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Synopsis 

Organic field-effect transistors (OFETs) have attracted immense attention in the last few 

decades due to their potential applications in transparent flexible devices1-7, radio frequency 

identification (RFID) tags8-11
 and chemical/biosensors.12-13

 Organic materials used for the 

fabrication of different components of OFETs are typically very sensitive to humidity and to 

other volatile gases. Therefore, despite the considerable development in device structures and 

materials, the devices show very poor operational and environmental stability.14
 This has 

become a serious issue to successful implementation of the devices in different applications.15
 

Although several synthetic and device processing strategies have led to air stable molecules 

and devices with improved stability, there are still only very few materials exhibiting the high 

performance under ambient conditions.15-21
 Thus, the developments of new molecules together 

with the device engineering to provide high stability under ambient conditions are of great 

interest. Furthermore, the fundamental principles governing the environmental stability and 

performance of the devices with respect to the organic semiconductor and the dielectric 

material are required to be understood in a greater depth. 

The operational stability of OFETs is typically represented by the stability under gate bias-

stress and ambient atmospheric conditions.22
 In general, the drain current (IDS) decays under 

gate bias-stress with time due to charge trapping into the traps present in the channel region.23
 

However, the increase of IDS was also observed under the bias-stress followed by normal decay 

in few cases. This has been explained in terms of slow polarization of gate dielectrics and was 

called as anomalous bias stress effect in OFETs.24-25 Such increase or decrease in IDS under 

bias-stress crucially impacts the stability of the devices and requires to be minimized for the 

fabrication of the efficient devices. The degradation of the devices under ambient conditions 

is another major impediment for the practical applications.26 In such circumstances, active 

semiconducting channel of the OFETs absorbs water molecules from ambient moisture. They 

act like charge carrier traps at the semiconductor-dielectric interface, resulting in poor carrier 

mobility and huge hysteresis in the transfer characteristics of the devices.27-29 Water molecules 

can also be act as traps within the semiconductor film or in the dielectric layers by penetrating 

through the semiconductor layers and can degrade the channel and dielectric system.30
 In 
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addition, the trapped water molecules can be polarized and influence the device performance 

in presence of gate-field, resulting in a huge hysteresis in the transfer characteristics.31 This is 

more pronounced for the devices operated under ambient conditions and fabricated with 

polymer dielectrics containing polar hydroxyl groups.32 Hence, the polar hydroxyl groups in 

the organic dielectrics play a crucial role in deciding the stability of the OFETs.27 This has 

been an impending issue in the fabrication of stable OFETs and crucial attempts have been 

reported in several literatures to reduce the concentration of hydroxyl groups by cross-linking 

the polymer dielectric materials.33-34 On the other hand, through engineering the device 

structures, dielectric layer containing sensitive hydroxyl groups can be protected from possible 

degradations. Such devices not only show improvement in the stability of the devices but also 

improve the performance of the devices significantly by controlling the polarization of the 

hydroxyl groups in presence of adsorbed water molecules. In this thesis work, we have 

demonstrated the fabrication and characterization of OFETs based on tri-layer dielectric 

systems, which contains a hydrophobic layer protecting the layer containing hydroxyl groups.  

The tri-layer dielectric system includes a high-k inorganic layer, a hydrophilic polymer layer 

with polar hydroxyl groups, which is capped with a hydrophobic polymer layer. The high-k 

inorganic layer was used to optimize the thickness of the polymer layers to enhance the 

capacitive coupling between gate and semiconductor channel. The hydrophilic layer was 

capped with the hydrophobic layer to avoid the direct contact of adsorbed polar water 

molecules with the hydroxyl groups. As a result, the dielectric layer system is protected from 

possible degradation due to the adsorbed water molecules in ambient conditions. We have used 

two organic semiconductors as channel material, e.g. 1,7 Dibromo N,N′-Octadecyl-3,4,9,10-

perylenedicarboximide (PTCDI-Br2-C18) (n-type) and Copper phthalocyanine (CuPc) (p-

type)). The devices were fabricated on the glass and flexible substrates. Anodized alumina 

(Al2O3) has been used as the inorganic dielectric material. Poly(vinyl alcohol) (PVA), poly 

(methyl methacrylate) (PMMA), Poly(vinyl Phenol) (PVP) and Polystyrene (PS)  have been 

used as polymeric dielectric materials, where PVA and PVP contain polar hydroxyl groups.35-

36
 In some cases, thermally grown SiO2 layer was used as standard dielectric material for the 

comparison of the device properties with polymer dielectric systems. These layers were capped 

with a hydrophobic PMMA layer, which is used to eliminate the migration of water molecule 

into the buried polar dielectric layer.37 The PMMA/PVA/Al2O3 dielectric systems based 
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devices, which showed best performance, were studied in various environmental conditions, 

such as humidity, temperature, light, O2, N2, Ar and dry air. In addition, these devices have 

also been demonstrated as gas/humidity sensors. The operational and environmental stability 

of the devices were studied through the bias-stress and hysteresis measurements. We have 

observed nil hysteresis in the performance of the devices under ambient condition. Exceptional 

stability of the devices was observed via monitoring different parameters such as carrier 

mobility, threshold voltage over a year and no degradation of the devices was found, even if 

they were exposed continuously to ambient conditions. In addition, quantitative analysis of 

bias-stress measurements were carried out that explained the anomalous bias-stress effect 

through a simple model which includes the controlled polarization of hydroxyl groups via 

effective polarization of adsorbed water molecules in presence of gate-field. The results have 

been explained by fitting the anomalous bias-stress data with a model containing polarization 

of hydroxyl groups. The effects of the measurement temperature on the performance of the 

devices were also studied in detail, which enabled us to calculate the carrier hopping activation 

energy during forward and backward sweeping of the gate voltages during the operation of the 

devices. The effect of white light on the hysteresis and bias-stress was discussed; the decay or 

the growth of the photocurrent was fitted using the exponential functions containing two time 

constants. The devices fabricated with such tri-layer dielectric systems, were found to be highly 

stable under ambient condition. This led us to fabricate efficient humidity sensors successfully 

with fastest response time of 0.73 sec and recovery time of 0.52 sec. The findings demonstrated 

that these devices are the fastest humidity sensors reported so far based on organic field-effect 

transistors. In addition, the performances of the devices were also tested under methanol, 

ethanol, acetone, water, dichloromethane, diethylether, acetonitrile, chloroform and hexane 

vapors condition. Finally, flexible device was fabricated using the same dielectric system and 

the stability of the devices was studied under bias stress and bending conditions. 

The whole thesis work has been organized in eight chapters: the first two contain the basic 

aspects concerning the working principles of OFETs and different characterization techniques 

used, while the other six describe the experimental work. The contents of the individual 

chapters are as follows: 
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Chapter 1 gives an overview of the OFET operation and the basic principles of the charge 

transport mechanism in organic semiconductor materials. Different types of organic 

semiconducting molecules used for the fabrication of OFETs and their properties are discussed 

briefly. The important device parameters usually considered in device analysis (e.g. mobility, 

threshold voltage, On/Off ratio) are discussed. The effect of hysteresis and bias-stress on the 

device performance was explained at the end of the chapter.  

Chapter 2 provides a brief description of basic working and operating principles of the 

experimental techniques used in this thesis work. The development of experimental set up to 

grow Al2O3 dielectric layer using anodization technique has also been described in detail. The 

materials and methods used in this thesis work are also included.  

Chapter 3 describes the fabrication of the OFETs using PTCDI-Br2-C18 and CuPc as channel 

materials using PMMA (100nm)/Al2O3(10nm) dielectric system. In this work we have 

essentially optimized the thickness of the individual layer of the dielectric system. The 

performance of the devices using both n-type and p-type materials are discussed. However, 

CuPc based devices were showed better performance than PTCDI-Br2-C18 based devices. 

Therefore, we have selected CuPc as the channel materials for the study of rest of the thesis 

works described in the remaining chapters. 

Chapter 4 introduces tri-layer dielectric systems PMMA(30nm)/X(70nm)/Al2O3(10nm)  and 

fabrication of OFETs based on CuPc layer. The layer X represents a 70 nm thick PVA or PVP, 

PS layer. The effects of hydrophilic dielectric layer (PVA or PVP) in tri-layer gate dielectric 

system on the OFET performance are discussed in detail. The variation of hysteresis and bias-

stress under vacuum and humidity conditions are also studied. We proposed a model to 

understand the mechanism, which includes the polarization of hydroxyl groups by introducing 

the stretched exponential function in the drain current.  

Chapter 5 demonstrates on how the polarization of a polar dielectric layer (PVA) can be 

controlled by the concentration of adsorbed water molecule. The results confirmed the highly 

sensitive response of the OFETs to humidity. We also studied the effect of other gases in the 

atmosphere (pure oxygen, Argon, Nitrogen and dry air with 80% N2 and 20% O2 , with no 

moisture) on the hysteresis and bias-stress during the operation of the OFETs. 
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Chapter 6 provides the effect of measurement temperature on the hysteresis and bias-tress 

under vacuum and humidity conditions. The measurement temperature was varied from 150K 

to 370 K. The variation of hysteresis under transfer characteristic curves were collected with 

the variation of the temperature and the calculated mobility at different gate voltages was fitted 

with the Arrhenius equation. The variation of activation energy with gate voltage sweep 

direction was studied in both the sweep conditions. The effect of light illumination on 

hysteresis and bias-stress was also included. 

Chapter 7 presents the stability study of the CuPc/PMMA/PVA/Al2O3/Al device under 

vacuum and humidity conditions throughout a year. Device performance was enhanced under 

air ambient condition, in contrast to the general notion that the organic devices will degrade 

under ambient conditions. The device performance under different conditions like VDS 

dependent hysteresis, sweep rate dependent hysteresis, VGS dependent bias stress, recovery 

under bias stress and long-term stability is discussed. The effect of ethanol, methanol, acetone, 

acetonitrile, dichloromethane, diethyl ether, chloroform and hexane vapors on the hysteresis 

was studied and discussed. The device showed the highest response to polar molecules, 

particularly for methane and water vapors with nil hysteresis in the transfer characteristic 

curves after 15 min of exposure time. Humidity sensor was fabricated and efficiency of the 

sensor was discussed.  

Chapter 8 presents the device fabrication on the transparent flexible substrate with thermally 

deposited aluminum as the gate electrode. Here, we used the optimized conditions obtained 

from the previous chapters for the fabrication of the device. The results on the device 

performance under vacuum and humidity conditions with the bending conditions and bending 

repetitions are presented. 

Chapter 9 summarizes the all the results from the chapters. 
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Introduction 

 

1.1. Fundamentals of Organic Semiconductors 

1.1.1. Properties of Organic Semiconductors 

Organic materials based on small molecules, polymers and composites have received a great 

deal of attention over the past few decades due to their exciting tunable properties achieved 

due to easy modification of the molecular structure by chemical functionalization and 

feasibility of doping.1-3 In 1977, Heeger et al. developed a conductive polymer by doping 

polyacetylene with arsenic pentafluoride (AsF5) (2000 Nobel Prize in Chemistry)4  and, this  

novel invention led to the opening of  new  area  of electronics, i.e., Organic Electronics. Since 

then, both n-type and p-type semiconductors based on organic molecules and their derivatives 
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have been synthesized and employed in the fabrication of organic electronic devices. These 

molecules can be processed into thin films or one dimensional structure by using the easily 

processed spin-coating and printing techniques. In addition, low fabrication costs and 

flexibility of the organic devices make them appealing for the marketplace.5-6 Thus, both 

scientific community as well as industries focused mainly on the synthesis of new materials 

with comparatively high performance, so that they can be marketable very soon. In fact, it is 

believed that organic electronics will be able to compete with inorganic devices, if they can 

satisfy various parameters such as mechanical flexibility, large-area coverage and inexpensive 

mass production. Unfortunately, organic materials are  highly sensitive to ambient conditions 

such as oxygen, moisture, temperature and light leading to their degradation and subsequent 

changes in their pristine properties of the molecules.7 It is very important to understand the 

behavior of the molecules under various environmental conditions to trace out the associated 

problems and issues. Though different groups worldwide made fruitful attempt to synthesize 

novel materials to improve the mobility and stability of the active material,8 there is still an 

acute requirement of performance for the practical applications of organic electronics. The 

development of small band gap π-conjugated polymers with high mobility and efficiency are 

the most challenging topics in polymer chemistry.9 The semiconducting properties of organic 

molecules allow realization of a range of electronic and optoelectronic devices, such as organic 

field-effect transistors (OFETs),10 organic light emitting diodes (OLEDs)11 and organic solar 

cells.12  Organic semiconductor lasers (OSLs), on the other hand, are relatively new members 

of the laser and organic family. The first laser using a conjugated polymer as the gain medium 

was reported in 1992 by Moses.13  In 1996, Tessler and co-workers demonstrated the first 

optically pumped organic micro cavity laser.14  

Carbon is the fourth most abundant element in the universe. It is the building block of life on 

earth. It can form many different kinds of bonds and polymers by forming long chains of 

interconnecting C–C bonds. In contrast, its parent elements of column IV of the periodic table 

(Si, Ge, Sn and Pb), carbon presents the unique feature of being able to exist under three 

different hybridization configurations: namely, sp, sp2, and sp3. Each atom of carbon consists 

of six electrons, which occupy in different orbitals around the central nucleus. For a ground-

state carbon atom, the electron configuration is 1s22s22p2. The two electrons in the 1s orbital 

are considered core electrons and are not available for bonding. There are four remaining 
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valence electrons, two paired in the 2s orbital, and two unpaired in the 2p orbital which are 

able to form two bonds. Energy is released during bond formation, carbon tries to maximize 

the number of bonds to achieve stability. For this reason, an excited state carbon is formed by 

promoting one of its 2s electrons into its empty 2p orbital resulting in four unpaired electrons, 

which are able to form four bonds. The excited state configuration is therefore 1s22s12px
1py

1pz
1. 

This process is favorable because of the arrangement of electrons leading to less repulsion and 

hence more stability. In organic molecules, the atomic orbitals in carbon can hybridize into 

different geometries to form molecular orbitals.15 The semiconducting behavior of these 

materials arises from the presence of conjugate molecules in the structure, which can form 

molecular orbitals.16 The conjugation can be defined as the arrangement of the carbon atoms 

in a series of alternating single and double bonds. The backbone of conjugated polymer formed 

by the large number of molecules, sometimes containing benzene rings.  

 

Figure 1.1. (a) σ – bonding framework, (b) arrangement of “pz” – orbitals and (c) the “pz” orbitals overlap to form 

the delocalized molecular “π” system of benzene molecule.(d) π orbital ring of benzene join up in pentacene, 

resulting in a continuous delocalized electron density locating above and below of the molecule.   

Figure 1.1 (a) shows the benzene molecule with alternating single and double bonds. In a 

conjugated system, carbon atoms are sp2-hybridized (the 2s orbital is mixed with only two of 

the three available 2p orbitals), this means that only three σ bonds can be formed, leaving the 

pz orbital (Figure 1.1 (b)) unaltered. The mutual overlap between unhybridized pz orbitals of 

adjacent carbon atoms leads to the formation of ‘π’ bonds. The σ bond is responsible for the 

rigidity of the C = C bond.15  Most importantly, compared to the σ bond, the π bond is weak 
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resulting in electron delocalization along the backbone of the molecule. In other words, instead 

of being localized to an orbital associated with a specific bond, the p orbitals spread above and 

below the atoms and allow the electrons to move from one carbon to another along the entire 

backbone as shown in Figure 1.1(c). Therefore, directional conductivity can be produced along 

the axis of the conjugated polymer chain.17 In a benzene molecule, the p bond orbitals actually 

join up to form a ring-shaped orbital above and below the plane of each benzene ring. In 

pentacene, five benzene rings are fused together as shown in Figure 1.1(d). It creates a 

continuous π-bond orbital region throughout the molecule enabling conductivity. In the case 

of a long chain of carbon atoms, the bonds delocalize over the whole chain and form a one-

dimensional electronic system.  

 

Figure 1.2. Constructive and destructive interference of pz orbitals form a bonding (π) and anti-bonding (�*) 

orbitals. Single molecule HOMO, LUMO energy levels and HOMO, LUMO bands for solid film are shown.  

When two carbon atoms approach each other and form a molecular bond, it is also possible 

that their p-orbitals can interfere destructively, i.e. out of phase, to form an anti-bonding orbital 

π* and can interfere constructively, i.e. in phase, to form a bonding orbital ‘π’ as shown in 

Figure 1.2. The energy of the molecule is higher, when the �* orbitals are occupied and not 

when the � orbital is occupied. The difference in the energy of �–�* orbitals gives the energy 

gap, i.e. band gap. The highest energy �  orbital is occupied by two electrons at thermal 

equilibrium and is referred to as the HOMO (highest occupied molecular orbital). The lowest 

unoccupied anti-bonding �* orbital is referred to as the LUMO (lowest unoccupied molecular 
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orbital). The energy difference between the HOMO and LUMO is termed the HOMO–LUMO 

gap, i.e. energy gap. Organic molecules join together to form a solid by weak van der Waals 

bonds due to �-	� interaction.18 These molecules will contribute to form HOMO and LUMO 

bands, which contain discrete energy levels, are separated by band gap as shown in Figure 1.2. 

An electron can move from � to �* molecular orbitals, when there is sufficient excitation of 

energy. It generates an ‘exciton’, which is a bound electron–hole pair. The lowest electronic 

transition of conjugated molecules is a dipole allowed �-	�* transition. The excited electron 

moves back to the low energy � orbital (ground state) within ~10-8 sec by emitting the radiation 

corresponding to the band gap. The band gap of organic solid thin film is in the range of 0.3 – 

3 eV.19  

1.1.2. Different Types of Organic Semiconductors 

A semiconducting material is an insulator at very low temperature, but which has a sizeable 

electrical conductivity at room temperature.20 In band theory, the valence and conduction 

bands describe the state of electron mobility in an inorganic semiconductor material. The 

electronic properties of a semiconductor may be easily modified by introducing tiny amounts 

of impurity atoms. The process of adding impurities is called “doping”.21 Semiconductors 

doped with donor impurities are called as n-type, while those doped with acceptor impurities 

are known as p-type. On the other hand, organic semiconductor (OSC) is an organic material 

with semiconducting properties. They can be classified as monomers and polymers. The 

monomers are the small molecules whereas polymers are the long chain molecules with high 

molecular weight. The classification of organic semiconductors into n- and p-type is different 

from inorganic semiconductors. In organic semiconductors, HOMO and LUMO energy levels 

corresponds to the charge transport bands. The location of the HOMO and LUMO levels 

corresponding to the fermi level of the metal electrode determines, whether the material can 

easily transports electrons or holes. The maximum light absorption of the organic material is 

determined by energetic transitions from the LUMO to the HOMO level. The energy difference 

between the metal work function and HOMO/LUMO levels create barriers to charge 

injection/extraction at the metal-semiconductor junctions. The contact resistance of the device 

is the measure of the barrier height. When the LUMO level of the organic semiconductor close 

is close to the fermi level of the metal electrode, then the material acts as n-type material with 
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electrons as the majority carriers. When the HOMO level of the organic semiconductor close 

to the fermi level of the metal contact, then the material acts as p-type material with holes as 

the majority carriers are shown in Figure 1.3. Commonly used electrode materials are listed 

with their work functions in Table 1.1. Au is a popular metal for accessing the HOMO level of 

organic semiconductors while Al and Ca are used to access the LUMO levels. Lower work 

function metals such as Al or Ca, would better facilitate electron injection. It is difficult to 

work with due to oxidative instability under ambient.22  The stability of low work function 

metals can be increased by making them very thin (~ 10 nm) followed by higher work function 

metals.  

 

Figure 1.3. In metals, the valance band and conduction band come very closer to each other and may even overlap. 

Insulators have large band gap, ideally electrical conductivity of an electrical insulator is nil. In semiconductor 

the valance band and conduction band are separated by a forbidden gap of sufficient width. Representative energy 

level diagrams are shown to distinguish p- and n-type organic semiconductors through source – drain electrode 

band offsets with HOMO and LUMO levels. 

             Table 1.1: Common metal electrodes with their work functions.23 

Metal Ca Al Cu Au Pd Ni Pt 

Work function (eV) 2.87 4.28 4.65 5.05 5.12 5.15 5.65 
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1.1.2.1. p- type Organic Semiconductors 

The first  study of an organic transistor was reported in 1987 by Koezuka and coworkers,24 and 

since then remarkable progress has been made in the design and synthesis of high-performance 

p-type semiconducting small molecules and polymers. Polycyclic aromatic hydrocarbons are 

the p-type organic π-functional materials. Particular attention has been paid to linear aromatic 

hydrocarbons composed of laterally fused benzene rings, called linear acenes or oligoacenes, 

because of their high stability and mobility.25  The HOMO energy level in linearly condensed 

n-acenes significantly increases with n, which facilitates the injection of holes at the interface 

between the source and semiconductor layer under an applied gate voltage (VGS). Furthermore, 

their planar shape facilitates crystal packing and enhances the intermolecular overlap of π-

systems. Because of these features, anthracene, tetracene and pentacene are the most promising 

molecular semiconductors for OFETs. Anthracene is the smallest member of the acene series 

with reported transistor characteristics26 and pentacene has been  shown to exhibit  highest 

charge carrier hole mobility.27  The molecule structure of the pentacene and other molecules 

were shown in Figure 1.4.  

 

Figure 1.4. Molecular structures of the some of the p-type organic semiconducting molecules used in the literature 

for the fabrication of p-type OFETs. 

Phthalocyanines are porphyrin derivatives, which have attracted enormous interest recently 

due to their intense coloring properties. Since the discovery of their semiconducting properties, 
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they have also been employed as building blocks for the construction of new molecular 

materials for electronic and optoelectronic applications.28 These phthalocyanine are planar 

molecules consisting of four isoindole subunits linked together through nitrogen atoms.29 

Rubrene has been well-studied material with high mobility because of its single crystalline 

nature. P3HT is the p-type polymer organic semiconductor used in the application of solar cells 

and OFETs because of its high stability and solution processability. The molecular structures 

of the some of the p-type organic semiconducting molecules are shown in Figure 1.4. 

1.1.2.2. n-type Organic Semiconductors 

 

Figure 1.5. Examples of the some of the n-type organic semiconducting molecules used in the literature for the 

fabrication of n-channel OFETs. 

In n-type organic semiconductors electrons are the majority carriers. These are an important 

class of materials, due to their necessity in the fabrication of bipolar transistors and 

complementary logic circuits. However, most of the literature to-date has focused on the design 

and synthesis of p-type semiconductors. In order to lower the electron injection barrier between 

the LUMO level of the organic semiconductor with respect to the Fermi level of the metal 

electrodes, strong electron-withdrawing groups are often added to the outer rings of molecules. 

This has been done successfully with several semiconductor core systems. These groups 

increase the electron affinity and stability of the molecule, allowing for the possibility of 

efficient electron injection and transport. Fullerenes (C60 and C60/C70) and fullerene 

derivatives (shown in Figure 1.5) are some of the first n-type organic materials studied.25 
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Naphthalene tetracarboxylic dianhydride (NTCDA), Perylene tetracarboxylic dianhydride 

(PTCDA) and their derivatives are easily synthesized from commercially available starting 

materials. These materials are unstable at ambient environments. Recently, perylene diimide 

derivatives were successfully synthesized, showing a reasonable charge carrier mobilities in 

ambient conditions.30-31 The energy levels of alkyl substituted diimides are similar to 

unsubstituted versions except an increased solubility. N,N'-diphenyl-3,4,9,10-perylene tetra-

carboxylic diimide (PTCDI-Ph) belongs to the family of perylene bisimide, which were 

initially applied for industrial purposes as red dyes.32-36 TCNQ also well studied material for 

the fabrication of n-type OFETs and solar cell applications. Some of the n-type molecules are 

displayed in the Figure 1.5. 

