPVA-based OTFT sensor device at a fixed Vps = -40
when exposed to a different methanol vapour concentration (0 to 8ppm). (a) for (Ips)? versus Ves
(c) for Log(los) versus Ves. (b) and (d) are the enlarged data in (a) and (c) respectively.
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Figure 6.31: Threshold voltage shift of the cPVA-based OTFT sensor as a function of The exposed

of methanol vapour with a different concentration, Vps =-30 V and Vgs = 0t0 -40 V.
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For more investigation, the effect of various exposed methanol concentration (1 to 8 ppm)
on the field-effect mobility of cPVA-based OTFT sensor was determined, as shown in
Figure 6.32(a) where equation (4.1) was used to estimate the mobility values of the device

as a result of exposed different methanol concentration.

The device’s sensitivity to methanol vapour as a change in its mobility (S,) was calculated
from the slope in Figure 6.32(a) which is found 0.028 cm? V! s, ppm™. The relation
variation of the device mobility Ap/u% as a function of exposure different methanol
concentration is shown in Figure 6.32(b). Herein, the percentage change of the device
sensitivity to different methanol concentration was estimated from the slope in Figure 6.32,
which is 2.45% ppm.
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Figure 6. 32: The mobility value of cPVA-based OTFT sensor device changed as a function of

exposed different methanol vapour concentrations, Vps=-30 V and Vgs = 0t0 -40 V

To estimate the device response and recovery time, the change in drain-source current Ips
of the cPVA-based OTFT sensor was studied as a function of exposure to different methanol
concentration (0 to 8 ppm). In this test, the applied drain-source and drain-gate voltage were
fixed to -30 V and -40 V, respectively. Then the test was started to measure the drain-source
current at the room temperature as a result of exposure N2 only to get the saturation region,
as shown in figure 6.33. After that, the device was exposed to 1 ppm methanol vapours for
10 minutes until the Ips reached the saturation state. Then, immediately the device was

exposed to N2 gas only for purifying and recovery. By following the same procedure, the
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device was exposed to (2, 4, 6, 7, and 8 ppm) of methanol vapour with continues
measurement time. It can be seen that increasing methanol concentration resulting in a drop
of the Ips saturation value. For the exposed concentration of 8 ppm , the response and
recovery time of this device were found (Res. time= 72 s) and (Rec. time= 64 s)
respectively. The inter graph represents the enlarged part of the plot during exposing 8 ppm

of methanol which is clearly show the saturation current region.
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Figure 6. 33: The depends on the drain-source current of cPVA-based OTFT sensor on the various
exposed concentration of methanol vapour (0 ppm to 8ppm). The interior figure is the enlarged part
of the Ips current changed with exposed 8ppm methanol concentration. Ves=-40 V and Vps = - 30
\Y

Figure 6.34 represents the percentage change of the Ips current 41/ % as a function of
exposure a different methanol vapour concentration to the cPVA-based OTFT sensor. The
applied Vps and Vgs were fixed to -30 V and -40 V, respectively in this test. The maximum
response was 32 % when the methanol vapour was exposed with 8 ppm. Also, it is easy to

distinguish the device response even with exposure 1 ppm of the methanol vapour.
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Figure 6. 34: The variation rate of the drain-source current A1/1 x100 % of the cPMMA-based
sensor when exposed different methanol vapour concentration as a function of time, Vgs= Vps = -
50 V.

6.4 Summery

In this chapter, the two types of transistors were fabricated in chapter 4 (cPMMA-based and
cPVA-based OTFTs) are tested as gas sensors to detect two types of alcohol (Ethanol and
Methanol). The test was performed at room temperature under atmospheric pressure using
a gas test system and Keithley 2636 source meter. Alcohol vapours (ethanol and methanol)
were prepared with concentrations (1, 2, 4, 6, 7 and 8 ppm) for this test. The electric
characteristics of both OTFT-based sensors were measured during exposure to N2 gas as a
reference and when exposing deferent concentration of ethanol and methanol. The main
parameters of the OTFT-based sensor, which affected by exposing different alcohol
concentration are the output drain-source current, threshold voltage shift and field-effect
mobility. Therefore, for each device, these parameters were measured during exposing
different alcohol concentration.

Table 6.1 illustrates all the results of the sensing test. It is clear that cPMMA-based OTFT
sensors are more sensitive to alcohol than cPVVA-based OTFT sensors. Also, cPMMA-based

devices showed less response-recovery time and a higher relative sensitivity to detect
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ethanol vapour than detecting methanol vapour for the parameters; saturation current Sips,
threshold-voltage Svr and field-effect mobility Sy which are -6.6 %, 17.2 % and 4.2 % for
ethanol and 4.51 %,16.1 % and 2.2 % for methanol respectively. The response and recovery
time for the cPMMA-based OTFT sensors to detect ethanol vapour were found 18% and
25% less than for detecting methanol vapour which are estimated 54 sec,36 sec for ethanol
and 66 sec, 48 sec for methanol respectively.