1.2. Charge Transport Mechanisms in Organic Semiconductors 

1.2.1. Band like Transport in Crystalline Semiconductors 

In crystalline inorganic semiconductors, lattices are characterized by three dimensional long-

range order of atoms, and the interaction of atomic orbitals affords the formation of energy 

bands. Energy bands are composed of distribution of allowed energy states, where the electrons 

can move freely. Energy level diagram of crystalline material consists of conduction band, 

valence band and band gap (energy difference between conduction band and valence band). 

The charge transport happens generally in delocalized energy bands separated by a forbidden 

energy gap where charge carriers (intrinsic or extrinsic) can move with a relatively large mean 

free path. Charge transport was usually limited by scattering of the carriers by lattice phonons. 

Consequently, the mobility of the charge carriers decreases with increasing temperature. At 

high temperatures, lattice phonons impede the carrier motion, and mobility will vary as T-3/2. 

At low temperatures, lattice phonons freezes and impurity scattering dominates, the mobility 

vary as T3/2. In band transport, the mobilities exceeding ~1cm2/Vs. Organic semiconductors 

have mobilities in the range of very low value to 5 cm2/Vs. Crystalline organic semiconductors, 

which exhibited mobilities in the range of inorganic semiconductors are explained by band 

transport theory. In addition, most organic semiconductors have been shown to exhibit a 

mobility increases with temperature is in contrast with the band transport. 
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1.2.2. Variable-Range Hopping (VRH) Model 

In non-crystalline (amorphous) solid creates localized states in which carriers become trapped 

and must ‘hop’ out of the barrier in order to participate in charge transport. In 1998, Vissenberg 

and Matters37 developed the concept of variable-range hopping (VRH), i.e., a carrier may either 

hop over a small distance with a high activation energy (EA) or hop over a long distance with 

a low activation energy. The temperature dependence of the carrier transport in such a system 

is strongly dependent on the density of localized states. In the case of an organic field-effect 

transistor, an applied gate voltage gives rise to the accumulation of charge in the interface of 

semiconductor/insulator. As these accumulated charge carriers fill the lower-lying states of the 

organic semiconductor, any additional charges in the accumulation layer will occupy relatively 

high-energy states. Consequently, these additional charges will need less EA to hop away to a 

neighboring site. This leads to a higher mobility with increasing gate voltage and temperature. 

In hopping transport, lattice phonons support carrier transport and resulting transport is 

thermally assisted according to the equation 1.1: 

exp B

B

E

k T
µ

 −
∝  

 
                                                                        1.1 

where EB is the polaron binding energy, kB is Boltzmann constant and T is the absolute 

temperature. It is thought that the hopping mechanism occurs through moment of polarons.  If 

charge carrier resides in a molecule site, it tends to polarize its surroundings. The resulting 

polarization cloud moves with the charge carrier as it travels through the semiconductor. This 

combined movement creates a new species called a ‘polaron' or ‘polarized electron’. Such a 

carrier is a self-trapped and the resulting polaron must hop between the charge states. Figure1.6 

shows a schematic picture of both the spatial (Figure1.6 (a)) and the energy (Figure1.6 (b)) 

landscape of this type of system with a varying degree of disorder and electron localization. In 

disordered materials, mobility dependence on temperature follows an Arrhenius equation 1.2:  

0

exp A

B

E

k T

µ

µ

 −
∝  

 
                                                                    1.2 

where µ is the measured mobility, µ0 intrinsic trap free mobility, EA is the activation energy, 

kB is the Boltzmann constant and T is the absolute temperature. If the average depth of traps in 
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the device exceeds the available energy (kBT), then this model tends to describe transport very 

well. 

 

 

Figure 1.6. The discrete charge states are distributed randomly with varying barrier heights. The charge must hop 

from one state to other in the direction of applied electric field in order to participate in the charge transport.  

Schematic of the (a) spatial and (b) energy landscape of hopping transport under the influence of an external 

electric field. The possible charge transport paths are shown. 

1.2.3. Multiple Trapping and Release (MTR) Model  

Multiple traps and release (MTR) model have been developed by Le Comber and Spear,38 on 

hydrogenated amorphous silicon (a-Si:H) by carrying conductivity measurement experiments 

with respect to the temperature. During the transport through the extended states near the 

conduction band, the charge carriers interact with localized states through trapping and thermal 

release. These states are trap levels localized at lattice defects or impurities in which the charge 

carriers are immobilized. These traps can be ‘deep traps’, which are located near the center of 

the band gap, or ‘shallow traps’, which are located close to the conduction or valence band as 

shown in Figure 1.7. The effect of these states on charge transport depends on their energy. If 

the energy of a localized state is separated from the mobility edge by more than a few kBT, the 

state acts as a deep trap. The charge, once trapped in a deep trap, cannot be released by thermal 

excitations. During their transit in the transport band, the charge carriers interact with localized 

levels through trapping and thermal release as shown in Figure 1.7.  The basic assumptions of 

this model are (i) charge carriers arriving at a trap are instantaneously captured with a 

probability close to one and (ii) the release of trapped charges into the delocalized transport 
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band is a thermal activated process. From the first point it is clear that the mobility is 

temperature dependent, as with increasing temperature more charge carriers are activated and 

contribute to the transport. An increase in mobility with increasing gate voltage is explained 

by a shift of the Fermi level within the region of the energy distributed trap states. As the Fermi 

level moves closer to the transport band edge, more and more trap states of higher energy get 

filled, thus reducing the energy difference between localized and delocalized states. The charge 

carriers are more easily thermally activated.  

 
Figure 1.7. (a) Schematic of charge trapping and releasing in and from the localized traps states. (b) The 

density of states is higher near the conduction band edge. 

This MTR model has been used more recently by Horowitz et al.,39 in order to  explain the 

transport in sexithiophene OFETs by carrying the conductivity versus temperature 

measurements. They concluded that the localized trap states in 6T and DH6T semiconductors 

would probably originate from the grain boundaries. This model assumes an exponential 

distribution of trap states. The charges injected or the charges which are already present in the 

organic semiconductor are trapped into localized states with a probability close to one and then 

released through a thermally activated process. The drift mobility (µD) is given by:  

0

expD T

B

E

k T

µ
α

µ

 −
=  

 
                                                        1.3 

Where µ0 is the drift mobility at the conduction band edge, α is the ratio between the density 

of states (DOS) in the transport band edge and the density of traps and ET is the thermal 

activation energy of the trap state.  
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1.3. Working principle of OFETs 

The operating principle of OFETs, based on p-type and n-type organic semiconductors, can be 

demonstrated by the simplified energy level diagram (Figure 1.8). The Figure 1.8 demonstrates 

the alignment of HOMO, LUMO bands of the molecule with Fermi level of the metal contacts 

with the variation of gate voltage (VGS) in n/p –type organic semiconductors. 

 

Figure 1.8. Illustration of an OFET working principle with respect to the applied VGS. In p/n-type organic 

semiconductors the Fermi level close with the HOMO/LUMO level. By application of negative/positive gate 

voltage HOMO/LUMO level is shifted to the higher/lower energy. 

The schematic diagram of the OFET structure is illustrated in Figure 1.9. OFET contains gate, 

dielectric, organic semiconducting channel and source(S)/drain (D) electrodes. The separation 

between S and D is called channel length (L). The width of the electrode gives the channel 

width (W). In OFETs, current flows from the S to the D electrodes by applying a voltage 

between S and D (VDS). This current flow is controlled by a gate voltage (VGS) applied to a third 

electrode, gate.  A small VGS induces charges at the interface between the dielectric and 

semiconductor. A layer of accumulated charges formed at interface is called channel. This 

channel enables current (IDS) flow between source and drain electrodes. The conductive 

channel is only few nm thick at the interface, which is very small compared to the film.40-42 If 

there is no VGS applied (Figure 1.8(a)), the organic semiconductor, which is intrinsically 

undoped, will show very negligible IDS due to the high resistance of the organic semiconductors 

and large distance between source and drain electrodes. When a negative (positive) VGS is 

applied (Figure.1.8(b)), positive (negative) charges are induced at the interface with the gate 

dielectric. If the Fermi level of the S/D metal is close to the HOMO (LUMO) level of the 

organic semiconductor, then positive (negative) charges can be extracted by the electrodes 
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through the application of a VDS. Organic semiconductors, which have the ability to conduct 

only positive (negative) charge carriers, are named p-type (n-type). In some organic 

semiconductors, both electrons and holes can be injected and responsible of charge transport 

realizing ambipolar transistors. The transferred characteristics (IDS versus VGS at constant VDS) 

and the output characteristics (IDS versus VDS at constant VGS) of the devices are measured in 

order to quantify the parameters and performance of the device are illustrated in Figure 1.10. 

 

 

 

Figure 1.9. Schematic diagram of the organic field-effect transistor, which contain substrate, gate electrode, 

dielectric material, organic semiconductor and source/drain electrodes. It shows the channel length (L), the 

channel width (W) with applied voltages to the gate (VGS) and source drain electrodes (VDS). 

In output characteristics shown for n-type material (see Figure 1.10 (a)) where VDS is swept 

while a constant VGS is applied. If a positive VGS is applied to an n-type OFET, IDS will increase 

linearly as VDS increases from 0 V to a positive voltage. When VDS is as large as VGS, the field 

at the drain electrode is reduced to 0 and the channel is “pinches off”. As a result, IDS saturates. 

The maximum IDS is defined by VGS. To measure transfer characteristics, VGS is swept while a 

constant VDS is applied (as shown in Figure 1.10 (b)). The transfer characteristics can be 

measured in the linear region for lower VDS and in the saturation regime for higher VDS. The 

device parameters can be extracted from the equation derived for the drain current is  
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2
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                                                     1.4 

This is the general form of the equation for IDS, but we can apply it to the two regimes of the 

OFET, namely, linear and saturation. In the linear regime VGS − VTh >> VDS, the accumulation 

region is uniform along the channel, and hence, 

[ ]( )lin i
D S G S DT Sh

W C
I V VV

L

µ
= −                                                           1.5 

In the saturation regime where pinch-off of the accumulation region occurs and VDS = VGS − 

VTh, we have 

( )
2

2
sat i

DS GS Th

WC
I V V

L

µ
= −                                                            1.6 

These two equations are valid under the assumptions, that (i) the field along the channel is 

much lower than across it (gradual channel approximation) and (ii) that the mobility is 

constant.41 Here, µ (i.e. µlin and µsat) is the field-effect mobility in two regions for the majority 

charge carriers, Ci is the geometric capacitance of the dielectric and VTh is the threshold voltage 

and k is the dielectric constant of the insulator.  

From these equations, we can therefore calculate the field-effect mobility within the OFET as 

follows 

linDS

lin

i SDS G

IL

VWC V
µ
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                                                    1.7 
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ε
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Fitting a straight line to the square root of the measured IDS yields the mobility (µ) and the 

threshold voltage VTh. The trap density (∆N) generated in the interface can be calculated with 

the change in the threshold voltage (∆VTh) between two measurements using the following 

relation: 

 
                

i Th
C V

N
q

∆
∆ =                                                             1.10 

 

Figure 1.10. Transistor characteristics of an ideal organic field-effect transistor: (a) output characteristic, (b) 

saturation regime transfer characteristic. In the linear regime (low drain voltage), the drain current linearly 

depends on the gate voltage. In the saturation regime (high drain voltage), the square root of the drain current 

linearly depends on the gate voltage.  

The onset voltage Von and the subthreshold swing S are other important device parameters. The 

onset voltage is defined as the gate voltage where the drain current exceeds the noise level 

which typically is at 10−12 A. The subthreshold swing is a measure of how easily a transistor 

can be switched from the off-state to the on-state. It is defined as: 

( )log
GS

D Sd

dV
S

I
=                                                                          1.11 

The parameter subthreshold slope S can be expressed as 

ln10 1 dep it

i

C CkT
S

q C

+ 
= + 

 
                                                                   1.12                            
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where Cdep is the depletion capacitance, Cit is the interface capacitance and Ci is the capacitance 

of dielectric layer. The S value can be determined from the plot of log IDS versus VGS by means 

of Figure. 1.10 (b). The subthreshold slope (S) of the transfer curve is an important parameter 

and is influenced by the deep bulk traps. The maximum interfacial trap density m a x( )T ra pN is  

( )max . log
1 . i

Trap
B

S e C
N

k T q
q

 
 

= − 
  

                                                                 1.13                                  

Where, kB is the Boltzmann constant, T is the temperature and q is the charge of electron.  

1.4. Architectures of the Organic Field-Effect Transistors  

OFETs properties are affected both by the nature of the device layers and the interface between 

them. Moreover, it depends on the position of the electrodes with respect to the semiconductor 

and dielectric layer. There are four most common device configurations available in the 

literature: (1) bottom gate - top contact, (2) bottom gate - bottom contact, (3) top gate - top 

contact and (4) top gate - bottom contact. The electrical performances of the final device was 

also affected by the device configuration. Depending on the material’s choice, order of the 

layers and the processing conditions, each configuration has advantages and disadvantages as 

explained below.  

1.4.1. Bottom Gate - Top Contact (BG-TC)  

Usually, the BG-TC OFET configuration exhibits better performance than others. The 

advantage of this structure is low contact resistance, due to the large effective area for charge 

injection into the semiconductor channel. In this structure, the induced channel occurs on the 

opposite side of the S and D contacts. The main disadvantage of this configuration is that the 

charges have to transport from the source to the channel through highly resistive semiconductor 

layer. Thus, the experimentally obtained mobility and threshold voltage of OTFTs can exhibit 

thickness dependence. On the other hand, since photolithographic patterning of the S and D 

contacts is not possible due to the damage of organic layer by organic solvents. They should 
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be deposited on top of the organic semiconductor typically through a shadow mask, limiting 

lithographic resolution. Schematic diagram of this configuration is shown in Figure 1.11 (a).  

 

 
 

Figure 1.11. Schematic representation of different OFET configurations. (a) Bottom gate-Top contact; (b) 

Bottom gate-Bottom contact; (c) Top gate-top contact; (d) Top gate-bottom contact. 

1.4.2. Bottom Gate-Bottom Contact (BG-BC)  

The BG-BC configuration is also commonly used for fabricating OFETs. This configuration 

was shown in Figure 1.11 (b). In this configuration, organic semiconductor is deposited at last. 

For this reason, photolithographic patterning of gate and source/drain electrodes is possible, 

and the gate insulator can be deposited from a wide range of methods (e.g. plasma-enhanced 

chemical vapor deposition, RF magnetron sputtering and atomic layer deposition). One major 

disadvantage of this structure is the large contact resistance due to the very small effective area 

for charge injection into the channel. Moreover, the organic semiconductor is deposited on two 

different materials simultaneously (i.e., the gate dielectric and the source/drain contacts), so 

that the morphology of the organic film can be disrupted by the non-uniformity of the substrate. 
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The differences in surface energy and surface roughness between the electrodes and the 

dielectric cause the organic film to adapt different microstructures in the two regions. As a 

result, BC configurations typically suffer from larger source and drain contact barriers and 

contact resistance.  

1.4.3. Top Gate-Top Contact (TG-TC) 

The TG-TC is rarely used OFET configuration due to the very small effective area for charge 

injection into the channel that determines very large contact resistance. This configuration is 

shown in Figure 1.11 (c). In this configuration, since the organic layer should be deposited 

before other processing steps. The gate insulator could not be compatible with sputtering or 

atomic layer deposition, due to damage of the organic material. Moreover, photolithographic 

patterning of the S and D contacts is not possible. The main advantage is the gate insulator can 

also act as an encapsulation layer for protecting the device from oxygen and air exposure. 

1.4.4.  Top Gate-Bottom Contact (TG-BC) 

In the case of TG-BC configuration, the gate insulator and gate electrode can act as an 

encapsulation layer to protect the organic material from moisture or oxygen degradation. This 

configuration is illustrated in Figure 1.11 (d). Nevertheless, there are a number of process 

integration challenges associated with this configuration. First, the gate dielectric and gate 

electrode have to be deposited and structured on top of the organic semiconductor layer, and 

this process must preserve the organic material. Secondly, vertical interconnections and via 

between the conductive layers have to be built through the organic semiconductor needing the 

development of compatible etching process for the organic layer. In addition, the subsequent 

deposition of the dielectric material can either damage or unintentionally dope the underlying 

organic semiconductor. On the other hand, a fundamental advantage of this structure is 

represented by the low contact resistance, due to the large effective area for injecting charge 

into the semiconductor channel, which corresponds to the gate/drain and gate/source overlap 

areas.  
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1.5. Stability of the OFETs 

The stability of the OFETs is the main concern for the practical applications. The stability can 

be classified into two (1) Operational stability and (2) Environmental stability. OFETs are 

layered structures consisting of a semiconductor, a dielectric, a gate electrode, and source/drain 

electrodes. Hence each layer as well as the interfaces between the layers play an important role 

in the stability. The electrical performance of the OFETs is closely related with the dielectric 

surface properties, microstructural order of the organic semiconductor in addition to the density 

of interface traps. The semiconductor, dielectric, and semiconductor/dielectric interface are the 

most vulnerable sites for charge trapping. The understanding of nature and origin of these traps 

is critical and important. The operational stability relates to the stability under bias-stress. The 

environmental stability relates to the device stability under ambient humidity conditions. 

Hysteresis is the main cause for the bias-stress and device degradation. In the subsequent 

sections, hysteresis and bias-stress of the devices were discussed.    

1.5.1. Hysteresis 

Field-effect transistors often exhibit a current hysteresis (difference between the forward and 

the reverse sweeps of the VGS) as shown in Figure 1.12 (a & b). The hysteresis effects are very 

well observed in OFETs and causes instability in the device performance. Therefore, it is 

important to study and understand the origin of the hysteresis effects in the OFETs. Hysteresis 

is essentially the difference in the IDS curves observed during forward and backward sweeping 

of VGS of transfer characteristic curves.  It could be useful in non-volatile memory devices, but 

it has to be avoided in standard integrated circuits particularly for display applications. The 

detailed investigations of hysteresis effects are rare and a complete picture of the physical 

background that may cause hysteresis in OFETs is still unexplored. Some of the mechanisms 

causing hysteresis in OFETs are already well described in the literature and are similar to 

inorganic field-effect transistor devices.  

They are (1) Interface trapped charges, (2) Fixed charges in dielectric material, (3) Trapped 

charges in dielectric and (4) Mobile charges in dielectric. Depending on the microscopic effect 

the “hysteresis” can be classified in to two: (1) clockwise hysteresis (CH) and (2) anti-
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clockwise hysteresis (ACH) are schematically depicted in Figure 1.12 (a & b). The CH is due 

to the charge trapping at the interface of dielectric and semiconductor.   

The ACH may be due to: 

(a) Effects of mobile charges close to interface  

(b) Slow polarization of the gate dielectric material  

(c) Charge injection from the gate electrode into the dielectric. 

1.5.2. Bias-Stress Effect 

Bias-stress is the commonly observed problem during the operation of the FETs, which appears 

as a threshold voltage shift together with the degradation of the IDS. These phenomena are 

known as electrical instability or bias-stress effects. In bias-stress measurement usually a 

constant VDS and VGS applied for an extended period of time by observing the variation of IDS. 

Electrical instability can be caused by many reasons, such as mobile ions, the structural 

degradation of the semiconductor layer and trapping of charge in long-lived trap states in the 

device layers. The term “long-lived” refers to a trapping and release time, which is generally 

long compared to the time needed to measure a transfer characteristic. Hysteresis and bias-

stress might have the same physical origin.43-46 In charge trapping mechanism, different 

trapping processes will lead to different variation in the transfer characteristics before and after 

stressing the device. If the charges are trapped in the deep states, they will become immobile 

charges which shield the applied gate-field, therefore a translation of a transfer characteristic 

in the direction of the gate bias will be observed. If the charges are predominantly trapped in 

the shallow states, the transfer characteristics will show some hysteresis. 

In amorphous silicon transistors, the bias-stress effect is generally explained by the creation of 

dangling bonds during the operation of the device.  Contrary to that, several mechanisms of 

bias-stress effects in organic transistors are already proposed and discussed. Depending on the 

variation of IDS with time, bias-stress effects are classified into two types. They are (1) bias-

stress effect and (2) anomalous bias-stress effect. These are illustrated in the Figure 1.12 (c and 

d). In bias-stress effect, IDS will decay exponentially as shown in Figure 1.12 (a). This is due 

to the charge trapping at the interface under continuous constant bias. As shown in Figure 1.12 

(b), IDS will increase to a maximum value followed by the normal decay and is rarely observed, 
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which is known as anomalous bias-stress effect. This is due to the slow polarization of the gate 

dielectric or charge injection from the gate electrode.  Under bias-stress the direction of the 

threshold voltage shift is such that a fully ‘turned on” OFET slowly “turns itself off” and vice 

versa.47  Investigating the bias-stress in an OFET can also cause a change in effective field-

effect mobility, which is attributed to an irreversible structural change in the semiconductor 

due to the electro-strictive effect.48-55   

 

Figure 1.12. Schematic representation of (a) clockwise hysteresis (b) anti-clockwise hysteresis (c) bias-stress 

effect and (d) anomalous bias-stress effect. 
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Experimental	Details	

 
 

In this chapter, we have provided brief technical details along with their working principles 

related to the experiments performed as part of this thesis work. Further, we present an 

overview of the materials, methods, device fabrication and characterization techniques that 

were employed in the experimental work. More experimental details can be found in respective 

chapters, where we describe the detailed experimental results. Herein, we begin by selection 

of materials, substrates, purification of organic semiconductors, cleaning of substrates, 

deposition of dielectric layers and growth of organic semiconducting molecules that were 

utilized in this thesis work. Organic molecules were deposited using organic molecular beam 

deposition (OMBD) technique, which works under high vacuum condition.1-2 Another 

technique, anodization used for the growth of alumina films, was developed and designed in-

house during the course of this thesis work. Spin-coating is another technique used to deposit 
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polymer dielectric layers. It is very crucial to attain precise characterization of structural and 

morphological properties, which is only possible by employing different complementary 

techniques. Several surface sensitive techniques were used to study the growth of dielectric 

polymer and organic semiconducting films to extract the structural and morphological 

information. Scanning electron microscope (SEM) and atomic force microscope (AFM) were 

discussed, which are used to study the surface morphology and topography. We then describe 

the transistor fabrication and characterization steps with the available equipments. This 

includes semiconductor parameter characterization system and probe station, which can be 

operated under vacuum condition.  

2.1. Materials and Methods 

2.1.1. Organic Semiconductors 

The device fabrication was done with monomeric n-type and p-type organic semiconductors. 

The semiconductors were grown from the vapor phase by OMBD under high vacuum 

conditions. Most of the experimental work was performed using the common p-type material 

using copper phthalocyanine (CuPc) whereas in another chapter n-type Perylene derivative 

“1,7-dibromo-N,N′-dioctadecyl -3,4,9,10-perylenetetra carboxylic diimide” (PTCDI-Br2-C18) 

molecule was used. These molecular structures are shown in Figure 2.1. 

 
Figure 2.1. Chemical structures of the (a) CuPc and (b) PTCDI-Br2-C18 molecules used in this thesis work. 
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The aim to fabricate OFETs with monomeric semiconductors was to study the stability of the 

materials and to improve the transistor performance in ambient conditions with novel device 

engineering. The CuPc material was obtained from Sigma-Aldrich and were used as received 

without any further purification. CuPc has a porphyrin type structure, consisting of a large flat 

macrocycle made up of four smaller rings of carbon and nitrogen atoms. The copper atom sits 

in a cavity at the center of the ring. However, another n-type molecule (PTCDI-Br2-C18) was 

synthesized in-house was purified by vacuum sublimation techniques.3  We fabricated both n-

type and p-type OFETs and studied the performance under vacuum and ambient conditions in 

the presence of temperature and light.  

2.1.2. Polymer Dielectric Materials 

Four polymer dielectric materials are used in this thesis work. They are (a) Poly (methyl 

methacralate) (PMMA) (b) poly (vinylalcohol) (PVA) (c) polystyrene (PS) (d) poly(vinyl 

phenol) (PVP). The chemical structures of the polymers are shown in Figure 2.2. PMMA and 

PS have hydrophobic nature, on the other hand PVP and PVA have hydrophilic nature because 

of the hydroxyl groups (–OH) in the backbone of the polymer chains. The dielectric constant 

and glass transition temperatures are listed in the Table 2.1. 

 
Figure 2.2. Chemical structures of the polymer dielectric materials used in this thesis work. (a) PMMA (b) PVA 

(c) PS and (d) PVP. 

Table 2.1.Properties of the polymer dielectric materials used in this study.  

Polymer dielectric material PMMA PVA PVP PS 

Dielectric constant (k) 3.2-3.7 7-10 4.7 2.6-2.9 
Glass transition temperature(Tg) 110°C 85°C 170°C 100°C 
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2.1.3. Substrates 

In this thesis work, we have used three different substrates for the fabrication of OFETs: (1) 

standard SiO2 wafers (2) glass slides and (3) transparent sheet as flexible substrate. We used a 

bare SiO2 gate dielectric without any surface modification. The device performance critically 

depends on the details of the cleaning procedure, since it modifies the surface energy of the 

surface. The growth of the organic materials depends on the surface energy of the substrate. 

The substrates were sliced into appropriate pieces with a diamond pen (for silicon wafers and 

glass slides) and scissor (for transparent sheet). The Si/SiO2 and glass substrates were washed 

with ultrapure water (DI H2O, 18.2 MΩ-cm), and were then cleaned with 5 minutes sonication 

in acetone, 5 minutes sonication in ethanol, 5 minutes sonication in isopropanol in an ultrasonic 

bath and finally purged with N2 gas. The glass substrates were immersed in piranha solution 

(30 vol% Hydrogen peroxide in 70 vol% Sulfuric acid) for 30 minutes and sonicated in an 

ultrasonic bath at 80°C to remove the organic residues and other contaminants. Finally, the 

substrates were thoroughly washed with ultrapure water at least 3 times and dried in a vacuum 

oven at 100°C. Flexible substrates were cleaned with soap solution and water for several times. 

The cleaned substrates were dried under vacuum oven for 60 minutes at 50 °C.  

2.1.4. Gate Electrode 

Gate electrode is one of the main component in the OFET. The patterning of the gate electrode 

under source drain electrodes is crucial, which avoids the unnecessary leakage currents. The 

most convenient way to fabricate OFETs is to purchase highly-doped Si/SiO2 wafers. The 

highly doped Si acts as gate electrode and the amorphous SiO2 layer (typical thickness: 300 

nm) acts as gate insulator. We purchased Si/SiO2 wafers (p/boron) from Microchemicals, 

Germany. The wafers were cut into appropriate pieces with a diamond cutter. In the case of 

glass substrates and transparent flexible substrates, patterned ~200 nm thick Al film was acted 

as a gate electrode.  

2.1.5. Thermal Evaporation System for Metal Electrodes Deposition 

The OFETs fabricated in this thesis were incorporated with vacuum-evaporated copper or 

silver as the source/drain electrodes and aluminum as the gate electrode material. In the 
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established approach to device fabrication, a diffusion-pumped thermal evaporator (base 

pressure: ~10-6 mbar) was used for the metal deposition. Tungsten resistive coils were used for 

metal evaporation. The deposition rate was monitored with a water-cooled quartz crystal 

microbalance (QCM). Figure 2.3 (a) shows the schematic diagram of typical thermal 

evaporation chamber. All OFETs were fabricated in TC-BG configuration, i.e. the electrodes 

were deposited after the deposition of the organic semiconductor. This is known to lead to a 

better transistor performance with low leakage current and less contact resistance, compared 

to devices where the electrodes are evaporated first (bottom contact devices). For the 

deposition of copper/silver or aluminum electrodes, the samples were carefully removed from 

the sample holder of OMBD and transferred into the metal evaporation chamber. S/D contacts 

were deposited on the films through the shadow masks. The photograph of the thermal 

evaporation chamber was shown in Figure 2.3 (b). The samples exchange and mask alignments 

were carried out in ambient conditions. The deposition rate of the metal was 0.5 to 3 Å/s and 

the film thickness typically was 40 - 50 nm.  

 

Figure.2.3. (a) Schematic illustration of thermal evaporation chamber. It contains tungsten filament, QCM for 

thickness measurement and substrate heater. (b) Photo graph of the thermal evaporator used for metal electrodes 

deposition. A diffusion pump and rotary pumps are used to create the required vacuum. We used tungsten spiral 

baskets for aluminium deposition, boats for silver and copper deposition. The evaporation rate was controlled by 

the controlling the applied power. Here we used homemade substrate holder and mask for patterning the source, 

drain and metal electrodes. 
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2.1.6. Anodic Oxidation of Aluminium  

The high-quality Al2O3 gate insulators were grown by electrochemical oxidation (anodization) 

of the aluminium gate metal electrode.4 Anodization is a solution based technique that can lead 

to the growth of very thin nanometer controlled, pinhole-free, high capacitance gate insulators 

on cheap substrates, i.e. glass and flexible sheet.5-6  In addition, this process can be performed 

at room temperature with very low cost and less time. Here, we have used glass slides (size: 

15 mm × 25 mm) as a device substrates. A 150-200 nm thick aluminum patterned strips were 

deposited on pre-cleaned glass substrates with the dimensions of 1 mm × 20 mm to serve as a 

gate electrode. Aluminum oxide (Al2O3) was electrochemically grown on the aluminum 

surface by galvanostatic anodization in 1mM citric acid (C6H8O7) and water electrolyte 

solution. The glass substrate with aluminum strip and a platinum mesh were immersed into an 

electrolyte solution. Platinum serves as a counter electrode, and a thin layer of aluminum act 

as a working electrode. The citric acid electrolyte solution was placed on magnetic stirrer to 

have continuous stirring. A constant current density of 0.6 mA/cm2 was applied through the 

electrodes until the voltage reached up to a set value (5V-100V). The schematic diagram of the 

anodization setup is illustrated in Figure 2.4.  

 

Figure 2.4. Schematic representation of typical anodization process. It contains aluminium deposited substrates, 

platinum electrode, glass beaker, citric acid, magnetic stirrer, Keithley 2400 source meter and PC. 
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By limiting the anodization voltage of the galvanostatic process, the thickness of the oxide 

layer can be controlled to nanometer accuracy. The reaction mechanism for this oxidation 

process can be followed as,        Anode reaction:     2Al + 3H2O → Al2O3 + 6e−+ 6H+ 

                                                 Cathode reaction:     6H+ + 6e−
→ 3H2 

After anodization, the anodized samples were rinsed in de-ionized water at 80ºC for several 

times, to remove the citric acid molecules from the surface. To get rid of all water residues and 

to fill the pores in the film, heating of the sample to about 200°C in vacuum oven under reduced 

pressure for several hours is essential. In galvanostatic anodization, “ramping up the voltage 

up to a limiting anodization voltage VA and maintaining at that voltage until the current reached 

up to 6 µA cm−2”. The thickness d of the resulting films can be controlled very precisely via 

the anodisation voltage VA, with d = cVA. c is known as the “anodisation ratio” and is related 

to the electric breakdown field EB via EB ≈ c-1, for Al ‘c’ value is 1.3 nm/V.7 

2.1.7. Spin-Coating Technique 

Spin-coating is a solution processing technique used to deposit thin films on a flat smooth 

substrate. Figure 2.5 (a) shows a schematic diagram of the steps involved in the spin-coating 

process. After dissolving a source material in an appropriate solvent, an excess amount of the 

resulting solution is dispensed on a substrate kept on spinnable vacuum chuck. The substrate 

is then rotated at a high speed in the range of 100-10000 rpm using a manual compact spin 

coater shown in Figure 2.5 (b). The uniformity and the thickness of coated layers depend on 

the spinning speed and concentration of the solution. With a suitable speed and concentration, 

the solution would be spread uniformly and covers the whole surface of the substrate. This 

technique is generally used to produce thin films of polymer, such as photoresist,8 dielectrics9 

and polymeric organic semiconductors,10 onto various substrates, e.g. silicon wafers, glass and 

plastics and flexible substrates. Following film deposition, the spin-coated layer is left in the 

ambient in air, to evaporate the solvent. In some cases, the samples need a particular treatment, 

such as vacuum drying at a controlled and required annealing temperature. By repeating the 

spin-coating process, a multilayer structure may be obtained. However, it is essential that the 

solvent used in the next spin- coating should not dissolve the previously coated film.  
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Figure 2.5. (a) Schematic diagram of the spin-coating process (b) Photograph of the APEX spin-coater was used 

in this thesis work.  

2.1.8. Spin-Coating of Polymer Gate Dielectric Materials  

In this thesis work, OFETs were fabricated with two types of gate insulators. They are 

inorganic and organic dielectric materials. We have used a bare SiO2 gate dielectric and 

polymer coated anodized aluminum as another dielectric, where aluminum acts as gate 

electrode. Several polymeric insulators were deposited from solution by spin-coating 

technique. The solution of the polymer was spin-coated either on anodized alumina coated 

glass substrates to form a polymeric gate insulator, or onto Si/SiO2 samples to form a polymeric 

buffer layer. The concentration of the solution and the spinning speed were adjusted to yield 

the appropriate film thickness. By decreasing the concentration of the solution or by increasing 

the rotation speed, thinner films can be obtained. Typical rotation speeds were 1000-5000 rpm 

and a typical spinning time was 60 s. The polymeric films were then dried under vacuum at 

high temperatures. Both the spin-coating and the drying were carried out in air. A typical 

thickness ~1000 nm of polymer layer was required to fabricate OFETs without alumina layer 

and 10-100 nm with alumina layer on glass and flexible substrate. We worked with polymers 

such as PS, PMMA, PVP and PVA, and these are all commercially available from Sigma-

Aldrich and Alfa-Aesar. However, the devices with PVA gate dielectrics were unsatisfactory 

in terms of electrical stability. The devices had a rather large current hysteresis, because of the 
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–OH groups. Field-effect transistors with a PS, PMMA gate dielectric only showed a small 

current hysteresis. PMMA was extensively studied as polymeric gate dielectric in organic 

field-effect transistors due to its good film forming capability and hydrophobicity. PVP also 

contain –OH groups in its polymer back bone like PVA.  

2.1.9. Thermal Annealing  

Thermal annealing is a process of heat treatment that is used to modify both the mechanical 

and electrical properties of materials, such as strength, hardness and electrical conductivity.11 

Samples are heated to a particular temperature and maintained at that temperature for a period 

of time to recrystallize the lattice, to reduce dangling bonds, to relieve internal stresses and 

particularly to remove the organic solvent in this case. When organic materials are processed 

at elevated temperatures, they may become more reactive and may acquire improved 

properties. A vacuum oven is therefore required to prevent the oxidation reaction between the 

organic materials and molecules of water and oxygen gas in the ambient air. In addition, the 

required temperature for evaporating the solvent is lower, when the samples are heated under 

vacuum. In this study, the main purpose of employing vacuum annealing was to evaporate the 

solvent from the organic layers, and to enhance the properties of the dielectric layer. A vacuum 

oven (Thermo scientific) was used to anneal the samples after each spin-coating step. The 

vacuum was kept below 1 mbar during the thermal annealing. 

2.1.10.  Profilometer for Thickness Measurement 

Profilometer is used to measure a surface profile, in order to quantify its roughness and 

thickness. A diamond stylus is moved on the sample surface and generates an analog signal 

converted in to digital signal. It can measure small vertical features ranging in height from 10 

nm to 1 mm. The thickness of the gate insulator was measured with a Dektak-150 profilometer. 

This was done by scratching the soft polymer film with plastic tweezers or blade. A profile of 

the scratch was measured and the measured thickness (t) was used to calibrate the thickness of 

the QCM and to calculate the gate capacitance per unit area. Ci = kε0A/d. This value of Ci was 

used for the calculation of the field-effect mobilities. The thickness of the organic 

semiconductor was also measured with the profilometer. 
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2.1.11. Growth of organic semiconducting molecules  

After describing the detailed preparation of the gate dielectrics on the substrates, we now 

proceed by describing the vacuum evaporation of organic films. OMBD is a typical method 

for the growth of thin film of small organic semiconductor molecules, which mostly exhibits 

low solubility. OMBD system works under the principle of molecular beam epitaxy (MBE), 

used for evaporating inorganic materials under ultra-high vacuum condition. However, as the 

organic molecules are less reactive to impurities, unlike inorganic materials, they can be 

evaporated under high vacuum condition as well. We have designed OMBD system which 

works under high vacuum. The system was rotary and turbo-pumped to achieve a base pressure 

of ~ 10-7 mbar. Though there are several standard designed OMBD chambers available, it 

requires design modification to expand the utility of the chamber.  

Figure 2.6 (a) shows the typical design of the chamber and Figure 2.6 (b) shows the real 

photograph image of the chamber used in this thesis work. This chamber has been designed 

such that one can co-evaporate four different compounds simultaneously with the help of four 

Knudsen-cells (brought from MBE-Komponenten GmbH) assembled at four different 

positions of the chamber. Each Knudsen-cell contains one quartz/ceramic crucible, which is 

used to load the organic compound and these crucibles are surrounded with heating coil. Prior 

to the vacuum evaporation, quartz/ceramic crucible were degassed in vacuum above the 

sublimation point for a period of 1–2h to remove the contaminants. Schematic diagram of the 

ceramic crucible and effusion cell were illustrated in Figure 2.6 (c). The substrates with the 

gate insulators were fixed on to a sample holder. The sample holder was attached to the top lid 

of the evaporation chamber, which can rotate during the deposition to achieve the uniformity 

of the film. The temperature of the samples during the thin-film deposition could be adjusted 

(between RT and 700°C) by simply heating or cooling the top lid with the sample holder from 

the outside temperature controller. The organic semiconductor in a quartz/alumina crucible 

was resistively heated to temperatures of typically 200-400°C (CuPc: 380-390°C and PTCDI-

Br2-C18: 250-260°C) in order to sublime the semiconductor. The deposition rate was monitored 

with a water-cooled QCM and was typically held at 0.1-0.5 Å/s. The nominal film thickness 

was about ~40-60 nm in all the cases.  
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Figure 2.6. (a) Schematic representation of OMBD chamber (b) Photograph of real chamber assembled in lab 

with turbo molecular pump (c) Schematic representation of effusion cell and ceramic crucible used for the 

evaporation of organic molecules. 

2.2. Microscopic Characterization Techniques 

2.2.1. Atomic Force Microscopy 

The roughness of the gate dielectrics influences the organic molecule growth and thus the 

structure and quality of evaporated films. The morphology of the polymeric gate insulators and 

organic semiconductors were occasionally characterized by AFM. The measurements can be 

carried out in two modes. 1. Tapping mode and 2. Contact mode. Tapping mode AFM is 
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suitable for soft organic surfaces that are easily damaged, because the tip is not dragged over 

the surface as in contact mode. In order to measure the surface roughness, AFM images with 

a different scan size images were recorded and the root mean square (RMS) roughness was 

calculated from the images.  

 

Figure 2.7. Schematic illustration of AFM. The tip is attached to a cantilever, and is raster-scanned over a surface. 

The cantilever deflection due to tip-surface interactions is monitored by a photodiode sensitive to laser light 

reflected at the tip backside.  

In 1986, AFM was put into operation allowing an image to any arbitrary surface irrespective 

of material conductivity12 and it is one of the most common scanning probe microscopes 

(SPM). It works based on the simple principle that a sharp tip is brought in direct contact with 

a surface causing interactions between tip and the surface. A certain physical variable such as 

force is probed while the tip is scanning a defined area on the sample. In general, a constant 

interaction between tip and sample surface is set thereby recording the reaction of the tip due 

to topographic changes. The instrumental setup of AFM is rather simple consisting of a 

pyramidal shaped tip attached to a probe called cantilever with elastic constant K (Figure 2.7) 

which scans the substrate surface at small distances.13 A piezoelectric scanner is either moving 
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the tip across the sample or the sample across a fixed tip. Deflections of the cantilever, arising 

from interaction forces between sample and tip, are usually measured by focusing a laser beam 

on the cantilever. The reflected beam from the top side of the cantilever is collected by a 

position-sensitive photodiode. In the absence of interaction forces, the reflection is centered in 

the photodiode. However, as soon as the tip “feels” a force, there will be a deflection of the 

cantilever. As a result, the reflected laser beam is changing its position on the photodiode 

generating a different photo current. If the photodiode contains four independent segments, 

then it is possible to distinguish between deflection and torsion of the cantilever. In response 

to the normal force Fz the cantilever is bending down in z direction according to Hook’s law 

Fz = K∆z inducing a vertical displacement ∆z. Torsions, however, lead to a lateral movement 

of the reflected laser beam on the photodiode. The tip-sample force as a function of distance 

does not follow a monotonic behavior which makes it difficult to operate the AFM with a stable 

feedback loop. Thus, different modes are present to overcome this difficulty which basically 

can be divided into the contact mode and dynamic modes. 

2.2.2. Electron Microscopy 

The aim of any microscopy is to resolve structures which cannot be visualized by the naked 

eye. In AFM, sharp tips brought in close contact to the sample surface thereby exploiting the 

presence of different interactions between the tip and the sample. Another approach was 

accomplished by the introduction of electron microscopy which uses the wave nature of 

electrons discovered by Louis de Broglie in 1924. The term of an electron microscope was first 

used by Knoll and Ruska in 1932 and they succeeded in recording electron images.14-15 For this 

achievement, Ruska received the Nobel Prize (somewhat late) in 1986. It is known that the 

limit of the resolution is given by the wavelength of the light. Therefore, electron microscopes 

(whose electron beams possess a wavelength of about 105 times smaller than that of light 

waves) exhibit the essential advantage over light microscopes that they can resolve structures 

in the atomic regime down to 1 to 2 Angstroms. The field emission scanning electron 

microscopy (FESEM) is one of the most widely used imaging tools. It was one of the first 

surface analysis instruments that approached near-atomic resolution.  
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A field-emission cathode in the electron gun of a scanning electron microscope provides 

narrower probing beams at low as well as high electron energy, resulting in both improved 

spatial resolution and minimized sample charging and damage. The field emitted electrons 

travel along the field lines and produce bright and dark patches on the fluorescent screen giving 

a one-to-one correspondence with the crystal planes of the hemispherical emitter. The emission 

current varies strongly with the local work function in accordance with the Fowler-Nordheim 

equation;16 hence, the FESEM image displays the projected work function map of the emitter 

surface. The closely packed faces have higher work functions than atomically rough regions 

and thus they show up in the image as dark spots on the brighter background. In short, the work 

function anisotropy of the crystal planes is mapped onto the screen as intensity variations. The 

magnification is given by the ratio M=L/R, where R is the tip apex radius and L is the tip-

screen distance. Linear magnifications of about 105 to 106 are attained. The spatial resolution 

of this technique is of the order of 2 nm and is limited by the momentum of the emitted 

electrons parallel to the tip surface, which is in the order of the Fermi velocity of the electron 

in metal. A Sigma-Zeiss, Germany model equipment was used in this thesis work as shown in 

Figure 2.8. 

 

Figure 2.8.  Photograph of Field emission scanning electron microscopy (FESEM) (Model: Sigma-Zeiss, 

Germany).  
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2.3. Electrical Characterization Techniques 

2.3.1.  Semiconductor Characterization System 

 

Figure 2.9. (a) Schematic illustration of the device electrical characterization setup. (b) CRX-EM-HF-Lake Shore 

cryogen-free electromagnet-based probe station. (c) Photograph of 4200 SCS characterization setup. (d) Zoom 

view of the device under testing.  

Keithley-4200 Semiconductor Characterization System (SCS) has been chosen for OFET 

device characterization and parameter extraction. It is a parametric analyzer with a Windows-

XP software environment, which provides several features for measurement of DC I-V, C-V, 

and pulse I-V. It performs lab grade DC and pulse device characterization, real-time plotting, 

and analysis with high precision and sub-femto ampere resolution. High and low k dielectric 

characterization, flash memory testing, pulse testing of devices, high power MOSFET/BJT 

characterization, interface charge trap characterization and solar cell/photovoltaic device 

characterization can be performed using it. The schematic diagram of the characterization setup 
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is shown in Figure 2.9 (a).  Figure 2.9 (c) shows the real image of Keithley 4200-SCS 

characterization system. The parameter analyzer is equipped with two source/monitor units 

(SMU, 230V) and with a ground connection. Keithley 4200 SCS was controlled by means of 

a computer program, which also allows for the automatic measurement of test sequences. The 

transistors were generally characterized by measuring transfer characteristics both in the linear 

regime (with a low drain voltage VDS) and in the saturation regime (with a high drain voltage). 

All the characteristics were measured under humidity and vacuum conditions. These gated 

three-terminal measurements were done by connecting two of the SMU’s to the drain and gate, 

and the source was grounded. The SMU’s were operated in the “force voltage - measure 

current” mode. Typically, both the forward and the reverse sweeps were measured. The 

difference between the forward and the reverse sweeps gives a first indication of the electrical 

stability of the transistor. In some cases, gate bias stress studies were carried out to further 

elucidate the electrical stability. A gate bias was applied for an extended period of time while 

the source was grounded and the drain potential was held at 0V. 

2.3.2.  Probe Station 

The model CRX-EM-HF Lake-Shore probe station was used in this thesis work. It is a dynamic 

cryogen-free electromagnet-based micro manipulated probe station contain four probes (see in 

Figure 2.9 (b)). This platform is used to measure electro-optical, electrical, parametric and DC 

properties of test devices and materials. The fabricated samples were transferred into a probe 

station. This probe station was equipped with compact dry turbo molecular pump to crate the 

vacuum upto 10–4 mbar.  

2.3.3.  Leakage current and Capacitance Measurements 

Leakage current and capacitance measurements were carried out to further characterize and 

study the effect of humidity and other environmental conditions on the gate insulator. These 

measurements were done with an open-air ambient and vacuum using probe station, and 

measured with Keithley 4200 SCS. For these measurements, circular/rectangular aluminum or 

copper or silver electrodes were evaporated onto the gate insulator with the area of electrodes 

~1mm2. We have developed a measurement setup that allows for temperature-dependent 
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measurements of the transistor properties. The complete details are discussed in the respective 

chapters. 
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Chapter	3	

 

Bilayer	Gate	Dielectric	System	for	the	

Fabrication	of	Organic	Field-Effect	

Transistors		

 

3.1. Introduction 

The performances of OFETs are typically represented by the field-effect carrier mobility (µ) 

and the threshold voltage (VTh). So far, there has been a substantial improvement in the carrier 

mobility of OFETs have been achieved through material research and device designs. The VTh 

in OFETs determines the voltage at which the device can be turned on. The VTh strongly 

depends on nature of the semiconducting material and also on gate dielectric used in the device 
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fabrication. Impurities in the dielectric material and charge trapping sites in dielectric-

semiconductor interface tend to increase VTh value. However, VTh can be modulated easily by 

increasing capacitance of the dielectric layers. Dielectric layer with higher capacitance induces 

higher density of charges in the interface even at lower gate voltages (VGS) and forms a charge 

accumulation regime. Since, the induced charges are largely confined to the first few 

monolayers at the dielectric-semiconductor interfaces.1-3 However, a fraction of the charges 

are trapped by the interface states. As a result, the density of the mobile charges contributing 

to the carrier mobility decreases. Therefore, lower VTh with improved carrier mobility is an 

important aspect of OFETs fabrication.  