The same procedure was followed to test cPVA-based OTFTs as ethanol and methanol
detectors. The result in table 6.1 showed that cPVVA-based OTFTs sensors are less sensitivity
than cPMMA-based OTFTs for both types of alcohol(ethanol and methanol). However, the
sensitivity of cPVA-based OTFT sensor to detect ethanol vapour still better than that for
detecting methanol vapour. Where the three parameters were estimated (Sips =5.1 % , Svt
=38 % and Sy =3.3 %) for ethanol and ( Sips =3.7 % , Svr =28 % and S, =2.45 % ) for
methanol. Also, the device response and recovery time to detect ethanol vapour were found
17% and 34% less than of detecting methanol.

Table 6.1: Illustrates the sensitivity and response data for testing cPMMA-based and cPVA-based

OTFTs as an alcohol sensor.

Parameter cPMMA-based OTFT sensor cPVA-based OTFT sensor
Ethanol Methanol Ethanol Methanol
Sips.(A. ppm?) 1.708x10 1.21 x 10°© 1.20 x 10°® 0.84 x10°
Sins% (ppm™) -6.6 % 451 % 5.1 % 3.7%
Svr (V. ppm?) 1.4 1.3 1.2 0.85
Svr % (ppm-Y) 17.2% 16.1 % 38 % 28 %
Su(cm?V-1st ppm) 0.0571 0.031 0.038 0.028
S.% (ppm™) 4.2 % 2.2% 3.3% 2.45 %
Res time (S) 54 66 60 72
Rec.ime (S) 36 48 42 64
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Chapter 7
Conclusions and Further Work

7.1 Conclusion

In this study TIPS-pentacene- based organic thin film transistors (OTFTs) were fabricated
with a B-G, T-C construction using two types of insulators, polymethyl methacrylate
(PMMA) and poly (vinyl alcohol (PVA). High performance and relativity high mobility
were achieved using the off-centre spin coating method to deposit the organic insulator
layers. This method enhanced the semiconductor/insulator interface. Therefore, the charge
transport through this interface becomes easier leading to high current conductivity. In
addition, negligible hysterics and leakage current were realised for these devices. Before
getting these results, a study of the insulators and their cross-linking technique was carried
out to realise the optimum parameters using cross-linked PMMA (cPMMA) and PVA
(cPVA). Various spin-coating speed and spin time, as well as different insulator solution
concentrations, have been applied. Also, surface morphology has been investigated for these
insulating layers and the organic semiconductor. The best spin speed and time to deposit the
insulators were found at 2000 rpm, 40 sec for cPMMA and 3500 rpm, 20 sec for cPVA,
respectively. It was found that exposing the deposited insulating layers to 0.8 scum O2 0zone
under vacuum (3 mbar) for 1 min reduced the moisture and improve the layer surface. This
procedure gave a smooth surface with strong insulating layers without leakage current. Also,
using the drop-casting method to deposit TIP-pentacene semiconductor produced large
crystalline and connected grains. Storing devices under vacuum for 24 hours before
depositing the gold contacts (drain-source) produced crack-free and pinhole-free contact
layers. All these devices were fabricated and characterised under normal environments at
room temperate. OTFTs devices displayed a typical p-type based transistor behaviour when
the output and transfer characteristics have been measured. The study shows that depositing
TIPS-pentacene on the cPMMA insulating layer gives much better OTFTs characteristics
than cPVA, where the average mobility was achieved (1.35 cm?.v! s1) for cPMMA-based
OTFTs and 1.22 for cPVA-based OTFTs. Moreover, measurements applied for these
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devices after been stored under vacuum for 12 months showed high stability with minimal
degradation in the mobility changing from 1.35t0 1.281 cm? Vs,

To study the endurance properties of the organic transistors, three types of stress voltages were
applied: a constant gate bias at different stress time, different gate bias stress at constant stress
time and constant gate bias at a constant stress time. These tests showed a clear stability of the
OTFTs with negligible hysteresis in the transfer characteristics between the forward and reverse
direction as well as transfer characteristics shape fixed without any change during applying the
three types of stress. This is an important parameter to prove that the OTFTs are free of trap and
applying a bias voltage in the accumulation region did not affect devices behaviour. These tests
proved that cPMMA-based OTFTs are appropriate for the fabrication of high-performance
OTFMTs devices.