A proper selection of dielectric materials along with minimizing trap states can significantly 

reduce the VTh. Enhancing the induced carriers at the accumulation region by varying the 

thickness of dielectric layer can further reduce VTh. In this chapter, we report the effect of 

thickness of individual layers of a bilayer dielectric contains PMMA and Al2O3 on VTh and µ  

of OFETs. The OFETs were fabricated with 1,7-Dibromo-N,N′-Dioctadecyl-3,4,9,10-

perylenetetracarboxylic diimide (PTCDI-Br2-C18) as channel material. Al2O3 is a promising 

material because of its low-cost deposition process through the conversion of Al film by 

anodization.4-6 Al2O3 exhibits excellent insulating properties with an electrical breakdown field 

of > 8 MV/cm.7 In general, the anodized Al2O3 film shows huge leakage current and the surface 

is largely covered with –OH functional groups.8 These functional groups act like traps and 

degrade the performance of the OFETs. PMMA is a common organic dielectric used together 

with Al2O3 layer to reduce the density of the trap states by making the surface smooth.9-10 

Organic nature of interface between the active channel and the dielectric layer may provide a 

more efficient capacitive coupling with the channel, perhaps because of better matching in 

surface energy of these materials.6, 11 PTCDI-Br2-C18 is an n-type organic semiconductor 

(OSC) material. Among n-type OSCs, the perylenediimides (PDI derivatives) are the most 

widely studied materials due to their commercial availability, synthetic manipulations, low 

cost, chemical stability and promising properties for electronic and optoelectronic 

applications.12 In addition, PDIs have high tendency to self-assemble into different types of 

structure formation through π-π stacking.13 This unique two-dimensional organization of the 

molecules in solid-state has a significant effect on carrier mobility, which is one of the most 

important parameter for OFETs fabrication.14 The new structures and interesting optical and 
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electrical properties can be achieved by selective functionalization of perylenebisimide core at 

imide or bay positions. These properties of the chromophore are not significantly affected by 

the chemical modification at imide groups. However, these properties are drastically changed 

on the functionalization of the PDI core with electron acceptor or donor groups. Substitution 

of electron-withdrawing groups such as CN, Cl, Br and F to the core of PDI, results in low 

LUMO energies with increased electron affinities.15-16 Energetically low-lying LUMO levels 

facilitate electron injection from high-work function metal contacts like Al, Ag and Au.17 

Hence, in this work, we used perylene derivative molecule with core substituted bromine and 

octadecyl alkyl chain in imide positions. The substituted PDI derivatives exhibit in general 

much higher solubility and significantly lower isotropization points lower than the 

unsubstituted PDIs. These are favorable properties for the fabrication of organic electronic 

devices.  

3.2. Experimental Section 

3.2.1. Cyclic Voltammetry (CV) and Theoretical Modeling  

The chemical structures of the molecule PTCDI-Br2-C18 is shown in Figure 3.1(a). This 

molecule synthesis was followed the method as described by Perrin et al.18 The synthesized 

molecules were purified by gradient sublimation technique before the molecules were used for 

further characterization and device fabrication. HOMO and LUMO energies of an organic 

molecule are the key parameters determining whether holes or electrons will predominantly be 

transported in field-effect transistors. Typically, LUMO energies of n-type semiconductors are 

approximately below −3.7 eV and such molecules are thought to be beneficial in order to obtain 

air-stable devices that can be operated under ambient conditions.16  The structure of the 

molecule was drawn using ChemSketch software to calculate HOMO and LUMO energies. 

Then it was subjected to molecular mechanics correction followed by semi empirical analysis 

using MOPACs RM1 level. This geometry was fed for optimization and calculation of energy 

at the RHF 3-21G level and DFT 6-31G(d) level of B3LYP using Gaussian 09 software.19 The 

calculated HOMO and LUMO energies are – 6.28 eV and – 3.72 eV respectively.  
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Figure 3.1. (a) Molecular structure of 1,7-Dibromo- N, N′-Dioctadecyl-3,4,9,10-perylenetetracarboxylic diimide  

(PTCDI-Br2-C18) molecule. (b) Calculated energy level diagram with energy gap of 2.53 eV between HOMO and 

LUMO using Gaussian software. (c) HOMO and LUMO molecular orbitals of PTCDI-Br2-C18 molecule. 

The theoretical band gap is 2.56 eV. The molecular energy levels, optimized geometries and 

electron density isocontours of the HOMO and LUMO are shown in Figure 3.1(b) and (c), 

respectively. The measured torsion angle of the molecule is 23.36°. The torsion is due to steric 

encumbering effect produced by the core substituted bromine atoms. In order to compare the 

results from these calculations, the electrochemical properties of the PTCDI-Br2-C18 were 

studied with cyclic voltammetry (CV) technique. CV experiments were performed by using 

three electrode cell units, polished 2 mm glassy carbon as working electrode, platinum as 

counter electrode and Ag/AgCl as reference electrode by using CHI700D electrochemical 
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analyzer. The tetrabutylammonium perchlorate (TBAP) was used as a supporting electrolyte 

and the scan rate employed was 100 mV/s with the current sensitivity of 0.000001 A. The 

cyclic voltammograms display two reversible reduction waves that correspond to the 

sequential formation of the mono and dianion as shown in Figure 3.2.  By using ferrocene as 

an internal standard, a correlation between the reduction potentials of the PTCDI-Br2-C18 and 

their LUMO energies were calculated by using ELUMO = −[Ered − E1/2( ferrocene) + 4.8] eV and 

EHOMO = [ELUMO − Eg ]eV  energies.20  Where Eg is the optical band gap determined from the 

UV-Visible absorption maximum. The calculated ELUMO and EHOMO values are – 3.73 eV and 

– 6.09 eV respectively. The UV–Visible absorption of PTCDI-Br2-C18 in chloroform solution 

is shown in the inset of Figure 3.2. The experimental band gap calculated from UV-Visible 

absorption maximum is 2.36 eV, which is comparable with theoretical value. 

 

Figure 3.2. (a) UV-Visible absorption spectrum of the PTCDI-Br2-C18 molecule was collected using chloroform 

as solvent. (b) Cyclic voltammogram of the PTCDI-Br2-C18 molecule performed in acetonitrile solution. 

3.2.2. Device Fabrication  

Two sets of OFETs were fabricated using bilayer dielectric materials containing PMMA 

(Sigma-Aldrich, Mw=5,50,000 gram/mole) and anodized alumina (Al2O3) to find out the effect 

of individual layer thickness on VTh and µ of the OFETs. In first set, Al2O3 layer thickness was 

kept constant with varying PMMA layer thickness. Whereas, in case of other set, PMMA layer 

thickness was kept constant with varying Al2O3 layer thickness. These devices were fabricated 

on the glass substrates.   
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Figure 3.3. Schematic illustration of typical OFET device structures using (a) 300 nm SiO2 as dielectric layer (b) 

Al2O3/PMMA bilayer as gate dielectric. In both the cases it contains ~50 nm thick PTCDI-Br2-C18 as the active 

channel layer. Silver used as source drain contact material. 

Figure 3.3 (a) & 3.3 (b) show the typical design of OFETs using SiO2 and bilayer dielectrics 

of Al2O3 and PMMA, respectively. SiO2 is a commonly used gate dielectric material for the 

fabrication of OFETs. Highly doped p-type Si(100) wafers (< 0.005 Ω cm) with thermally 

grown 300 nm SiO2 as dielectric layer were used for the fabrication of another set of OFETs 

to compare with devices fabricated with bilayer dielectric. Aluminum (Al) films were 

deposited through shadow mask by thermal evaporation under high vacuum < 10– 6  mbar onto 

the pre-cleaned glass slides as the gate electrode. In order to grow anodic dense Al2O3 gate 

dielectric a section of Al film was anodized. Thin films of PMMA were spun from a solution 

in anisole (Sigma-Aldrich) onto the anodized Al2O3 layer. The thickness of this layer was 

varied between 25-200 nm by changing the concentration of the solution. The spinning speed 

and time was maintained at 3000 rpm and 60 sec for all the cases, respectively. Samples were 

dried in a vacuum oven for 60 min at 120°C to remove residual solvents and water. The 

capacitance measurements on metal-insulator-metal (MIM) systems were carried out at 1kHz-

10MHz with 30 mV modulation voltage by a Keithley 4200 SCS. PTCDI-Br2-C18 thin films 

of ~50 nm thickness was deposited at 50°C substrate temperature by using thermal evaporation 

at a deposition rate of 0.2 Å/sec under base pressure 3×10−6 mbar. The morphologies of these 

organic semiconductor thin films were characterized by atomic force microscopy (AFM) 

(Agilent 5500 AFM/SPM microscope) in tapping mode.  

TH-1407_10615305



 

 

 

Bilayer gate dielectric system for the fabrication of OFETs 53 

Silver source and drain electrodes were grown using thermal evaporation by a shadow mask. 

The typical channel length (L) of the devices was 25 µm and channel width (W) was about 750 

µm with width/length (W/L) as 30. The electrical characteristics of OFET devices were carried 

out at room temperature in dark under high vacuum using a Keithley 4200-SCS semiconductor 

parameter analyzer and a probe station (Lake Shore, <1×10– 4 mbar) immediately after the 

devices were fabricated. The key device parameters such as µ, Ion/Ioff, and VTh were calculated. 

All the data listed in the chapter are average values of at least 10 devices on each of the samples. 

3.3. Results and Discussion 

3.3.1. Morphology of Anodized Alumina and PMMA Layers 

The surface morphology of the dielectric layers can relate the density of the trap states at the 

interface. Smooth surfaces with minimum grain boundaries produce less trap density. The 

surface morphology was investigated by AFM. AFM imaging of thin evaporated Al films 

allowed us to observe the topography to estimate the grain size and roughness. The surface 

morphology of the patterned aluminum surface deposited on the glass slide was shown in 

Figure 3.4 (a). A compact smooth grainy surface structure with well-defined individual grains 

is observed. The root mean square (rms) surface roughness (σrms) was found to be 3.24 nm. 

Figure 3.4 (b & c) shows the typical surface morphology of 10 nm and 130 nm Al2O3 layer 

grown using anodization technique, respectively. The 10 nm Al2O3 film have spherical or oval 

shape grains and are almost uniform in size. The films produced at higher anodization voltage 

(130 nm Al2O3) exhibit single outgrowths (hillocks) protruding out from the film surface. The 

size of the hillocks increases with an increase in the anodization voltage. The roughness of Al 

surface (σrms= 3.25 nm) is relatively lower than the roughness of 10 nm Al2O3 (σrms= 4.66 nm) 

and 130 nm Al2O3 (σrms= 9.78 nm) surfaces. Thinner Al2O3 layer is expected to form higher 

interface charge density than SiO2 layer of same thickness due to its higher dielectric constant 

(~k=10) compared to SiO2 (~3.9). However, leakage current in case of the thinner Al2O3 film 

is high and also the capacitive coupling between Al2O3 layer and semiconducting channel 

would be poor. In order to improve this, we have used bilayer dielectric by growing a thin 

PMMA layer on top of Al2O3. However, the thicknesses of both the layers have been optimized 

in order to achieve lower leakage current with a minimum surface roughness. In order to 

achieve a better capacitive coupling between the channel and the gate through the dielectric 
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layer, surface roughness of the PMMA layer ought to be smaller. This not only increases the 

carrier mobility but also decreases the threshold voltage of the device operation by reducing 

the interface trap density. 

 

Figure 3.4. AFM images of (a) Aluminium deposited on glass slide (b) 10 nm anodized Al2O3 dielectric layer 

surfaces (c) 130 nm anodized Al2O3 dielectric layer surface.  

 

Figure 3.5. AFM images of (a) SiO2 surface (b) 100 nm PMMA deposited on 10 nm anodized Al2O3 dielectric 

layer surfaces (c) 100 nm PMMA deposited on 130 nm anodized Al2O3 dielectric layer surface.  

We have spin coated 100 nm PMMA on the anodized alumina substrates and observed that the 

roughness of the PMMA layer depends on the thickness of the Al2O3 layer. Figure 3.5 (a) 

shows the AFM topography image of the thermally grown 300 nm SiO2 surface with σrms= 

0.76 nm.21 Figure 3.5 (b & c) show the surface morphologies of 100 nm PMMA layer grown 

on 10 nm and 130 nm thick Al2O3, respectively. The rms roughness of PMMA surface 

deposited on 10 nm Al2O3 is 0.16 nm as shown in Figure 3.5 (b), which is forming a smooth 

surface than the 300 nm SiO2. The rms roughness was increased to 1.29 nm while the thickness 

of the Al2O3 layer increased to 130 nm as shown in Figure 3.5 (c). 
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3.3.2. Leakage Current and Capacitance Measurement 

With an aim to optimize thickness of the individual dielectric layers to achieve higher µ with 

lower VTh, we have studied the effect of layer thickness on the capacitance and the leakage 

current in a bilayer dielectrics. The leakage current in OFETs, is defined as the current across 

the gate dielectric film from the gate electrode to drain electrode.22 The leakage current 

strongly depends on the quality and thickness of the dielectric layer. Figure 3.6 shows the 

variation of leakage current and capacitance through the bilayer of Al2O3 and PMMA, while 

varying the thickness of each individual layer.  

 

Figure 3.6. (a) Leakage current and (b) capacitance variation with the thickness of Al2O3 layer and keeping 

PMMA layer thickness constant at 100 nm. (c) Leakage current and (d) capacitance variation with the thickness 

of PMMA layer and keeping Al2O3 layer thickness constant at 10 nm. 10 nm Al2O3 and 100 nm PMMA are the 

suitable thicknesses for the fabrication of OFETs with low leakage current and high capacitance. 

In the first case, we fixed the thickness of PMMA layer to 100 nm and then varied the thickness 

of Al2O3 layer as shown in Figure 3.6(a) and 3.6(b). We observed a minimum leakage current 

of ~10– 9A at the thickness of 10 nm Al2O3 including 100 nm PMMA layer and also observed 

a reasonably higher capacitance from the combined layer dielectric system. In the second case, 

we fixed the thickness of the Al2O3 layer as 10 nm and then we varied the thickness of the 

PMMA layer from 25-200 nm. We measured the leakage current (Figure 3.6(c)) and the 

capacitance from the combination layer (Figure 3.6(d)), as before. This revealed that the 
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minimum thickness of 100 nm PMMA layer along with 10 nm Al2O3 gives leakage current of 

about ~10– 9 A. Higher capacitance of the dielectric layer with a minimum leakage current is 

desirable for the fabrication of an OFET. It is to be noted that in order to achieve about ~10– 

9A leakage current without Al2O3 layer, we need to use a PMMA or PVA layer of about ~1µm 

thick.   

3.3.3. Morphology of PTCDI-Br2-C18 Molecule 

 

Figure 3.7. AFM images of PTCDI-Br2-C18 thin films deposited on (a) SiO2 surface (b) PMMA (100 

nm)/Al2O3(10 nm)/Al surfaces and (c) PMMA (100 nm)/Al2O3(130 nm)/Al surface. On SiO2 dielectric surface 

the molecule forming the spherical grains. 

PTCDI-Br2-C18 films were grown using thermal evaporation technique on top of the SiO2 and 

PMMA surfaces. It is apparent from the AFM images that there is a clear formation of large 

compact grains of PTCDI-Br2-C18 on the SiO2 surface as shown in Figure 3.7 (a). The average 

grain size was found to be 100 nm with rms roughness 6.76 nm. Figure 3.7 (b & c) shows the 

PTCDI-Br2-C18 molecule deposited on PMMA/10 nm Al2O3 and PMMA/100 nm Al2O3 

dielectric surfaces. The average size of the grains decreases with the roughness of PMMA 

films, which essentially depends on the surface morphology of the Al2O3 layer. On the other 

hand it was observed that the rms roughness of these surfaces also increases from 2.14 nm to 

4.25 nm, respectively.  

3.3.4. Electrical Characterization of the OFET Devices 

Figure 3.8 (a) and 3.8 (b) show a typical output and transfer characteristics curves obtained 

from the OFETs fabricated on 300 nm thermally grown SiO2 silicon wafers. The device 
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exhibits the well behaved linear and saturation regions as shown in the output curves. The 

operating voltage was found to be 30V with a maximum drain current was 30 nA as shown in 

Figure 3.8 (a). We have obtained the carrier mobility of 0.0054 cm2/Vs, VTh=8.7 V, S=2.3 

V/decade and Ion/Ioff=104. In addition to high VTh, the OFETs are show huge hysteresis. In order 

to understand the effect of Al2O3 layer on the device performances, we have fabricated OFETs 

varying the thickness of Al2O3 layer from 5 nm to 130 nm keeping the thickness of PMMA 

layer constant to 100 nm for all the devices. Figure 3.8 (c) and 3.8 (d) show the typical output 

and transfer characteristics curves obtained from OFETs designed with dielectric layer 

containing 10 nm thick Al2O3 along with 100 nm PMMA on top. For these devices, we have 

obtained VTh = 0.82 V, sub-threshold voltage S=270 mV/decade and Ion/Ioff =104. Figure 3.8 

(e) and 3.8 (f) show output and transfer characteristics curves for the devices designed with 

dielectric layer containing 130 nm Al2O3 along with 100 nm PMMA layer on top. In this case 

VTh and S increased to 1.8 V and 810 mV/decade, respectively. However, Ion/Ioff ratio decreased 

to 103. All the bilayer dielectric OFETs showed almost nil hysteresis as depicted in Figure 3.8 

(c-f). It is interesting to note that the µ lin and µsat obtained from different OFETs remains 

unaltered by the thickness variation of Al2O3 layers. In the bilayer dielectric based OFETs the 

operating voltage was reduced to 5V, which is six times lesser than the SiO2 device. This may 

be due to the high capacitance and low leakage current of the bilayer dielectric system. The 

high capacitance induces more charges in accumulation region, that leads to increase in the 

mobility and decrease in the operating voltage. The average field-effect carrier mobility 

extracted from the saturation region with (VDS~ 5V, VGS ~ 5V) for all the OFETs is about 0.040 

cm2/Vs and it is 0.036 cm2/Vs extracted in the linear region with (VDS ~ 1V, VGS ~ 1V), which 

is ~8 times higher than the SiO2 device fabricated under the same conditions. Table 3.1 displays 

all the parameters of the devices. The devices with 100 nm PMMA and 10 or 25 nm Al2O3 are 

exhibited highest IDS on off ratio. The VTh and S are increased with the increase of Al2O3 

thickness with constant 100 nm PMMA thickness. We have observed the reduction of VTh from 

1.8 V to 0.8 V without compromising carrier mobility.   
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Figure 3.8. (a) Output and (b) transfer characteristic curves of OFETs fabricated using bilayer PMMA (100 

nm)/Al2O3 (10 nm) as dielectric. (c) Output and (d) transfer characteristics curves of OFET fabricated using 

bilayer PMMA (100 nm)/Al2O3 (130 nm) as dielectric. The device fabricated on SiO2 showed the hysteresis, 

whereas PMMA/Al2O3 device does not. The operating voltage was decreased by 6 times on PMMA/Al2O3 

dielectric compared to SiO2 device. The IDS also increased by 8 times. 
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Table 3.1. List of calculated parameters of the devices fabricated using SiO2 and different thickness of bilayer 

dielectric materials. t is the thickness of the total dielectric material, µ is the field-effect carrier mobility, VTh is 

the threshold voltage, S is the sub threshold slope and Ntrap is the interface trap density. 

 

3.3.5. Gate–Field Independent Mobility 

While a VGS is applied to the gate electrode, an electric field is generated across the gate 

dielectric layer. This field is called gate–field (E=VGS/d, where d is the thickness of the total 

dielectric layer) depends on the voltage applied at the gate and the thickness of the dielectric 

layer. As a result, charge carriers are induced in the accumulation layer. Higher capacitance of 

the dielectric layer with a minimum leakage current is desirable for the fabrication of an OFET 

with higher carrier mobility. Figure 3.9 (a) shows the variation of carrier mobility extracted 

from linear and saturation regions for all the devices with respect to different gate– field 

calculated from Al2O3 layer thickness and gate voltage. The linear dependency with zero slopes 

confirms that the carrier mobility is independent of the gate– field. In general, the field– effect 

carrier mobility increases with the gate– field due to the increased carrier concentration in the 

channel.23,24 At low carrier concentration, the electrons are trapped in the localized interface 

states. These trap states are filled as carrier concentration increases due to increase in gate– 

field, until the entire trap states become full. Additional mobile carriers can then move through 

the semiconductor with the mobility not reduced by the trap scatterings. In such case, the 

carrier mobility does not depend on gate–field. An increase in VGS results in an increase in 

gate–field and carrier concentration in the accumulation region. For a fixed VGS and the 

dielectric materials, the carrier concentration depends on layer thickness. We have observed 

no variation in carrier mobility with the dielectric layer thickness. This means, localized states 

S.NO Transistors t (nm) µ (cm2/V s) VTh(V) S (V/decade) Ntrap (/cm2) Ion/Ioff×104 

1 SiO2/p++-Si 300 5.4±1.1×10-3 8.7±0.82 2.3±0.3 2.59×1012 0.61 

2 PMMA(100)/Al2O3(0)/Al 100 - - - - - 

3 PMMA(100)/Al2O3(5)/Al 105 3.7±0.3×10-2 0.53±0.04 0.12±0.02 1.78×1011 0.73 

4 PMMA(100)/Al2O3(10)/Al 110 4.1±0.2×10-2 0.82±0.05 0.27±0.03 5.12×1011 2.6 

5 PMMA(100)/Al2O3(25)/Al 125 4.3±0.1×10-2 1.09±0.05 0.40±0.03 9.39×1011 6.5 

6 PMMA(100)/Al2O3(50)/Al 150 3.9±0.2×10-2 1.57±0.13 0.83±0.12 1.97×1012 0.2 

7 PMMA(100)/Al2O3(100)/Al 200 3.9±0.5×10-2 1.71±0.11 0.76±0.14 1.59×1012 0.16 

8 PMMA(100)/Al2O3(130)/Al 230 3.8±0.2×10-2 1.82±0.07 0.81±0.21 1.54×1012 0.15 

9 PMMA(150)/Al2O3(10)/Al 160 2.8±0.4×10-2 2.42±0.09 1.52±0.38 2.84×1012 0.32 

10 PMMA(200)/Al2O3(10)/Al 210 2.2±0.5×10-2 3.31±0.11 1.81±0.21 5.96×1012 0.28 
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at the interfaces are already full with the carriers even at a very low VGS, and gate–field cannot 

modulate carrier mobility beyond such small VGS.  

 

Figure 3.9. (a) Variation of linear and saturation mobility with respect to gate–field. (b) Schematic energy–level 

diagram of n–channel OFET. The arrows indicate the movement of electrons (e– ). The electron injection barrier 

(∆E) is indicated. Ev and Ef represents the vacuum level and Fermi level of the Al contact. Trap states below 

LUMO level are indicated. 

Figure 3.9 (b) shows the energy level diagram for a typical OFET. The energy difference 

between LUMO and Fermi energy of Ag contact is about 0.50 eV. Initially the Fermi level is 

positioned at 0.50 eV below LUMO energy. With an increase in E at a fixed VDS, the carriers 

are injected from the metallic contacts to fill localized trap states associated with the impurities 

and interface states whose energies are bellow LUMO energy as shown in the Figure 3.9 (b). 

MTR model is widely used to model the VGS dependent mobility.25 The model has been 

successfully used for OFETs fabricated using the monomer and polymers.26 In those cases, the 

carrier mobility initially increases with VGS  up to certain voltage and then saturates. This model 

is still valid in our case. We have varied E by varying the thickness of the dielectric layer for 

a fixed VGS. However, no variation of mobility is observed. Gate–field independent mobility 

in OFETs suggests that the charge transport in these structures does not require thermal 

activation to the mobility edge and the mobile field–induced carriers occupy gap states within 

LUMO bands before it approaches to VTh. While comparing the performance of OFETs 

designed on SiO2 dielectric layers, we have obtained the carrier mobility is an order of 

magnitude less than OFETs designed with bilayer dielectrics.  
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3.3.6. Variation of Device Parameters and Trap Density 

The key parameters of OFETs such as VTh, sub–threshold voltage swing (S), and Ion/Ioff current 

ratio are influenced by the presence of the traps at the interface between the semiconductor 

film and the gate dielectric layer. While reducing the thickness of the dielectric layer, the 

interface roughness between the semiconductor channel and the dielectric layer will reduces. 

Therefore, the density of trap states at the interface is also decreased, and we observed 

reduction of VTh. Therefore, we define NTrap as a density of traps states at the interface. The 

maximum NTrap can be obtained by the equation defined in the equation 1.13.27 Figure 3.10 

shows the variation of the S, VTh and NTrap with the variation of the thickness of the dielectric 

material.  

 

Figure 3.10. Variation of (a) interface trap density (b) threshold voltage (c) sub–threshold voltage with Al2O3 

thickness and 100 nm PMMA layer. 

The value of NTrap, for the devices fabricated with SiO2 dielectric layer is 2.59×1012 /cm2. This 

is comparable with the value NTrap=1.54×1012 /cm2 obtained from the devices fabricated with 
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the PMMA (100 nm)/Al2O3(130 nm) dielectric material. However, NTrap calculated for the 

devices fabricated with PMMA(100 nm)/Al2O3(10 nm) gate dielectric is increased to 

5.96×1011 /cm2. This reduction can be attributed to the decrease in surface roughness of the 

PTCDI-Br2-C18 thin film grown on the PMMA (100 nm)/Al2O3(10 nm) compared to PMMA 

(100 nm)/Al2O3 (130 nm) gate dielectrics as shown in the AFM images in Figure 3.7 (b) and 

3.7 (c). Figure 3.10 (a & b) shows the variation of VTh and NTrap with the thickness of the 

dielectric layer. In this case, we have only varied the thickness of the Al2O3 layer together with 

100 nm PMMA layer, which was kept constant. We have observed a systematic reduction of 

the VTh and NTrap as we decrease the thickness of the Al2O3 layer. This confirms the reduction 

of interface states with the roughness decreases. Similarly, the reduction in the S was also 

observed with the thickness of the film as shown in Figure 3.10 (c). 

3.4. Device Fabrication using CuPc as the Active Material 

Till now, we studied the effect of thickness of the bilayer dielectric layer on the performance 

of the device using n– type organic semiconductor. We optimized the bilayer thickness for the 

better performance of the device at 100 nm PMMA and 10 nm Al2O3, which can provide low 

leakage current and high capacitance. In order to know whether these estimated dielectric 

thicknesses holds good for p-type semiconductors or not, we fabricated OFETs using CuPc as 

organic semiconductor. The ~60 nm thick CuPc film was deposited on the dielectric material 

at a substrate temperature of 80°C. CuPc has a HOMO level at ~5.3 eV, which is close to the 

Fermi level of the copper (Cu), and Cu is known to be used as a hole injection–electrode.28-29 

The fabricated devices were characterized under vacuum conditions in an optically isolated 

Lake–Shore probe station to minimize the photocurrent. Interestingly, we obtained superior 

OFET characteristics for the optimized device structure (100 nm PMMA and 10 nm Al2O3). 

Figure 3.11 (a) shows the schematic diagram of device structure with bilayer dielectric material 

and CuPc. The surface morphology of the CuPc deposited on bilayer dielectric material is 

shown in Figure 3.11 (b). The CuPc film exhibits a granular structure with slightly ellipsoidal 

grains of approximately 100 nm length along the long axis.  Figure 3.11 (c & d) shows the 

output and transfer characteristic curves collected under vacuum conditions. The device 

exhibited good ohmic behavior at low voltages and well behaved linear and saturation regions 
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as shown in Figure 3.11 (c). The negative VGS is consistent with the hole accumulation. The 

hole saturation mobility of the device was calculated to be 0.004 cm2/Vs with VTh= – 2.4 V. 

 

 

Figure 3.11. (a) Schematic illustration of the device fabricated with CuPc  (b) CuPc deposited on  bilayer PMMA 

(100 nm)/Al2O3 (10 nm) as dielectric, (c) Output characteristics curves and (d) transfer characteristics curves of 

OFET. 

3.5. Stability of the OFET Device: Bias–Stress Effect 

To find out the stability of the material, we performed the bias-stress measurement by applying 

constant value of VGS and VDS for the PTCDI–Br2–C18 and CuPc based devices. The IDS decay 

was high in the case of PTCDI–Br2–C18/SiO2 compared to bilayer dielectric material as shown 

in Figure 3.12 (a). In SiO2, the Si–OH groups (silonol) on the surface will act as electron traps 

and degrade the performance of the device under long-term bias-stress measurement. In the 

case of bilayer dielectric material, the interface traps are very low as calculated in the previous 

section, inducing less degradation in the device under the bias–stress as shown in the Figure 
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3.12 (a).  Figure 3.12 (b) shows the bias-stress measurement of the CuPc based device 

fabricated using the optimized structure. The decay of the IDS is only 30% after one hour of 

bias-stress, where as it was 50% in the case of PTCDI–Br2–C18 same dielectric material in 

addition to that, devices with CuPc active layer shown appreciable environmental stability. 

OFETs with CuPc are more reliable even after treating with ambient for several days but the 

devices with PTCDI-Br2-C18 were completely degraded. Nevertheless, CuPc is a stable 

material and it can form closely compacted morphology as compared to PTCDI-Br2-C18. 

Because of these merits, we further used CuPc molecule to study the performance of the 

devices under different environmental conditions with the tri-layer gate dielectric system and 

those studies have been embedded in the remaining chapters. 

 

Figure 3.12. (a) Bias-stress measurement of the device with PTCDI–Br2–C18 and different dielectric materials. 

VGS=VDS=5V for bilayer, VGS=VDS=30V for SiO2.  (b) Bias-stress measurement of CuPc device with optimized 

100 nm PMMA and 10 nm Al2O3 bilayer as dielectric materials at VGS=VDS=– 7V. 

3.6. Summary and Conclusions 

PTCDI–Br2–C18 molecule was synthesized and used for the fabrication of OFETs. We have 

used a bilayer dielectric material containing PMMA and Al2O3 in the OFETs. An improved 

transistor performance with respect to operating voltage and mobility is obtained if PMMA is 

used as a passivation layer for the electrochemically grown aluminum oxide dielectric layer. 

In order to achieve the highest carrier mobility with lower VTh, we have optimized the thickness 

of the individual layer thickness of the dielectric layer. The thickness of the dielectric layer 
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essentially controls the roughness of the film. This influences the interface states and increases 

with dielectric layer thickness. Devices fabricated with dielectric layer of PMMA(100 

nm)/Al2O3(10 nm) were found to have higher field– effect mobility (~0.040 cm2/Vs) and lower 

VTh (~0.82 V). In addition, we have observed that the carrier mobility does not depend on the 

thickness of the dielectric layer. This has been attributed to the interfaces trap states, which are 

completely filled at the gate field below threshold voltages. Therefore, the charge carrier 

scattering by the trap states does not affect the carrier mobility in the linear and the saturation 

region of the OFET operation. Our measurements also demonstrated a way to determine the 

thicknesses of the dielectric layers for better processing conditions of OFETs. We also 

fabricated the CuPc devices with the optimized device geometry and device characteristics are 

greatly enhanced than n-type molecule based OFETs. 
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Chapter 4 

 

Effect of Inner Layer in Tri-Layer Gate 

Dielectric System on the Performance 

of the OFETs 

 

4.1. Introduction 

The active performance of OFETs mainly depends on the nature of the organic semiconductor 

and on the polarity of organic/dielectric interface.1 In addition, a dielectric system plays a 

crucial role to determine the operational stability of the OFET. The stability of the drain current 

(IDS) during continuous operation is typically limited by the time-dependent trapping of 

accumulated charges into localized defect states in the semiconductor/dielectric interface. SiO2 

is a promising inorganic dielectric material used for the fabrication of OFET because of its 
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high electrical strength and compatibility with silicon based microelectronic devices.2 

However, various polymers have been investigated as gate dielectric materials in OFETs due 

to their low cost and easy processing conditions. Such materials include poly(vinyl 

alcohol)(PVA),3-4 poly(vinyl phenol)(PVP),5 polystyrene (PS),6 benzocyclobutene (BCB)7 and 

poly(methyl methacralate) (PMMA).8  Nevertheless, these polymer thin films generate high 

leakage current because of their low resistivity and low dielectric constant. In order to 

overcome the leakage currents one must use relatively thick polymer film, that results in to a 

low field-effect mobility and large threshold voltage. Most of the researchers have introduced 

the cross-linked polymers, bilayer organic/organic and organic/inorganic dielectric systems to 

resolve this issue and for improved performance of the OFETs.9-12 Among all polymer gate 

insulators, PVA is a promising candidate due to its high dielectric constant (k=9), smooth film 

forming capability13 and good resistive to most of the organic solvents.14  On the other hand, 

the PVA-based OFETs have been suffering from the relatively lower field-effect mobility and 

large hysteresis.15 This may be due to polar interface in the vicinity of the conducting channel 

and massive –OH functional groups in the PVA surface and bulk, that can easily capture 

moistures.16  Furthermore, PMMA contains hydrophobic methyl radical groups(–CH3),14 

which plays a role as moisture inhibitors, as well as encouraging good ordering of the active 

organic layer as it is deposited on the surface. Therefore, very often multilayer dielectric 

systems contains two or more polymer dielectric materials are being used with a hydrophobic 

layer as top layer. For instance, She et al. used bilayer dielectric systems which contain PVA 

as bottom layer and PMMA, PS, PVN as the top layer.17 They studied that the performance of 

the OFET mainly depends on the top polymer layer. In this chapter we studied the effect of 

bottom layer on performance of the OFET. 

However, the organic dielectric materials are very sensitive to the ambient conditions which 

effect the performance of the device during the operation. Therefore, the devices based on the 

polymer dielectric systems showed less stability under such conditions. Mainly, presence of –

OH groups in the dielectric layer will destabilize the performance of the devices due to 

adsorbed water molecules from ambient.4, 18 In this aspect, various research groups put the 

efforts in order to reduce the density of the –OH groups present in the polymer dielectric 

layers.19-20 Nevertheless, it was also reported that the devices shows huge hysteresis due to 

slow polarization of –OH groups.21-22 
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In this chapter, we report the exploitation of –OH functional groups present in the dielectric 

layer to enhance the carrier mobility and the stability of the OFETs. We have used a tri-layer 

dielectric system which consists of a polar layer sandwiched between a hydrophobic polymer 

layer and a high-k inorganic metal oxide (Al2O3) layer. There are two important reasons behind 

the choosing of an inorganic high-k dielectric layer, to overcome the leakage currents and to 

minimize the thickness of the polymer dielectric layers. When hydrophilic dielectric layer is 

separated from a semiconducting channel by a non-polar dielectric, the adsorbed water 

molecules do not come into direct contact with the –OH functional groups. Water molecules 

remain at the interface of semiconductor and hydrophobic dielectric layer. These water 

molecules are also polarized due to applied gate voltage and interact with the –OH functional 

groups through the non-polar layer. Additional charge accumulation was normally observed 

due to dipole polarization.23  In the presence of water molecules, –OH functional groups will 

be polarized much faster rate than before, resulting in enhanced device stability with almost 

hysteresis free operation. We have established this mechanism for the first time in our OFETs 

fabricated by CuPc as organic p-type semiconducting material. In order to elucidate the 

thorough understanding, we have chosen four distinguished dielectric materials, such as 

PMMA, PVA, PVP and PS. Where PVA or PVP contain polar –OH groups and PMMA and 

PS does not contain –OH groups.10, 17  In the device fabrication, these layers were capped with 

a hydrophobic PMMA layer, which is used to eliminate the migration of water molecule into 

the buried dielectric layer.24  

4.2. Experimental Details 

CuPc is one of the well-studied molecules in the phthalocyanine family, (purchased from 

Sigma-Aldrich) and used as an active material for the fabrication of tri-layer dielectric based 

OFETs. The typical CuPc molecular structure was shown in Figure 2.1 (a), which is about 1.26 

nm. Here, four sets of transistors were fabricated using different polymer based bilayer 

dielectrics, such as PMMA, PMMA/PVA, PMMA/PVP and PMMA/PS in combination with 

anodized Al2O3 on glass substrates. PVA (MW =89000-98000 g/mol), PS (MW =170000 

g/mol), PVP (MW= 25000 g/mol), and PMMA (MW = 5,50,000 g/mol) (Alfa-Aesar) were used 

without further purification. 
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4.2.1.  Preparation of Gate Electrode and Anodization 

Commercially available microscopic glass slides were chosen as the substrates instead of 

silicon wafers to reduce fabrication cost of the devices. The glass slides were sliced using 

diamond pen into 1cm × 2.5 cm sized pieces and cleaned as explained in the section 2.1.3.  A 

‘L’ shaped aluminium film (~200 nm thick) was deposited on the glass slide by thermal 

evaporation using the shadow masks. This aluminium pattern is functioned as the gate 

electrode. The film thickness was measured using surface profilometer. In order to reduce the 

leakage current and to minimize the thickness of the subsequent polymer dielectric layers, an 

Al2O3 ultrathin film was deposited on the Al surface by anodization technique.25-27 The 

complete process of galvanostatic anodization was explained in the section 2.1.6. The detailed 

experimental procedure for optimizing the thickness of Al2O3 and PMMA was discussed in 

chapter 3. 

4.2.2.  Spin-Coating of Polymer Dielectric Layers  

Anodized Al2O3 surfaces were found to be rough with typical rms roughness in the range of 

10 nm-20 nm.26 In order to achieve a smooth interface between gate dielectric and organic 

channel, we have spin-coated PMMA, PVA, PVP, PS layers on the Al2O3 surfaces. A set of 

polymer solutions were prepared by dissolving 30 mg/mL PVA in de-ionized water, 30 mg/mL 

PS in toluene and 30 mg/mL PVP in freshly dried and distilled Tetrahydrofuran (THF). 

Anodized substrates were spin coated by pre-prepared polymer solutions at 3000 rpm for 60 

seconds and annealed at 100 °C for 1h in vacuum oven. The thickness of the individual polymer 

layer was optimized to ~70 nm. Subsequently, all the thin films were spin coated by about 30 

nm thick PMMA film as second layer and vacuum annealed at 100°C for 1 h. The morphology 

of the individual dielectric films was characterized by AFM. The fabricated four sets of devices 

containing tri-layer gate dielectrics system composed of PMMA (30 nm)/X(70 nm)/Al2O3(10 

nm), with layer X  indicating PMMA, PVA, PS and PVP. The corresponding devices are 

named as A, B, C and D devices, respectively. The schematic illustration of the device was 

described in Figure 4.1. 
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4.2.3.  CuPc Molecule and Source/Drain Electrodes Deposition 

High quality CuPc films were deposited on the stack of tri-layer dielectrics by custom-designed 

thermal evaporator, which is equipped with substrate holder, heater and rotator. At first the 

chamber was evacuated to a base pressure of ~10−7 mbar using a turbo molecular pump. CuPc 

molecules were evaporated at 80 °C substrate temperature with a deposition rate of 0.03 

nm/sec. The CuPc deposition rate was probed by a quartz crystal monitor (QCM), which was 

calibrated by a surface profilometer (Veeco Dektak 150) in advance. The fabricated OFETs 

are bottom contact device having CuPc thin film thickness of ~60 nm. The surface morphology 

of the deposited films are characterized by tapping mode AFM. The AFM images were 

processed and analyzed by using Nanotech software package (WSxM 5.0 Develop 7.0).28  

 

Figure 4.1. The schematic shows a typical OFET design with a tri-layer organic-inorganic gate dielectric 

interface. Note: The thickness of each layer is displayed at the right side of the figure. Four separate devices are 

fabricated with different organic dielectrics, such as PMMA/PMMA, PMMA/PVA, PMMA/PS and PMMA/PVP, 

along with the anodized Al2O3 layer. The symbol ‘X’ in the schematic denotes the dielectric layers used for each 

OFET device fabrication. 

A schematic of the OFET that consists of top-contact and bottom-gate geometry is shown in 

Figure 4.1. Copper (Cu) source (S) and drain (D) electrodes were deposited by thermal 

evaporation using shadow masks. The typical channel width (W) and length (L) of the OFETs 

are ~750 µm and 25 µm, respectively. All the measurements were carried out under vacuum 
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(~1×10-4 mbar) as well as under ambient (65% relative humidity (RH)) conditions. OFET 

devices were characterized using a lakeshore probe station interfaced to a Keithley 4200 

semiconductor characterization system (SCS).  

4.3. Results and Discussion 

4.3.1.  Surface Morphology of Aluminium Gate and Alumina 

Figure 4.2 shows a typical AFM topography images of aluminium thin film (gate) deposited 

on a glass slide at room temperatures, before and after anodization. A high-density of Al grains 

have been formed within the Al film as shown in Figure 4.2 (a) having the rms roughness ~3.25 

nm. We have observed an increment in the surface roughness (6.45 nm) and grain size of the 

films after 10 nm anodization, as depicted in the Figure 4.2 (b). The possible reason for the 

increment in the roughness of the top surface might be due to the formation of porous oxide 

layer underlying dense barrier layer during the anodization process.29 The rms roughness of 

the film depends on the formation current density, applied voltage, anodization time and the 

concentration of the electrolyte solution.  

 

Figure 4.2. AFM topography images showing the surface morphology and uniformity of (a) as deposited  

aluminium film (before anodization) on glass substrate (b) 10 nm thick anodized alumina surface (after 

anodization). The surface roughness becomes double after anodization. 

4.3.2.  Surface Morphology of Polymer Dielectric Materials 

Further the morphological features of the polymer dielectric layers were extensively 

characterized by AFM. Figure 4.3 represents the AFM images of various dielectric layers 
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deposited on the anodized aluminium gate electrode substrate.  Note that the motivation behind 

the surface modification of the gate alumina with an organic polymer gate dielectric layer is to 

improve the smoothness of the dielectric surface and reduce the leakage current. That enhances 

the performance of the OFET. Here, we have implemented four dielectric layers named as 

PMMA, PVA, PS and PVP to investigate the surface smoothness and extensive study on the 

effect of inner polymer layer for the improved device performance. The optimized thickness is 

~70 nm in each case. The surface morphology of the PMMA is smooth and uniform having 

the low rms roughness 0.15 nm as shown in Figure 4.3 (a). The PVA surface having the rms 

roughness 0.18 nm was shown in Figure 4.3 (b), which is equal to the PMMA roughness. The 

typical morphology of the PS film was shown in Figure 4.3 (c), which exhibited the pores with 

an average size of 100 nm. The rms roughness of the PS film (0.89 nm) was five times higher 

than the PMMA and PVA films. Such pinholes and pores can increase the leakage current and 

decrease the on-off ratio. As shown in Figure 4.3 (d), the surface morphology of the PVP 

having the rms roughness 1.22 nm, which has the roughness higher than the PS. Highly smooth 

dielectric surface is necessary for the growth of organic molecules. High roughness induce the 

more traps and leads to fast degradation of the device. The roughness of the single polymer 

layers are listed in the Table 4.1. 

As a second polymer layer, a 30 nm thick hydrophobic PMMA layer was spin coated on all 

the films, which made the surface smooth and pin hole free as shown in Figure 4.4. The 

roughness of the PMMA layer deposited on PMMA, PS and PVP were in the range of ~0.4 

nm. But, it was increased on the PVA surface to 0.85 nm as shown in the Figure 4.4 (b). The 

rms roughness of the films are tabulated in Table 4.1. 

Table 4.1. RMS roughness of the single and bilayer dielectric materials 

Single 

polymer 

layer 

rms 

roughness 

Polymer 

Bilayer 

rms 

roughness 

PMMA 0.15 nm PMMA/PMMA 0.30 nm 
PVA 0.18 nm PMMA/PVA 0.85 nm 
PS 0.89 nm PMMA/PS 0.43 nm 
PVP 1.22 nm PMMA/PVP 0.30 nm 
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Figure 4.3. AFM topography images of  various dielectric materials deposited on anodized aluminium gate 

electrode substrates as first polymer layer (a) PMMA (b) PVA  (c) PS and (d) PVP . 

 

 

Figure 4.4. AFM topographic images of PMMA deposited as second polymer layer on (a) PMMA (b) PVA (c) 

PS and (d) PVP single layer dielectric materials deposited on anodized aluminium coated glass substrate. 
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4.3.3.  Surface Morphology of CuPc Deposited on the Dielectric System 

The performance of the OFETs crucially depends on the surface morphology of organic 

semiconductor used as active material. The surface morphology of the active layer depends on 

the surface free energy as well as on the roughness of the dielectric layer.  Figure 4.5 shows a 

typical AFM morphology of 60 nm thick CuPc layer deposited on four different polymer tri-

layer dielectric surfaces. The measured rms roughness values are in the range of 6.22- 8.72 nm 

as shown in the Figure 4.5 (a-d). In all the films it can be seen that the formation of dendritic 

like densely packed CuPc grains. Pinholes and large grain boundaries allow more adsorption 

of gas and water molecules from the ambient air.30 The growth of CuPc on the PMMA/PVA 

dielectric system was highly compacted compared to other surfaces as shown in Figure 4.5 (b). 

 

 

Figure 4.5. AFM topographic images of CuPc deposited on (a) PMMA/PMMA (b) PMMA/PVA (c) PMMA/PS 

and (d) PMMA/PVP bilayer dielectric materials deposited on anodized aluminium coated glass substrate. 
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4.3.4.  Electrical Characterization 

4.3.4.1. Leakage Current and Capacitance Measurement 

Important concerns with gate dielectric materials are the low leakage current and high 

capacitance. These are the basic requirements for the fabrication of low operating voltage and 

high mobility OFET device.  High leakage currents increases the off current and decreases the 

performance of the device. Therefore, prior to the presentation of the transistor characteristics 

leakage current and C-V characteristics of MIM structures are discussed. The leakage current 

and capacitance curves of the four tri-layer dielectric systems are shown in Figure 4.6.  

Figure 4.6 (a) shows the typical leakage current density versus electric field plots of four 

dielectric systems. The leakage current characteristics reveal that, the single layer PMMA 

exhibits high leakage current (~1×10-7 A/cm2) one compared to the PMMA/PVA, PMMA/PS, 

and PMMA/PVP bilayer dielectrics. PMMA/PVA, PMMA/PS, and PMMA/PVP showed an 

excellent insulating property, and their gate leakage current densities are one order of 

magnitude less than the PMMA. The reduction in leakage current is due to the better quality 

of dielectric layers containing different dielectric constants.11 The negative shift in the dip of 

the leakage current is significant due to the existence of interface traps and mismatch between 

the Fermi levels of metal contacts.  