Organic thin film memory transistors (OTFMTSs) based on TIPS-pentacene semiconductor
as active layer were also fabricated with the same materials, parameters and methods of the
transistors using an additional layer of graphene oxide as the floating gate, inserted between
two insulating layers. These memory devices produced high performance with a large
memory window of 38 V and 29 V for devices based on cPMMA and cPVA as insulating
layer, respectively, while the control devices (without floating gate) exhibited negligible
hysteresis. The high hysteresis window achieved in the output characteristics of memory
transistors is attributed to the charging and discharging of the GO floating gate layer
(trapping layer) when an appropriate gate voltage is applied. The hysteresis in the transfer
curves with a counter-clockwise direction for the two types of the memory transistors
(cPMMA and cPVA based) indicates that the charging and discharging in these devices
occur through the interface between the semiconductor and floating gate. Therefore, when
applying a high enough negative gate voltage, holes were injected from TIPS-pentacene (p-
type semiconductor) layer into GO trapping layer (through the top insulating layer-
cPMMA: or cPVA>) which is charging up the floating gate and producing the programming
state of the memory transistor. While when applying a positive gate voltage (Ves > 0), holes
are moved from the trapping layer (GO) to the semiconductor layer and producing the erase
state of the memory transistor. Also, these memory devices demonstrated good field-effect
mobility and threshold voltage for the forward and reverse directions of (0.85 cm?V1s?, 2
V and -28) and 0.68 cm?V1s? (-1 and -25) for cPMMA-based and cPVA-based memory
devices, respectively. The carrier charge stored in the memory devices were found to be
approximately 9.15x 10 cm and 1.65 x 10'? cm for cPMMA and cPVA-based memory

178



Chapter 7 / Conclusions and Further Work

transistors, respectively. From the experimental study of data retention and endurance in
chapter 5, it was found that TIPS-pentacene-based organic memory transistors have good
electrical reliability and mechanical stability. Also, these measurements showed that all the
fabricated OTFT-based memory devices have a non-volatile behaviour and properties.
Therefore OTFT-based memory devices can be fabricated with TIPS-pentacene as an active

layer and GO as a floating gate with high performance and good stability and reliability.

From the results in chapters 4 and 5, it is clear that using cPMMA as an insulating layer to
fabricate OTFTs and OTFMT has more enhanced performance than using cPVA for this

purpose. Maybe the cPVA insulator needs more modification to improve its performance.

In chapter 6, a wide study was applied to test the fabricated OTFTs as gas sensors. In this
study, alcohol (ethanol and methanol) have been chosen as the candidate gas. The
experimental work was in two parts, the first part is for testing cPMMA-based OTFTSs as
ethanol and methanol detector, while the second part was focusing on cPVA-based OTFTs

for this test.

A gas sensing system was designed for this study. Because alcohol (ethanol and methanol)
is a liquid, therefore vapour form was used in this study with a known concentration in
nitrogen gas. Low alcohol concentrations were applied in this study (0 to 8 ppm), and
OTFTs devices demonstrate high performance and very good sensing characteristics at
these low concentrations. OTFT-based sensor devices have three parameters that can be
used to indicate the presence of gases in the environment: output drain-source current, field-
effect mobility and threshold voltage shift. These parameters were measured during
exposing the devices under the test to a fixed concentration of ethanol or methanol.
Sensitivity and response-recovery times were also recorded for each sensor (CPMMA and
cPVA-based sensor). All the tests were performed at room temperature (21+1 °C) under
atmospheric pressure using a gas test system and Keithley 2636 source meter. From table
6.1 in chapter 6, it is clear that the sensitivity of cPMMA-based OTFTs sensors to alcohol
(ethanol and methanol) showed a better sensitivity than cPVA-based OTFTs sensors. Also,
cPMMA-based devices sensors have a shorter response-recovery time and higher relative
sensitivity to detect ethanol vapour. The results showed that the relative sensitivity with
respect to saturation current Sips, threshold voltage Syt and field-effect mobility S, are -6.6
%, 17.2 % and 4.2 % for ethanol and 4.51 %,16.1 % and 2.2 % for methanol, respectively.
While the response and recovery time for cPMMA-based sensors to detect ethanol vapour

were found 18% and 25% less than for detecting methanol respectively.
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Also from the results, it can be seen that the cPVA-based OTFTSs sensors are more sensitive
to ethanol vapour as the parameters were estimated (Sips =5.1 %, Syt =38 % and S, =3.3 %)
for ethanol and ( Sips=3.7 %, Syt =28 % and S, =2.45 % ) for methanol. While the response
and recovery time to detect ethanol are 17% and 34% less than of detecting methanol

respectively.

7.2 Further work

Further work can be carried out to get more efficiency of the devices to be used for more

applications such as;

1. Testing organic thin film transistors (OTFTs) devices in a different environment;
humidity and temperature.

2. More study of insulator cross-linking using a different cross-linking agent with
further capacitor testing to improve the insulator proprieties which is leading to
enhance charge transport.

3. Graphene can be used as a connector (drain-source).

4. To improve OTFTs-based memory devices, it can be different floating gated, such
as gold nanoparticles.

5. Extend gas sensing candidates using ammonia (NHs), carbon monoxide (CO) and

(CO2), for their importance in the environment.
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