 

Figure 4.6. The characteristics of (a) leakage current density as a function of gate electric field and (b) the 

capacitance density as a function of  frequency of bilayer dielectric capacitors. Note that these measuements were 

carried out in vacuum condition (10-4 mbar).  

Figure 4.6 (b) represents the frequency dependence of capacitance density. Capacitance values 

of the four dielectric materials. PMMA and PMMA/PS dielectrics have exhibited low 
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capacitance compared to PMMA/PVA device (57 nF/cm2). The dielectric constant of the PVA 

is significantly higher than the other dielectrics reported in the literature. Note that the 

capacitance of the dielectric systems has been increased with the applied frequency. The 

capacitance of the all the dielectric systems calculated at 100 kHz frequency are tabulated in 

the Table 4.2. The effective dielectric constants of the four tri-layer dielectric systems are 

calculated to be 3.3, 7.1, 3.1 and 5.6 for PMMA/Al2O3, PMMA/PVA/Al2O3, PMMA/PS/Al2O3 

and PMMA/PVP/Al2O3 dielectric systems, respectively.  

4.3.4.2. Device Characterization under Vacuum Conditions 

Figure 4.7 shows the output and transfer characteristics of the A,B,C and D devices under 

vacuum. The devices show the typical p-type output curves with clear linear and saturation 

behaviours below VDS= -8V  and the device can be operated within -12V as shown in Figure 

4.7 (a,b,c,d). Figure 4.7 (e,f,g,h) shows a typical backward sweep (BS) and forward sweep (FS)  

transfer characteristic curves of the A, B, C and D devices measured under vacuum. We have 

highlighted the procedure for extracting the key device parameters such as µFE, Ion/Ioff , VTh, S 

and NTrap in section 1.3. All the device parameters are listed in the Table 4.2. These parameters 

are the average values of 10 devices on each of the samples, fabricated with common gate 

electrode and independent source/drain electrodes. The transfer characteristics for the devices 

A and C showed almost nil hysteresis as shown in Figure 4.7 (e & g). The corresponding 

threshold voltages for these two devices are −2.89 V and −3.02 V, respectively. On the other 

hand, the devices B and D exhibit pronounced anti-clockwise hysteresis (ACH) with “ON to 

OFF” current higher than “OFF to ON” current, as shown in Figure 4.7 (f & h).  The devices 

with polymer dielectric possessing –OH functional groups (B and D) produced higher ACH. 

In addition, as can be seen from Figure 4.7 (f & h), the devices B and D exhibited a positive 

threshold voltage shift (∆VTh) of 0.93 V and 0.81 V under dual sweeping of the VGS, 

respectively. Such behavior was also reported in case of pentacene FETs with PVP-PMMA as 

dielectric system.31  The device B is exhibited the highest mobility, which is three times higher 

than the others. The highest mobility of B device reveals that the generation of lowest interface 

trap density as compared to other three devices. 
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Figure 4.7. The output and transfer characteristics of OFETs fabricated on a polymer dielectric (a & e) PMMA 

(A device) (b & f) PMMA/PVA (B device)  (c & g) PMMA/PS (C device) (d & h) PMMA/PVP (D device) . All 

the measuremets were carried out under vacuum conditions. 
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Table 4.2. Device properties of all the four OFETs measured under vacuum conditions. Ci is the capacitance per 

unit area, µFE is the field-effect hole mobility, VTh is the threshold voltage, S is the subthreshold voltage and NTrap 

is the interface trap density. FS: Forward sweep, BS: Backward sweep 

Device Dielectric Ci(nF/cm2) µFE××××10-3 

(cm2/Vs) 

VTh(V) S(V/dec) ON/OFF NTrap 

A PMMA 27 1.15 ±0.02 -2.89±0.32 2.194±0.05 3×102 12.8×1012 

B PMMA/PVA 
FS 57 4.83 ±0.03 -4.37±0.24 1.67±0.22 2×102 9.63×1012 

BS 57 3.86 ±0.02 -3.44±0.24 1.67±0.22 2×102 9.63×1012 

C PMMA/PS 25 1.32 ±0.03 -3.02±0.35 2.23±0.14 2×102 13.0×1012 

D PMMA/PVP 
FS 45 1.78 ±0.05 -4.05±0.25 4.47±0.41 9×101 26.4×1012 

BS 45 1.48 ±0.12 -3.24±0.12 4.47±0.41 9×101 26.4×1012 

 

4.3.4.3. Device Characterization under Ambient Humidity Conditions 

The characterization of the OFETs were carried out under ambient air with ~65% RH, to 

investigate the effect of humidified atmosphere on the performance of the devices. Figure 4.8 

showed transfer characteristics of all the four devices measured under ambient condition. The 

devices A and C showed noticeable CH with “OFF to ON” current more than “ON to OFF” 

current as shown in Figure 4.8 (a) and (c). Whereas these devices (A and C) exhibited nil 

hysteresis under vacuum conditions. The measured negative shifts in threshold voltage (∆VTh) 

in these devices are 0.11V and 0.29 V, respectively. Figure 4.8 (b) and (d) shows transfer 

curves of the devices B and D. Interestingly, no hysteresis behavior was observed when 

measured under humidity condition. However, these devices showed huge hysteresis under 

vacuum. We observed substantial enhancement in the performance and parameters of the 

devices under ambient conditions. Most notably, we also observed significant enhancement of 

carrier mobility in these devices when operated under ambient. All the device parameters are 

displayed in Table 4.3. In particular, the device B showed more than three times mobility 

enhancement from 3.85×10-3 cm2/Vs under vacuum to 1.2×10-2 cm2/Vs under humidity 

conditions (Table 4.2 and 4.3). We estimated the average VTh of the devices varying between -

2.5 V and -5 V, S ranges from 1.8-3 V/decade and Ion/Ioff is ~103. The device B exhibited the 

low interface trap density compared to all other devices as shown in Table 4.3. The B 

(PMMA/PVA) devices did not show any degradation in the performance even after exposing 

the device to the ambient for one year. These results are in contrast to the earlier reports, in 
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which the OFETs are reported to exhibit severe hysteresis and degradation under ambient 

conditions.21, 32  

 

Figure 4.8. Evolution of hysteresis in transfer characteristics of OFETs containing polymer dielectric materials  

(a) PMMA (divice A) (b) PMMA/PVA (divice B) (c) PMMA/PS (divice C) (d) PMMA/PVP (divice D)  under 

ambient humidity conditions.  

The decrease in the IDS during BS is often attributed to the charge trapping at the interface.33 

However, an increase in the BS current was observed in devices B and D under vacuum and 

this could be due to any one of the following mechanisms: (1) charge injection from the gate 

electrode, (2) mobile ions in the dielectric, or (3) by the slow polarization of dipoles present in 

the of polymer dielectric.34-35 The possibility of charge injection from gate into the channel is 

very poor in the case of tri-layer dielectric system with high k-materials, which we used for 

the fabrication of these OFET devices. Nevertheless, we have observed similar results on the 

devices fabricated with Si++/SiO2(300 nm)/PVA/PMMA (Figure 4.9), where the possibility 

of charge injection from the gate into the channel  would be negligible due to very high quality 
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and thick SiO2 layer. Figure 4.9 (a) shows the schematic diagram of the device fabricated on 

SiO2 with PMMA and PVA dielectrics. The dielectric material and organic layer depositions 

were performed under similar conditions like device B. Figure 4.9 (b) shows the dual sweep 

transfer characteristic curves measured under vacuum conditions and exhibited the ACH, 

which is exhibited the same kind of behavior like device B.  From this conclusion, we can 

eliminate the mechanism (1),(i.e, charge injection from the gate electrode). 

    Table 4.3. Device parameters of all the four OFETs measured under humidity conditions 

Device Dielectric µFE××××10-3(cm2/Vs) VTh(V) S(V/dec) ON/OFF NTrap 

A PMMA 
FS 2.87 ±0.13 -5.01±0.14 3.05±0.12 2×102 17.9×1012 
BS 1.85 ±0.12 -4.11±0.18 3.05±0.12 2×102 17.9×1012 

B PMMA/PVA 12.21 ±0.31 -3.78±0.23 1.79±0.20 2×103 10.3×1012 

C PMMA/PS 
FS 4.82 ±0.12 -3.52±0.35 2.02±0.14 8×102 11.7×1012 
BS 3.64 ±0.11 -2.54±0.27 2.02±0.14 8×102 11.7×1012 

D PMMA/PVP 3.74 ±0.09 -3.25±0.25 1.83±0.23 1×103 22.3×1012 

 

Mechanism 2 also can be eliminated because both PVA and PVP dielectrics are capped with 

30 nm thick PMMA layer, which can block the diffusion of ions into the interface of 

CuPc/PMMA. Hence, polarization of –OH functional groups possibly be the origin of the ACH 

observed in these devices. The –OH functional groups in the polymer dielectric material act 

like electron traps and the performance of the devices are degraded under long-term operation. 

However, the effect is entirely different when a hydrophobic dielectric layer caps the polar 

dielectric layer. As a result, the –OH functional groups try to orient slowly in the direction of 

the field generated by the applied gate voltage. In this case, the slow polarization of dipoles 

(Mechanism 3) due to gate electric field could be responsible for the observed ACH in the 

devices B and D measured under vacuum. The adsorbed water molecules significantly 

influence the slow polarization of the hydroxyl groups when the polar dielectric layer is capped 

with hydrophobic layer. In order to understand the effect of concentration of water molecule 

at the interface, we have studied the performance of the devices under 40% and 100% RH 

conditions, in addition to 65% RH. Figure 4.10 shows the transfer characteristic curves 

measured under the above two humidity conditions. We have observed the reduction in 

hysteresis at 40% in comparison to the value measured under vacuum. In addition, the ON to 

OFF current is still higher than OFF to ON current as shown in Figure 4.10 (a). 
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Figure 4.9. (a) A schematic of the bottom-gate top-contact OFETs fabricated on thermally grown 300 nm SiO2 

and PMMA/PVA polymer bilayer as the gate dielectric system. (b) Transfer characteristic of the device under 

vacuum condition. 

 
Figure 4.10.Transfer characteristics of the device measured at (a) 40% RH and (b) 100% RH 

The measured hysteresis becomes almost zero at 65% RH as shown in Figure 4.8 (b). We 

observed further increase in hysteresis at 100 % RH. However, in this case, OFF to ON current 

was found to be higher than ON to OFF current at 100% RH. The concentration of water 

molecules at interface of CuPc and PMMA layer are directly related to the RH%. As we 

increase the relative humidity, the concentration of water molecule at the interface increases. 

The effect of water molecules in the polarization of dielectric layer can be explained in terms 

of local field produced by the external field and field produced by the individual dipoles. In 

that case, the depolarizing field, which acts against the electric field produced by the applied 

gate-field, can be written as 
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where, P
uv

 is the average polarization vector and ɛ0 is the permittivity of free space. This field 

diminishes the applied external gate-field ( E
uv

) within the layer. However, local field ( localE
uv

) 

experienced by the individual dipoles within the dielectric layer can be written as.36 
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                                                                          4.2. 

This local field is greater than the applied gate-field. Therefore, individual dipoles experience 

greater force locally that helps it to further get polarized. In addition, water molecules are also 

polar molecules and get polarized immediately under gate-field, because these water molecules 

are free molecules (free dipoles). The local dipole field due to the polarization of water 

molecules enhances the polarization of the –OH groups further. We believe that as a result of 

enhanced polarization of –OH groups in the presence of water molecules, the dielectric 

constant of the materials is enhanced. The CV measurements were carried out on the dielectric 

systems used in this work indeed shows a systematic increase of capacitance of the dielectric 

system with the concentration of water molecules (see Figure 4.11).   

In fact, the Clausius-Mossotti relation for predicting dielectric constant of a dielectric material 

also confirms the enhancement of dielectric constant with the dipole polarization.36 Therefore, 

the polarization of –OH functional groups is enhanced at a faster rate in the presence of water 

molecules at the interface. As a result, the hysteresis decrease with humidity and get 

completely zero at 65% RH. At this humidity condition the adsorbed water molecules fill the 

interface then forming a water dipole layer and the total dipole moment of the water molecule 

is sufficient enough to saturate the polarization of –OH functional groups. Therefore, at 

humidity condition beyond 70% RH, the additional adsorbed water molecules cannot reach the 

interface any more. Consequently, the additional water molecules beyond 70% RH act like 

traps at the semiconductor layer. The observation of higher CH is the signature of trap induced 

effect.33  
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Figure 4.11. Capacitance of the PMMA/PVA/Al2O3 tri-layer dielectric system measured as a function 

of relative humidity. The RH% was varied between vacuum to 100. 

On the other hand, in the absence of capping layer in the dielectric system, the polar dielectric 

layer is exposed to semiconductor channel and the adsorbed water molecules directly interacts 

with the polar –OH functional groups at the interface. Therefore, the polarization of the –OH 

functional groups as a result of applied gate voltage minimizes and destabilizes the 

performance of the devices. In the presence of capped layer, the field induced by the polarized 

–OH functional groups diminishes the applied gate bias. However, the total capacitance of the 

dielectric systems at this condition increases as depicted in the Figure 4.11 which shows the 

variation of capacitance with relative humidity. This confirms that the dielectric constant 

defined by 

C =
kε0A

d
                                                                                 4.3. 

(where k dielectric constant, ε0 as permittivity of the free space, A as cross sectional area and 

d as the thickness of the dielectric system) was increased with relative humidity. If we consider 

that the total thickness of the dielectric system is not changed due to the presence of the 

adsorbed water at the interfaces of semiconductor/PMMA, then the enhanced dielectric 
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constants can be attributed to the enhanced polarization of –OH functional groups due to the 

adsorbed water molecules.  

4.3.4.4. Bias-Stress Effect under Vacuum and Humidity Conditions 

In order to understand the origin of enhanced stability of these devices under ambient 

conditions, we have performed bias-stress measurements on these devices in vacuum as well 

as under ambient conditions. There are several reports, which have demonstrated that the 

moisture is the main cause of bias-stress instability and the hysteresis in OFETs containing 

polymer dielectrics. This is more severe when the polymer contains polar groups, which 

captures water molecules from the moisture. Our results show enhanced stability with 

hysteresis free operation. Figure 4.12 (a) and (b) show a time dependent variation of IDS under 

constant bias-stress (VGS= VDS= –7V) for about 1h under vacuum and humidity, respectively.  

 

Figure 4.12. (a) The temporal evolution of normalized IDS is plotted as a function of bias-stress time. The devices 

were measured under (a) vacuum and (b) ambient with 65% relative humidity condition. In (a) and (b) the solid 

symbols indicates the experimental data and continuous lines corresponding to the fitted data. The devices B and 

D exhibited the anamolous bias-stress  effect under vacuum conditions normal IDS decay under ambient humidity 

conditions. A and C devices are exhibited only IDS decay  in both the conditions. The decay curve was fitted using 

the stretched exponential function and the anamolous bias-stress  was fitted using modified stretched exponential 

function, which was derived in this thesis work. 

Under vacuum conditions: In vacuum as shown in Figure 4.12 (a), the devices B and D 

exhibited an anomalous behavior of IDS with an increase in IDS by about 30‒40% initially and 

followed by decay. On the other hand, the devices A and C exhibited the as usual IDS decay 
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profile under 1h of bias-stress. The decay in IDS during electrical bias-stress is commonly 

related to the charge carrier trapping at the interface of dielectric and organic semiconductors 

channel, or within the bulk of the semiconductor. The normal IDS decay can be expressed with 

a stretched exponential function as:37-38 

0(t) (0) expDS

d

t
I I

β

τ

  
 = − 
   

                                                                 4.4. 

where I0(0) is the drain current at time t=0, β is the stretching or dispersion parameter related 

to the width of the exponential energy distribution of the trapping sites above the valence band 

(HOMO) edge or below the conduction band (LUMO) edge for p-type and n-type 

semiconductors, respectively. The β  value is 0 < β < 1. τd is the characteristic decay time of 

the charge trapping mechanism. Figure 4.12 (a) shows the experimental and fitting curves of 

IDS as a function of bias-stress time under vacuum conditions. The devices A and C exhibited 

the IDS decay were fitted using the stretched exponential function (equation 4.4). The fitting 

parameters are summarized in Table 4.4. The values of β are obtained from the bias-stress 

fitting for the A and C devices are 0.37 and 0.45. The values of τd are 3.9×103 s and 2.1×104 s 

for A and C devices, respectively. These values indicates that the devices fabricated with tri-

layer PMMA/PS/Al2O3 dielectric can effectively reduce the interface traps and increased the 

decay time by one order of magnitude than the devices fabricated with bilayer PMMA/Al2O3. 

This is due to the low leakage current in tri-layer dielectric system than the bilayer 

PMMA/Al2O3 dielectric system. 

In case of B and D devices, the IDS initially increased until certain time and then followed a 

normal decay profile as shown in Figure 4.12 (a). This observation of anomalous bias-stress 

effect under vacuum can be attributed to the slow polarization of the polar dipoles present in 

the polymer dielectric material under applied bias-stress. In case of polar polymers, the 

permanent dipoles (i.e.,–OH functional groups) are strongly  attached to the backbone of the 

polymer chain with an orientation  perpendicular or parallel to the main chain.39 These dipoles 

will orient slowly under the applied electric field with a relaxation time in the range of sec to 

days. Thus, it is expected that the polar part of the polymer, i.e., –OH groups in the PVA and 

PVP are slowly polarized under gate bias. As the polarization increases with time, the aligned 
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dipoles induce additional charges in the accumulation region. Therefore, we observed an 

enhancement of IDS up to a certain time until which the polarization of the dipoles saturates. 

The time required to reach the maximum IDS depends on the value of polarization time constant 

(τp) for the particular dielectric material. However, the current decays due to the traps, as 

observed in case of the devices A and C under vacuum, which did not show any anomalous 

bias-stress effect. Therefore, the induction of additional holes into the interface due to 

polarization of –OH groups and the charge trapping at dielectric/semiconductor interfaces are 

the two competing phenomenon occurring at the same time. As a result, the anomalous 

behavior observed under bias-stress for the devices B and D cannot be simply explained by 

stretched exponential function alone. It is necessary to include the orientation of dipoles with 

respect to time under the continuous gate bias, while calculating IDS. Hence, we modified the 

traditional stretched exponential function used for IDS decay by introducing the polarization 

term. The additional induced current due to the polarization of the dipoles can be considered 

as40-41 

0(t) (0) 1 expDS

p

t
I I

α

τ

     = − −         

                                                  4.5. 

This is called as Koulrasch-William-Watts (KWW) function. In polymers, dipoles are strongly 

bound to the polymer back bone and interact with each other. So, they cannot relax 

exponentially. The relaxation data of the polymers is better represented by william-watts non 

exponential decay KWW function. Dipole orientation and charge trapping are the two 

independent phenomenon. Therefore, the effective IDS can be expressed as,
 

0(t) (0) 1 exp exp
DS

p d

t t
I I

α β

τ τ

             = − − + −                      

               4.6.                   

where α and β represent the dispersion parameters describing the distribution of activation 

energy for the charge induced in the active channel and  charge trapping in the interface. Here, 

τp and τd represent the characteristic time constants for charge induction due to polarization and 

charge trapping at interface, respectively. We used the equation 4.3 for the fitting of anomalous 
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behavior of IDS for the devices B and D. All the fitting parameters are tabulated in the Table 

4.4. The values of α and β values are nearly equal for both B and D devices, which are higher 

than the A and C devices. The high value for B and D devices attributed to the large width of 

exponential energy distribution of the trapping states above the HOMO level. The τp is two 

times higher in the D device compared to B device. τd is same for both the devices. This may 

be due to the slow polarization of  polar dipoles in the PVP compared to PVA dielectric 

material. 

Table 4.4. Summary of fitted parameters under vacuum and ambient conditions using the stretched exponential 

functions: α and β are dispersion parameters, τp, τd are the characteristic times for the polarization and trapping. 

 

 

 

Under ambient conditions: Interestingly, all the devices exhibited normal IDS decay as 

depicted in Figure 4.12 (b) under humidity conditions. The shapes of the curves indicated that 

the rapid IDS decay in the B and D devices in the early stages compared to A and C devices. A 

40% IDS decay was observed in the A device, whereas C and D devices exhibited only 30% 

decay as shown in Figure 4.12 (b). The device B exhibited high stability under ambient 

condition with only 20% decay in the IDS for 1h of bias-stress. This IDS decay most likely 

originated from charge trapping in the interface due to the absorbed water molecules from the 

atmosphere. We used Equation 4.4 for the fitting of the IDS decay measured under ambient. 

The corresponding fitting parameters are displayed in Table 4.4. Higher τd observed for the 

case of PMMA/PS dielectric essentially represents lower trap density. The value of this 

parameter decreased under ambient conditions. This represents the increased traps due to the 

absorption of water molecules. The absorption of water molecules is more in case of polar 

dielectric materials. The value of τp for the device B is less than the device D in vacuum. The 

initial decay in a stretched-exponential formula is strongly coupled to the β value, such that 

smaller β value yields more rapid decays, during the early stages of a current decay. We 

observed that the β value was decreased in ambient compared to vacuum in all the devices. 

Device   Name of  
the dielectric 

α β τp (sec) τd (sec) 

Vacuum Vacuum Ambient Vacuum Vacuum Ambient 

A PMMA - 0.37 0.28 - 3900 4471 
C PMMA/PS - 0.45 0.33 - 21000 16965 
B PMMA/PVA 0.69 0.75 0.14 670 2400 868 
D PMMA/PVP 0.74 0.71 0.16 1400 2700 546 
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Particularly, the β value was decreased significantly in ambient in the B and D devices, due to 

polar nature of the dielectric material.  

Distribution of activation energy: The parameter α represents the distribution of the activation 

energy for polarization (∆Eα), following the relation, ∆Eα = kBT/α and β represents the 

distribution of the activation energy for charge trapping (∆Eβ), following the relation, ∆Eβ = 

kBT/β   where kB is the Boltzmann constant and T is the absolute temperature. All the parameters 

for the distribution of activation energies are tabulated in Table 4.4. We observed a wider 

distribution of activation energy for charge trapping in ambient than vacuum. This indicates 

that the mean barrier height for the charge trapping was increased in the presence of water 

molecules. ∆Eβ value was increased in ambient conditions compared to vacuum. Particularly 

for B and D devices, this value was increased by more than five times under ambient. The 

energy of the trap sites are strongly affected by the absorbed water molecules and this 

absorption depends on the nature of the dielectric material. Here, B and D devices contain –

OH  groups in the inner dielectric material, which can readily interact with the water molecules 

absorbed on the surface form the ambient and influence the interface trap energies.42 We 

observed that the activation energies for polarization (∆Eα) and charge trapping (∆Eβ) are 

nearly equal in vacuum for A and C devices as shown in Table 4.4.  

Table 4.5. Summary of activation energies for charge trapping and dipole polarization under vacuum and ambient 

conditions.  

 

 

 

 

4.3.4.5. Device fabrication using n-type organic molecules 

In order to confirm whether the observed anomalous effect is purely intrinsic behavior of 

dielectric system or not, we have fabricated a set of devices with PTCDI-Br2-C18 molecule as 

channel material, which is purely an n-type organic semiconductor.27 The complete details on 

the synthesis and purification of this molecule were discussed in the chapter 3.  

Device ∆Eα=kBT/α (eV) ∆Eβ=kBT/β (eV) 

Vacuum Vacuum Ambient 

A - 0.069 0.092 
C - 0.057 0.078 
B 0.037  0.034 0.183 
D 0.035 0.036 0.161 
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Figure 4.13. (a) Molecular structure of a PTCDI-Br2-C18 (b) Schematic  diagram of PTCDI-Br2-C18/PMMA 

/PVA/Al2O3 /Al device fabricated on glass substrate with silver source / drain electrodes. 

 

Figure 4.14. Dual sweep transfer characteristics of PTCDI-Br2-C18/PMMA/PVA/Al2O3/Al device under (a) 

vacuum (b) ambient with RH=~70% at VDS=7V. (c) Bias-stress measurement under vacuum and humidity 

conditions. 

Figure 4.13 (a) represents the molecular structure of the PTCDI-Br2-C18 molecule. The 

schematic diagram of the n-channel OFET is shown in Figure 4.13 (b). The devices were 

characterized by application of VDS=VGS= 0 to +10V.  The device exhibited ACH under 

vacuum, whereas CH was observed under humidity conditions as shown in Figure 4.14 (a) and 

(b). We have also observed an anomalous effects in bias-stress measurements as shown in 

Figure 4.14 (c) similar to the device B which is fabricated with CuPc. Based on these results, 

we conclude that the anomalous behaviour of the OFET device is an intrinsic property of the 

dielectric material that is completely independent from the organic semiconductor used for the 

fabrication of the OFET.  
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4.3.4.6. Mechanism of Anomalous Bias-Stress Effect Proposed based on the 

Experimental Evidences 

Based on experimental observations and extensive data analysis, we have proposed a model in 

order to understand the anomalous behavior of hysteresis and bias-stress under vacuum and 

humidity conditions. The model is schematically illustrated in the Figure 4.16. The proposed 

model describes the polarization of –OH groups in PVA and their interaction with absorbed 

water molecules. PVA was reported to consist of permanent polar dipoles (-OH functional 

groups) strongly attached perpendicular to the back bone of the polymer chain with dipole 

moment as shown in Figure 4.15. PVA is a self-associated polymer due to the hydrogen 

bonding interactions formed among their polar groups, which are hydroxyl groups (―OH┄

OH).43 The PVA thin film is hydrophilic because the –OH functional groups cover the whole 

volume completely. So, water can be easily absorbed into the pores of PVA thin film in air due 

to the higher relative humidity. These –OH functional groups may be surrounded by water 

molecules and interact locally at the molecular level in PVA thin film. 

 
Figure 4.15. (a) Chemical structure of the Poly (vinyl alcohol) (b) 3D molecular ball-stick model of the PVA 

with –OH functional groups. The arrow indicates the direction of the dipole moment. Where red balls are the 

oxygen molecules, black balls are carbon and small balls are hydrogen molecules.  

Under vacuum, when no water molecules are present in the devices, the –OH functional groups 

are randomly oriented within PVA or PVP layer with no bias condition, as shown in Figure 

4.16 (a). When the gate bias is switched on, the –OH functional groups begin to orient (Figure 

4.16 (b)) along the gate field direction and the maximum polarization occurs at time τp. During 

the process of dipoles gets aligned along the gate field, they keep on inducing additional 

charges in the accumulation layer. As a result, we observed an increase in drain current, shown 

in Figure 4.12 (a). When the devices were exposed to normal ambient conditions with ~65% 
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RH, water molecules were absorbed and distributed on the semiconductor as well as in the 

channel, as shown in Figure 4.16 (c).  

 

Figure 4.16. (a) Schematic illustration of randomly oriented OH groups in polar dielectric layer (b) partially 

oriented -OH groups due to applied gate voltage in vacuum.  (c) randomly oriented -OH groups with absorbed 

water molecules (d) fully oriented -OH groups due to applied gate voltage in 70% relative humidity and high 

dipole moment of water dipole layer.  

Water is polar molecule and has a dipole moment of 1.84 Debye. Dipole layer with high dipole 

moment will form on the semiconductor surface, because the water molecules “blanket” 

formed on the surface. As the polar dielectric layer was capped with PMMA layer, which is 

hydrophobic in nature, the adsorbed water molecules could not diffuse into PVA or PVP layer 
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and form a layer of water molecules at the interface. However, few water molecules may 

permeate through the pores of PMMA and reach the polar dielectric, but most of them are 

expected to remain at the surface and the interface forming a water dipole layers.44  This dipole 

field interacts with the polar –OH functional groups through the non-polar 30 nm thick PMMA 

layer. As a result, the –OH functional groups are polarized much faster in the presence of water 

as compared to vacuum conditions, where there were no water molecules in the devices. 

Therefore, the induced charges at the accumulation layer are further enhanced, eliminating the 

anomalous effects which are arising due to the slow polarization in the absence of water 

molecules and leading to the increase in drain current. The observed maximum drain current 

increased from 218 nA to 422 nA, when the environmental conditions changes from vacuum 

to ambient in the case of device B. This phenomenological model suggests that the permeated 

water molecules enhanced the hole concentration in the interface and also act as traps. The 

mechanism is schematically illustrated in Figure 4.16. Generally the dipole-dipole interactions 

are long range order up to few nanometers. So these dipoles can interact with the permanent 

dipole which are in the inner layer and can orient them in the field direction. 

4.4. Conclusions 

In summary, we have successfully demonstrated the enhanced OFET performance with high 

operational and environmental stability, when a polar dielectric layer is capped with non-polar 

dielectric layer. We have observed enhanced OFET performance for CuPc molecules under 

ambient condition. The improved performance of the devices has been attributed due to the 

enhanced polarization of –OH functional groups by the polarized water molecules. The 

observed hysteresis and anomalous bias-stress in vacuum for CuPc FETs was explained by the 

slow polarization of the bulk dipoles under applied gate field. In addition, we have introduced 

a polarization term into the stretched exponential decay of IDS, while quantitatively analyzing 

the anomalous bias-stress observed in the absence of water molecules. We proposed a model 

to understand this mechanism based on our experimental results and analysis. Therefore, 

contrary to the existing notion that organic devices generally degrade at ambient conditions, 

we have developed a new concept of stabilizing and enhancing the performance of CuPc FETs 

with PVA or PVP as one of the dielectric layers. These devices not only exhibit high 

environmental stability with hysteresis-free performances but also show a remarkable 
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improvement in several other device parameters such as mobility and long-term operational 

stability. 
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Chapter 5 

 

Effect of Humidity and Ambient Gases 

on the Hysteresis and Bias-Stress of 

OFETs 

5.1. Introduction 

In previous chapter, we discussed about the effect of humidity on the –OH functional groups 

in the device fabricated with the PMMA/PVA/Al2O3 tri-layer dielectric material. In this 

chapter, we studied the effect of relative humidity percentage and ambient gases on the 

hysteresis and bias-stress of the CuPc/PMMA/PVA/Al2O3/Al device (B device in chapter 4). 

Organic electronic devices are quite sensitive to environmental conditions, such as 

temperature, pressure, light, humidity and other gases in the ambient.1-2 OFETs based chemical 

and biosensors have been fabricated by exploiting the high sensitive nature of organic 

semiconducting materials to different volatile gases and biomolecules.3-7 Ambient conditions, 

TH-1407_10615305



 

Chapter 5   102 

in particular oxygen and water molecules in the air, induce charge traps either in the 

semiconductor or at the semiconductor/dielectric interface, leading to degradation of the device 

performance. The use of OFETs is often limited due to lack of stability of the devices in 

ambient conditions. However, the commercial OFET based sensor devices must be highly 

stable within a range of environmental conditions. The effects of humidity on OFET 

performance have been examined and studied previously.8-10 The absorbed water molecules in 

a semiconductor film can interact with the charge carriers and severely degrade the device 

performance at humidity levels exceeding certain relative percentage.5 Conventional methods 

for protecting OFETs from humid conditions involve the use of a passivation layer that covers 

the device and blocks the penetration of water molecules. Since the majority of charge transport 

in OFETs occurs in the vicinity of the semiconductor/gate dielectric interface, controlling the 

access of water molecules to this interface offers an efficient approach to improving the 

environmental stability of OFETs.11  

In addition to humidity, the utility of organic devices has been hindered by the hysteresis 

phenomenon that is frequently observed during device operation.12 When polymer layers were 

used as gate dielectrics, the hysteresis observed during device operation was caused by slow 

polarization of polymer dielectric material or film containing ionic impurities.13 In OFETs 

fabricated with polymer gate dielectrics, the functional groups and polarity of the dielectric 

polymer may be tuned to control the interactions with water molecules, thereby limiting the 

water that is absorbed into the bulk polymer or adsorbed onto the surface. The adsorbed water 

molecules within/on the polymeric layer give rise to permanent dipoles that significantly alter 

the charge-trapping behavior of the OFETs.14-16  In addition to humidity, degradation is often 

attributed to undesired doping of oxygen in the organic molecule.17-18  

In this chapter, we discuss the effect of different relative humidity conditions on hysteresis and 

bias-stress of the B device, which is fabricated in the previous chapter. We have demonstrated 

how the polarization of a polar dielectric layer can be controlled by the concentration of 

adsorbed water molecule, which makes the OFETs highly humidity sensitive. We also studied 

the effect of other gases in the atmosphere on the hysteresis and bias-stress with the intent to 

elucidate the role of other gases on the air stability of OFETs. 
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5.2. Experimental Section  

The fabrication procedure of the CuPc/PMMA/PVA/Al2O3/Al device (B device) is same as 

described in experimental section of chapter 4. Electrical characterization of the OFETs were 

carried out in a lakeshore probe station with different relative humidity (RH) conditions and 

different gases (Ar, O2, N2, vacuum (<1× 10–4 mbar) and dry air (20% O2, 80%N2)). These are 

introduced into the probe station chamber via a leak valve. High purity gas cylinders are used 

for creating measurement environment.  The RH levels were independently monitored by using 

a standard hygrometer. All the capacitance-voltage (C-V) measurements, current–voltage (I–

V) characteristics and bias-stress measurement of OFETs were collected with a Keithley 4200-

SCS semiconductor parameter analyzer with two source measure units (SMUs).  The key 

device parameters such as µFE, Ion/Ioff, and VTh, were extracted using equations for IDS in the 

saturation region as defined in chapter 1. After achieving the vacuum ~10–4 mbar, the chamber 

was filled with the respective gas until the pressure gauge shows the atmospheric pressure.  

5.3. Results and Discussion 

5.3.1. Capacitance Measurement of MIM and MISM Structures 

 

Figure 5.1. (a) Schematic diagrams of MIM and MISM capacitors connected to Keithley instrument (b) 

capacitance recovery under vacuum and ambient air conditions. 

In order to understand the effect of humidity on the performance of the devices, C–V 

measurements were performed under vacuum as well as under ambient condition. The metal-

insulator-metal (MIM) and metal-insulator-semiconductor-metal (MISM) capacitors were 
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fabricated following similar growth condition as OFETs. The schematic diagrams of MIM and 

MISM systems are shown in Figure 5.1 (a). Figure 5.1(b) compares the capacitance in the 

vacuum (Cvac) and ambient conditions (Cair) for both the capacitor systems. In MIM capacitor, 

the capacitance was more than MISM. Compared to Cvac, Cair increased by approximately 3.5% 

under air in both the capacitors. The increase in capacitance under ambient is attributed to the 

enhanced polarization in dielectric material. This may be due to the permeation of water 

molecules into the CuPc/PMMA interface occurring through the grain boundaries in the 

polycrystalline CuPc film. Again after creating the vacuum, the capacitance was restored to its 

initial value measured under vacuum as shown in Figure 5.1(b). This confirms the 

physisorption of adsorbed gas molecules with the organic molecules and polymers. Organic 

layers are not chemically modified as a result of adsorptions. In case of OFETs, the capacitance 

variation would be more since CuPc layer was directly exposed to air within the channel 

compared to MISM systems, where organic layer was capped by metal contacts. 

5.3.2. Effect of  Relative Humidity on Hysteresis 

Hysteresis is the measure of the instability of the device. However, in memory application 

hysteresis is the key device parameter. In order to study the responses of the OFETs and their 

stability under humidity condition, we have carried out systematic study on the response of the 

devices under controlled humidity environment. Figure 5.2 (a-k) represents the dual sweep 

transfer characteristic curves measured under vacuum (~1×10–4 mbar) and at different relative 

humidity (RH) of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%, respectively. 

The devices show significant anti clockwise hysteresis (ACH) under vacuum as shown in 

Figure 5.2 (a). Such variation in hysteresis is unusual and is called as “anomalous hysteresis”.19 

As the humidity increases, the ACH was found to be decreased gradually as shown in Figure 

5.2 (c-f). We observed almost hysteresis free transfer characteristics at 70% RH as shown in 

Figure (h). However, the hysteresis was changed to clock wise hysteresis (CH) when the 

humidity increases beyond 70% to 100% RH. In CH, the forward sweep (FS) current is higher 

than the backward sweep (BS) current, which is observed normally in most of the cases. The 

decrease in IDS during backward sweep is often attributed to the charge carrier trapping at the 

interface.20 The slow polarization of –OH functional groups is the possible origin of the 

observed anomalous hysteresis of these devices. 
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Figure 5.2. The variation of hysterisis of transfer characteristic curves of  CuPc/PMMA/PVA/Al2O3/Al device at 

different relative humidity percentage. (a) to (k) shows the transfer characteristics at vacuum to 100% RH. The 

measurement humidity levels are displayed in the respective figures. The hysteresis was changed from anti 

clockwise hysteresis under vacuum to nil hysteresis and then to severe  clockwise hysteresis at 100% RH. The 

saturation drain current also increased with RH upto 70% RH.  

Hydroxyl groups present in PVA dielectric are highly sensitive to the adsorbed water 

molecules since both –OH functional groups and water molecules are polar in nature. However, 

the polar dielectric layer has been capped with hydrophobic PMMA layer, which protect PVA 

layer form the direct contact with water molecule. Such combination of dielectric system 

transformed the devices having very high stability. In the presence of applied gate-field, the –

OH functional groups are slowly polarized and induce more charges in the accumulation 
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region. As the concentration of water molecules increase, the density of adsorbed water 

molecule at the interface of CuPc/PMMA increases. Due to the applied gate-field, the adsorbed 

water molecules are polarized and generate an extra local field. This additional field further 

enhanced the polarization of permanent dipoles at PVA layer. As a result, the polarization of 

–OH functional groups become much faster than those observed under vacuum. Therefore, the 

hysteresis decreases as relative humidity increases. At 70% RH, we observed no hysteresis. 

This is possibly due to the saturation of adsorbed molecules at the interface and the field 

generated by the water dipoles is sufficient enough to saturate the polarization of hydroxyl 

groups completely. As we further increase the concentration of water molecules, the additional 

water molecules act like traps for the charge carriers at the accumulation layer and therefore, 

the devices start showing CH. However, this time we observed higher forward sweep (FS) 

current than backward sweep (BS) current, which is essentially dominated by charge trapping 

at the interface.  

5.3.3. Effect of Relative Humidity on the Device Parameters 

The responses of the device parameters such as saturation drain current (IDS), field-effect 

carrier mobility, threshold voltage, change in threshold voltage (∆Vth) and on/off ratio on 

relative humidity are summarized in Figure 5.3. We observed an enhanced carrier mobility 

with increasing humidity and reached to the maximum value at around 60% RH as shown in 

Figure 5.3 (a). Under FS and BS, the mobility behaved in the same way. Initially, under 

vacuum the device exhibited low hole mobility 0.004 cm2/Vs and increased to 0.015 cm2/Vs 

at 60-70% RH condition. The enhanced mobility is due to the increased holes density in the 

accumulation region as a result of polarization of –OH functional groups induced by adsorbed 

water molecules. The devices show better performance around 70% RH with no change in VTh 

under FS and BS of voltage as shown in Figure 5.3 (b). Up to 60% RH, FS VTh is higher than 

BS VTh. Beyond 70% RH, FS VTh is lower than BS VTh. Figure 5.3 (c) shows the variation of 

threshold voltage shift (∆VTh) with respect to RH%. Here the ∆VTh is the difference between 

threshold voltage measured in FS and BS of the transfer characteristic curves. The ∆VTh is 

directly related to the interface trap density according to the relation defined in chapter 1 

equation 1.10. The device exhibited low interface trap density at 60-70% RH conditions as 

shown in Figure 5.3 (c). The IDS followed the mobility and opposite to the ∆VTh as shown in 
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the Figure 5.3 (c) right side axis.  However, on/off ratio decreased beyond 70% RH as shown 

in Figure 5.3 (d). This reduction is due to the higher trap density induced by additional adsorbed 

water molecules beyond 70% RH. Such variation of different transistor parameters clearly 

revealed that the performance of the devices is highly sensitive to humidity variations. 

Therefore, the devices were considered for possible fabrication of humidity sensors, which will 

be discussed in chapter 7.  

 

Figure 5.3. Graph of (a) FS mobility and BS mobility (b) FS VTh and BS VTh (c) ∆VTh and IDS (d) current on/off 

ratio with different relative humidity levels. The saturation mobility was increased by four times in both the sweep 

directions when the environment changed from vacuum to 60% RH. The IDS increased from 90 nA to 240 nA and 

then reached 160 nA at 100% RH. 

5.3.4. Floating Gate Measurements under Relative Humidity conditions 

We observed that the IDS was increased in the presence of RH. To confirm whether the IDS 

increase is due to the increase of surface conductivity of CuPc film by absorption of water 

molecules or due to the enhanced polarization of dielectric layer, we measured the floating 

gate measurements in different humidity percentages.  
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As the humidity increases, more H2O molecules stick to the surface and penetrate in to the 

interface thereby the surface conductance will change.21 To find the effect of surface 

conductance of CuPc film by the humidity, we applied -7V to the gate, -7V to the drain, and 

0V to the source by using the probe tips. The on-current of the device was increased from 20 

nA to 70 nA with increasing the humidity from vacuum to 68% RH. The Figure 5.4 depicts 

the decrease of IDS once the gate is floated by detaching the probe tip. The IDS has dropped as 

soon as the probe tip is detached from the gate.22  The decreasing rate of the IDS does not varied 

according to the relative humidity in the air, except an increase in the on current. So the surface 

conductance was remained same for all the humidity levels. From these results, we can 

speculate that the absorbed water molecules does not contributing to the surface conductance 

of the CuPc film. The water molecules are interacting with the polar groups of the dielectric 

material and contributing to the increase of the IDS as humidity increases. 

 

Figure 5.4. Graph of drain current drop at different relative humidity percentages with floating gate at 10 s of 

bias-stress with VGS=VDS=-7V.  

5.3.5. Effect of Relative Humidity on Bias-Stress  

For the application of humidity sensors, it is essential to study the stability of the OFETs under 

different humidity conditions at a constant bias. We have carried out the bias-stress 

measurements as a function of relative humidity. Figure 5.5 (a) shows the time dependent 

variation of normalized drain current (IDS(t)/IDS(0)), where IDS(t) is drain current at time t and 
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IDS(0) is the drain current at t=0, under constant bias-stress with VGS = VDS = –7V for 1 hour at 

different controlled humidity conditions. We observed that normalized IDS was increased 

remarkably initially followed by a normal decay under bias-stress. Such variation under bias-

stress is called as anomalous bias-stress effect. The anomalous bias-stress effects are usually 

observed under vacuum and are reported due to the slow polarization of polar dielectric layer 

by gate-field.23-24 We have observed the anomalous bias-stress effects in the OFETs devices 

within the range from vacuum to 40 % RH. The device exhibited normal bias-stress decay 

beyond 40% RH.  The decay rate was increased with the increase of the RH%. Under vacuum, 

the maximum IDS was increased by 20% and it was further increased to 60% at 20% RH 

conditions. Then it was decreased to 10% at 50% RH and 80% at 100% RH conditions as 

shown in Figure 5.5 (a).   

In order to study this effect quantitatively, we have used the same model to fit the anomalous 

behavior of bias-stress with relative humidity introduced in section 4.3.4.4. The model includes 

increment of current due to the polarization of –OH functional groups and decay of current due 

to traps. Generally, under long-term bias-stress the drain current decays due to trapping of 

charges in the interface of semiconductor/dielectric system and can be expressed with stretched 

exponential function25-26 as explained in the section 4.3.4.4. The appearance of anomalous 

bias-stress effect is due to the slow orientation of polymer dipoles under applied bias-stress. 

Permanent dipoles in polar polymer dielectric materials are strongly attached to the backbone 

of the polymer with an orientation perpendicular or parallel to the main chain.27 These dipoles 

orient slowly under electric field with a relaxation time in the range of sec to days.28 As the 

dipoles orient with the applied field, they generate extra dipole field, which induce additional 

charges (holes) in the accumulation layer. As a result, IDS increases until the polarization 

saturates and then follows regular decay induced by the charge traps. The required time to 

reach the maximum current depends on the polarization relaxation time (τp) for a particular 

dielectric material. For polymers this relaxation time has a range from sec to several days. 

Therefore, the increase in current due to the additional holes induced by the aligned dipoles (–

OH functional groups) and the reduction of current due to charge traps at the interface.  These 

two competing phenomenon occur simultaneously during the operation of the devices under 

vacuum.  
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Figure 5.5. (a) Bias-stress measurement of the device in different humidity levels for 1h. The solid dots indicate 

the experimental data and the continuous solid line indicates the fitting curve using the derived function for IDS in 

different humidity levels. (b) Variation of fitting parameters with relative humidity. 

Table 5.1. Fitting parameters of the bias-stress measurement under different humidity conditions. Here we used 

two equations one is stretched exponential function and modified  stretched exponential function with dipole 

polarization term defined in the chapter 4. α and β represents the dispersion parameters, τ represents the 

characteristic time for decay and dipole polarization. 

Function Used RH 

 (%) 

α β τp  

sec 

τd  

sec 

( ) ( ) 0 0  1
DS

p d

t t
I t I exp exp

α β

τ τ

             = − − + −                

 
0 0.5132 0.8235 825 2557 

10 0.6905 0.7574 680 2374 
20 0.6988 0.6649 522 2309 
30 0.4489 0.7432 77 2280 
40 0.3505 0.7983 15 2092 

( ) ( ) 0 0  
DS

d

t
I t I exp

β

τ

  
 = − 
   

 

50 ---- 0.4713 ---- 17680 
60 ---- 0.3749 ---- 3917 
70 ---- 0.3541 ---- 2150 
80 ---- 0.3257 ---- 1500 
90 ---- 0.2912 ---- 520 

100 ---- 0.2513 ---- 210 
 

The bias-stress and anomalous bias-stress curves observed in the Figure 5.5 (a) are fitted using 

the equations 4.4 and 4.6 defined and derived in chapter 4. The solid dots represents the 

experimental data and continuous lines represent the fitting curve. All the fitting parameters 

are summarized in the Table 5.1. A graph shown in Figure 5.5 (b) represent the fitting 
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parameters τp and τd with the variation of RH%. It is clear that τp decreases monotonically as 

the relative humidity increases up to 40% RH. The polarization time (τp) decreased with the 

increase of RH%. It indicates that enhanced polarization in PVA dielectric material in the 

presence of water molecules under ambient condition. On the other hand the charge trapping 

time (τd) remains constant up to RH 40% and then increased suddenly at RH 60%. τd was 

decreased gradually with increase of RH% beyond 60% as shown in Figure 5.5 (b). This is due 

to the absorbed water molecules at low humidity levels are contributing to the polarization of 

–OH functional groups (dipoles) in the polar dielectric material. Under high humidity levels 

the polarization becomes saturates and the excess of water molecules will be accumulated on 

the surface and interface. These are acts like charge trapping sites and leading to the faster 

decay of the IDS under bias-stress. These decay curves are fitted using the stretched exponential 

function. The ‘α’ and ‘β’ values are decreased with the increase of the RH% as shown in Table 

5.1. It indicates that the distribution of activation energy become wider for charge trapping and 

dipole polarization with increased relative humidity. The mechanism of anomalous bias-stress 

effect has been explained schematically in Figure 5.6.  

Under the application of VGS, an external field (Eext) is generated within the device as shown 

in Figure 5.6 (a). This field polarizes the –OH functional groups very slowly and generates 

depolarization field (EPVA). As a result, an effective field ( ) is generated as 

, with ,where EAl2O3, EPMMA and EPVA are depolarization fields in 

Al2O3, PMMA and PVA layers, respectively. Depolarization field is essentially generated due 

to the induced charges at the dielectric surfaces. This effective field induces charges in the 

accumulation layer. As a result, IDS increases. However, EPVA increases with bias-stress time 

since more and more –OH functional groups are aligned with time. Therefore, the current 

increases until the polarization of –OH functional groups are saturated. The current decays 

occurring afterwards are dominated by interface traps. When the devices are exposed to 

humidity, an additional polarizing field is generated at the interface of CuPc and PMMA layer 

due to the polarization of water molecules. As a result, the effective field is changed as 

, where  is polarization field due to the adsorbed water layer. 

However,  interacts with the PVA –OH functional groups through PMMA layer. As a 

Eeff

V
Eeff

V = Er − EPVA

Er = Eext − EAl2O3
− EPMMA

Eeff

W = Er − EPVA − EH2O EH2O

EH2O
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result, the hydroxyl groups aligned much faster than before. When the concentration of 

adsorbed water molecule increases with the relative humidity, the  field strength 

increases, which essentially further enhances the polarization of hydroxyl groups. Therefore, 

the polarization of PVA layer is systematically tuned by the concentration of water molecules, 

which make the device more sensitive to water instead of degrading the device. In addition, 

the observed IDS increases as a function of humidity. Though, the effective field across the 

dielectric system is decreasing due to the depolarization field generated by the polarization of 

water molecules. This suggests a reduction in the IDS instead of enhancement that we observed. 

In order to understand this, we studied the variation of total capacitance in the tri-layer 

dielectric system with relative humidity is shown in Figure 5.6 (c), which clearly displays the 

enhancement of capacitance with RH%. The capacitance was increased from 30 nF/cm2 under 

vacuum to 46 nF/cm2 at 100 % RH. The change of dielectric constant of PVA layer with RH% 

was shown in Figure 5.6 (d). It was increased for PVA from 4 to 8 with the RH%. It remains 

almost constant for PMMA and Al2O3. The relative thickness of the adsorbed water molecules 

layer at the interface is negligible in comparison to the total thickness of the dielectric system 

(d). The increase in capacitance represents the increase in dielectric constant, since the 

capacitance can be written as C=εrε0A/d, with εr(=k) is dielectric constant, ε0 permeability of 

free space and A is the cross-sectional area. However, the dielectric constant of a dipolar 

dielectric increases with the polarization of dipoles in presence of applied gate-field as 29 

2

0

1
2 3 3

r z
e

r B

p

k T

ε ρ
α

ε ε

 −
= + 

+  

%

 

where, 
z

p% is the average component of dipole moment aligned along the applied field, ρ is the 

density of dipoles, αe is the electronic polarizability of the media, kB is the Boltzmann constant 

and T is the temperature. Therefore, the polarization of –OH functional groups increases with 

the density of water molecules and thus increases with the relative humidity. This confirms 

that the devices become highly sensitive to humidity through systematic tuning the polarization 

of –OH functional groups through the adsorbed water molecules from moisture. This property 

has been further exploited to fabricate humidity sensors using the OFETs.  

EH2O
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Figure 5.6. (a) Partial orientation of dipoles in PVA with the application gate bias voltage under vacuum (b) 

Complete orientation of dipoles under humidity conditions. (c) Variation of capacitance of the 

PMMA/PVA/Al2O3 dielectric system with relative humidity. (d) Variation of dielecctric constant of layers with 

the RH%. 

5.3.6. Effect of Different Environmental Gases on Hysteresis  

In order to study the effect of various environmental conditions on the performances of the 

devices, transfer characteristics and bias-stress measurements was carried out by filling the 

probe station chamber with different gases, such as (a) pure oxygen (b) Argon (c) Nitrogen 

and (d) dry air with 80% N2 and 20% O2 , with no moisture. Figure 5.7 shows the effect of 

different gas environments on the hysteresis of the transfer characteristics of the same device 

used in the previous section. The curves are collected by sweeping the VGS from 0 to –10V and 

then back to 0V at a fixed VDS= –7V. In the presence of pure oxygen the device exhibited ACH 
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as shown in Figure 5.7 (a). The area of the hysteresis was increased in the presence of oxygen 

environment compared to the device measured under vacuum condition. The IDS was also 

increased under oxygen environment. This is due to the doping effect of oxygen with the 

organic semiconductor, which generates holes in the bulk semiconductor.  The device behaved 

in a similar manner in the presence of oxygen and dry air conditions. The measurements 

performed in argon/Nitrogen also showed insignificant changes in the electrical properties 

compared to vacuum but with a little increase in the normalized IDS and decrease in hysteresis 

as shown on Figure 5.7 (b).  

 
Figure 5.7. Transfer characteristic curves of CuPc/PMMA/PVA/Al2O3/Al OFET device in different 

environments (a) oxygen/dry air (b) nitrogen/ argon. 

The field-effect mobilities for FS and BS directions were calculated using the equation for 

drain current in the saturation region defined in chapter 1. All the extracted parameters are 

summarized and tabulated in the Table 5.2. We can see an improvement in the mobility under 

oxygen and nitrogen environments compared to the vacuum as shown in Table 5.2. The shift 

in the VTh was 1.86 V under oxygen, 1.22 V under vacuum and 0.82 V under nitrogen 

environments. The enhancement of hysteresis in the presence of oxygen is the combination of 

slow polarization of dipoles and doping due to the oxygen. The effective shift of the VTh due to 

oxygen is the difference between VTh due to O2 and VTh due to vacuum is 0.64 V. The S and 

current on/off ratios of the all the devices remain nearly same in all the environmental 

conditions. The behaviour of the device is same in both O2 and dry air environments. The same 

IDS value for dry air and O2 indicates that the effect of other gases in the dry air is negligible. 

The hysteresis was enhanced under dry air, whereas it was completely eliminated under 
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ambient humid air. This information confirms that only the water molecules in the ambient 

atmosphere played a significant role to decrease the hysteresis, because the only difference 

between dry air and humid air is the water molecules. The effect of nitrogen on hysteresis is 

negligible and behaves like vacuum, may be due to the non-interacting nature of these 

molecules i.e. inert gases. 

                      Table 5.2. The device extracted parameters under different environments 

Environ 
ment 

VTh(V) ∆VTh 

(V) 
SS(V/decade) On/Off 

ratio 
Mobility 
(cm2/Vs) FS BS FS BS 

Vacuum –4.26 –3.04 1.22 –1.6 –1.86 103 0.004 
Humidity –3.86 –3.86 0 –1.46 –1.46 103 0.012 
O2 / Dry air –4.02 –2.16 1.86 –1.37 –1.80 103 0.006 
N2 / Argon –4.09 –3.27 0.82 –1.73 –1.74 103 0.007 

                  FS: Forward Sweep, BS: Backward Sweep 

5.3.7. Effect of Different Environmental Gases on Bias-Stress Effect 

In order to study the effect of other ambient gases on the performance of the devices, we have 

carried out controlled experiments under different environmental conditions.  Figure 5.8 (a) 

shows the bar diagram, which summaries the IDS of the device under different environmental 

conditions. We have measured the IDS from the transfer characteristics by sweeping VGS from 

0V to –10V and VDS = –7V. The IDS under N2, Ar, O2 and dry air conditions are measured to 

be similar as shown in Figure 5.8 (a). However, IDS is slightly lower in vacuum. Huge 

enhancement of IDS was observed under humidity conditions with IDS= -240 nA. This clearly 

confirms that the effect of all ambient gases on the performance of the devices is very minimal 

as compared to humidity conditions. It is to be noted that in CuPc, the delocalized π-electrons 

are weakly bound to the phthalocyanine molecule, are act as good electron donors.18 The 

absorbed oxygen gas can form Pcδ+ ‒ O2
δ‒ charge complex by oxidation of the CuPc and the 

reduction of the oxygen gas. Which induces the partial charge transfer between oxygen and 

CuPc. 

���� + ��� ↔ ����
� + ��		

 + (� − 1)��                                                        5.1 

Where x is the number of O2 molecules surrounded the CuPc molecule. The doping effect of 

O2 stems from the high electron affinity of O, which extracts/localizes electrons, thus 
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decreasing the free electron concentration, increases the free hole concentration.30-31 It was 

reported that the work function of the CuPc will increase from 5.27 to 5.58 due to the oxygen 

doping and decreased the energy barrier for charge transport.32 However, we have not observed 

any significant doping effect of O2 in our case, since the performance of the devices under 

vacuum and oxygen environment are comparable. To study the stability of the devices, we 

have carried out bias-stress measurements in various environmental conditions. The device 

showed the anomalous bias-stress in vacuum, argon, oxygen and dry air environments. Under 

oxygen/dry air environments, the anomalous current increased by about 100 %. Whereas, it 

was 20% under argon and 35% under vacuum as shown in Figure 5.8 (b). This enhancement 

could be due to the doping effect of oxygen that becomes significant under bias-stress. We did 

not observe any permanent changes in the device properties and the devices are exhibited same 

characteristics under vacuum as before exposure to the O2. 

 

Figure 5.8. (a) Bar diagram of the maximum drain current under different environmental conditions at VDS=–7V 

and VGS=-10V. (b) DC bias stress of CuPc/PMMA/PVA/Al2O3/Al device under different environmental 

conditions at VGS=VDS= –7V. 

5.4. Conclusions 

In this chapter, we studied the effect of different relative humidity conditions on the bias-stress 

and hysteresis of the device. A detailed analysis was carried out on how the current flowing 

through the device is influenced by the polarization of adsorbed water molecules. We have 

introduced a model that includes the variation in current as a result of polarization of PVA 
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layer as well as the variation of current as a result of traps. The observed anomalous bias–stress 

effect is also explained using the above model. The effect of oxygen/dry air and N2/Ar also 

studied, and we conclude that only the water in the ambient is responsible for the elimination 

of hysteresis under atmospheric humidity conditions. 
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Chapter 6 

Effect of Measurement Temperature 

and White Light on Hysteresis and 

Bias-Stress of OFETs 

 

6.1. Introduction 

In the previous chapter, we have discussed the effect of relative humidity and other ambient 

gases on the performance of the OFETs. The main parameter of interest describing the 

performance of an OFET is the charge carrier mobility and stability. The stability of the devices 

also depends on operating temperature and illumination of light.1 Mainly, the stability of the 

device at higher temperatures is an important factor in most of the practical applications like 

active matrix displays,2 where the temperature increases during the device operation. In 
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addition to the practical applications, the study of the temperature dependence of mobility, 

hysteresis and bias-stress in OFETs is important to understand the basic transport mechanisms 

and stability of the devices at higher temperatures.3 The organic molecules interact with each 

other by the weak van der Waals forces, resulting in the formation of discrete HOMO and 

LUMO levels, which leads to poor carrier mobility and can’t be explained by band theory 

model. Several models have been proposed to explain the charge transport in organic 

semiconductors4-5 as explained in the section 1.2. In organic semiconductors charge transport 

occurs through the hopping of small polarons between localized states.6 The ‘polaron’ is a 

polarized electron formed due to the interaction of charge with lattice polarization at a length 

scale comparable to the lattice constant.7 In delocalized systems (inorganic crystalline 

materials) the transport is limited by phonon scattering, whereas in localized systems 

(amorphous organic materials) the hopping transport is phonon assisted. Dang et al. studied 

the temperature dependent mobility in AlGaN/GaN heterostructures, whereas, the mobility 

decreased monotonically and observed that µ∝ T–α , which indicates the phonon scattering is a 

dominant mechanism.8 Aleshin et al. have studied the charge carrier transport in anthracene 

single crystals. The FET mobility revealed the nonmonotonous increase at higher temperatures. 

It indicates the space-charge-limited current is the dominant transport mechanism in FET based 

on anthracene single crystals.9  M. Mas-Torrent et al. reported that the temperature dependence 

of OFETs fabricated with Dithiophene-tetrathiafulvalene followed a thermally activated 

hopping model with activation energy values (EA) of around 85 meV.10 Recently, Shijeesh et 

al. studied the existence of trap states in the gap of PTCDI-C8 after the devices were exposed 

to air, is located around 0.15 eV above the LUMO level.11 On the other hand, the existence of 

trap levels and their time constants can also be estimated form the decay and growth of the 

photo current under light illuminations switching conditions.12  In addition to that, the 

hysteresis and bias-stress will also change with the variation of the measurement temperature 

due to the variation of interface traps and polarization of the dielectric materials. These effects 

induces/reduces accumulation charges in the channel, results in to a change in the mobility and 

other device parameters. 

In this chapter, we have used the CuPc/PMMA/PVA/Al2O3/Al device (device B in chapter 4) 

contains tri-layer dielectric material and CuPc as the active layer to study the dependence of 

measurement temperature on mobility, hysteresis and bias-stress under vacuum and humidity 
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conditions. The dual sweep transfer characteristics were collected, while varying the 

measurement temperature from 150 K to 370 K. We have observed the changes in the 

hysteresis from clockwise hysteresis (CH) to anti-clockwise hysteresis (ACH) and vice versa 

with the temperature. The effect of white light on hysteresis and bias-stress was also studied 

systematically. 

6.2. Experimental Section 

The device fabrication steps are same as the device used in chapter 4. The electrical 

measurements were carried out by varying the measurement temperature from 150K to 370 K 

under vacuum and ambient humidity conditions. The low temperatures were achieved by using 

the liquid nitrogen. The Keithley 4200 SCS connected with the lakeshore probe station was 

used for the measurements. For the characterization of the same set of devices under 

illumination, SCHOTT 150W halogen lamp equipped with an optical fiber was employed as a 

white light source. Illumination of the device was performed directly onto the active material 

and the incident optical power of the lamp was recorded at sample position with a silicon 

photodiode (Newport 818UV) is ~7mW/cm2. The variation of hysteresis and bias-stress were 

studied with white light under vacuum and humidity conditions. 

6.3. Results and Discussion 

6.3.1. Effect of measurement temperature on hysteresis under vacuum 

Figure 6.1 shows the change in hysteresis of the transfer characteristic curves collected under 

vacuum at different measurement temperatures. All the measurements were performed at fixed 

VDS = –7V and by sweeping the VGS from 0V to –10V and then –10V to 0V. At very low 

temperature (150K), the device exhibited nil hysteresis with low IDS ~10 nA as shown in Figure 

6.1 (a). The hysteresis free behavior is due to the lack of slow polarization and interface traps 

at this low temperature. We have observed that the origin of hysteresis in tri-layer dielectric 

based transistors is dominated by the slow polarization of –OH functional groups in polar PVA 

dielectric material. At low temperatures, polymers become brittle and the dipoles will be frozen 

in the network of polymer chains. In general, ACH was generated due to the slow polarization 

of dipoles by the applied gate-field, is negligible at low temperature. The traps are also low at 

the interface, which gives rise to the CH. Therefore, at low temperature, we observed almost 
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nil hysteresis. As the temperature increases the IDS was increased and the device exhibited 

ACH as shown in Figure 6.1(c) and 6.1(d). This may be due to the release of fraction of dipoles 

from the freezing and the orientation of dipoles starts randomizing. Such dipoles polarize 

slowly leading to ACH. The device showed an enhanced ACH at room temperature as shown 

in the Figure 6.1(e), due to the release of dipoles completely from the freezing state. The 

maximum number of available dipoles will polarize slowly and increased the slow polarization. 

The further increase in temperature, the ACH loop becomes severe at 320 K with saturation 

IDS=160 nA as shown in Figure 6.1(g). At higher temperatures, the viscosity of the polymer 

film decreases and makes the polymer chains free from entanglement. This condition increases 

the free dipoles in the film. They will polarize easily under the gate-field, which increases the 

ACH further. After 320 K the hysteresis was decreased and reached a nil hysteresis state at 

around 340 K as shown in Figure 6.1(i). At this temperature, the slow polarization was 

eliminated due to the immediate polarization of the dipoles under the combined effect of gate-

field and thermal energy. Interestingly, the hysteresis was increased in opposite direction (CH) 

by increasing the temperature from 340K as shown in Figure 7.1(l). The high temperature 

generates structural changes in the CuPc film morphology due to annealing effect. As a result, 

more defects are introduced within the film and interface, which acts like charge carrier traps. 

This could be the reason for increase of CH. It is to be noted that the CuPc films were grown 

at about 350 K substrate temperature. Therefore, it is expected that measurement temperature 

below the growth temperature is not going to make significant changes in the films structures. 

Hysteresis is evident in these results, and its rotation changes from ACH at low temperatures 

to CH at higher temperatures. Above the growth temperature the structural changes may occur 

in the device layers leads to hysteresis. The device showed good field-effect behavior even at 

elevated temperature, which is the first result reported in the field of OFETs fabricated using 

polymer as the gate dielectric material.  

Polymers consist of long chain molecules that are entangled with one another in the solid state. 

The degree of entanglement varies with the length and exact shape of the molecules. At room 

temperatures, polymers are able to slide over one another and the material becomes flexible 

(i.e in a rubbery state). At low temperature most of the polymers become very hard and also 

brittle.13 The polar dipoles (–OH functional groups) in PVA dielectric material reached an 
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equilibrium state by freezing in the solid film and it is hard to align them in to applied gate-

field direction.14  

 

Figure 6.1. Temperature dependent transfer characteristics curves measured at VDS = −7 V. (a) to (l) show the 

variation of hysteresis with the measurement temperature under vacuum conditions. The anti-clock hysteresis was 

increased slowly with the measurement temperature up to 320K, after that it was changed to clockwise hysteresis.  

By increasing the temperatures, due to increased thermal energy, polar dipoles start to align 

slowly in the direction of the applied field. Due to the slow polarization and thermally activated 

charges, the IDS and hysteresis will increases. The IDS was increased from 10 nA to 435 nA and 

the corresponding mobility also increased from 0.00006 cm2/Vs at 150 K to 0.032 cm2/Vs at 

370 K, respectively. The superior enhancement in IDS and mobility were attributed to the 
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thermally activated charge transport in the organic semiconductors. We observed that the 

device exhibited the same behaviour by decreasing the temperature in reverse direction. The 

same set of measurements were performed under ambient conditions, to find the changes in 

the hysteresis and bias-stress and to compare the activation energies in the both the 

measurement conditions. 

6.3.2. Temperature Dependent Hysteresis under Ambient Humidity 

Figure 6.2 shows the variation in hysteresis of transfer characteristics collected at different 

measurement temperatures (150 K to 370 K) under ambient at RH=~65%. At low temperature 

(150K), the device exhibited both ACH and CH in the same transfer characteristic curve as 

shown in Figure 6.2 (a). At this temperature, water and oxygen molecules from ambient will 

be frozen at the surface and interface of the dielectric and organic semiconductor. The 

dielectric polymers will become brittle and can form cracks in the film. These cracks acts like 

charge trapping sites and causes the CH. There are two possible reasons for this interesting 

behavior of hysteresis rotation in the same transfer curve: (1). Conversion of electron-trap 

states into hole-trap states by changing the gate voltage and (2). Trapping and de-trapping of 

the charges at the interfaces in the presence of water and oxygen.15-16  The water molecules 

adsorbed on the surface could be aligned in the field direction easily, because they are free 

dipoles. But –OH functional groups in the PVA dielectric material are frozen and cannot be 

aligned even due to the high dipole moment of water dipole layer. In this situation the water 

molecules can move in to the cracks of dielectric material/semiconductor under the applied 

electric field and increases the charge trapping, which leads to the increase in the CH as shown 

in Figure 6.2 (b).  As temperature rises, the proportion of frozen dipoles drops. They will 

polarize under the electric field. The polarization induces charges in to the accumulation region 

and fill the interface traps. As a result, a decrease in the CH was observed as shown in Figure 

6.2 (c). The CH behavior is generally described by charge trapping at the gate 

dielectric/semiconductor interface as explained in the earlier chapters. At room temperature 

the hysteresis became nil as shown in Figure 6.2 (e), due to the fast polarization of dielectric 

material. The CH increased gradually after room temperature as shown in Figure 6.2 (f-l). After 

complete polarization of dipoles due to water absorption at room temperature, the increase in 

temperature induced more traps in the interface.  
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Figure 6.2. Temperature dependent transfer characteristics curves measured at VDS = −7 V. These curves show 

the variation of hysteresis with measurement temperature under ~65% relative humidity conditions.  

In addition, the high temperature creates the structural changes in the organic dielectric and 

polymer film, which can also act as charge traps. Therefore, it is reasonable to claim that the 

CH behavior is indeed induced by the temperature and the hysteresis becomes more significant 

at higher temperature. As the temperature increases the IDS was increased from ~90 nA to ~1 

µA and the corresponding mobility was increased from 0.003 cm2/Vs to 0.13 cm2/Vs as the 

temperature increased from 150 K to 370 K, respectively. The device under humidity, still 

behaved as a good field-effect device with four times enhancement in mobility at 100 °C 

compared to vacuum. This is the best mobility for CuPc thin-films and almost twice the values 
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reported for CuPc based OFETs.17-18 The high stability of the device under high humidity and 

temperature directed us to fabricate OFET based humidity sensors. These results are presented 

in the next chapter.    

6.3.3. Mechanism of Hysteresis variation with Temperature 

 

Figure 6.3. Schematic presentation of the device under vacuum and humidity conditions at low and high 

temperature.(a) low temperature and vacuum (b) low temperature and ambient (c) high temperature and vacuum 

(d) high temperature and ambient. Formation of cracks are shown in white lines in the c and d Figures.  

The mechanism of charge trapping and generation of structural changes in the film at high 

temperature are schematically illustrated in Figure 6.3. As shown in Figure 6.3 (a) the dipoles 

are randomly oriented and frozen in the PVA film at low temperature. The induced charges are 

very low at this temperature range. So, the IDS is low. Under humidity (shown in Figure 6.3(b)), 

water molecules will condense on the surface and interface. The high dipole moment of the 

water molecules induces positive charges in the CuPc film due to the strong electronegativity 

of oxygen molecule. These induced charges participate in the transport and increases the IDS 
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further. At high temperature, polarization will enhance and it reduces the ACH. The structural 

changes will happen in the film and act like traps leading to the increase of CH in the device 

characteristic properties at high temperatures as shown in Figure 6.3 (c and d). The whole 

process was schematically illustrated in the Figure 6.3. 

6.3.4. Variation of Capacitance with the Measurement Temperature 

We have observed that the measurement temperature significantly influenced the performance 

of the OFETs. This has been explained in terms of polarization of –OH functional groups, 

which can also influence the dielectric properties of the materials. Hence, it is expected that 

the capacitance of the dielectric systems is going to change. In order to study the variation of 

overall capacitance of the dielectric system with temperature, we have studied the temperature 

dependent measurements. Figure 6.4 shows the variation of capacitance with temperature 

under vacuum and humidity conditions. Under vacuum, the capacitance increased 

exponentially with the measurement temperature. The increase in capacitance is low under 

humidity compared to vacuum as shown in Figure 6.4, but the overall increase in the 

capacitance was observed under humidity. The increase in capacitance indicates an increase in 

dielectric constant of the tri-layer dielectric system. The dielectric constant is proportional to 

the polarizability of the dielectric material. The polarization of the dielectric material increased 

with the temperature, may be due to the increased polarization of –OH functional groups in the 

polar PVA dielectric layer. The enhancement of polarizability in this dielectric system is 

contrary to the inorganic materials. In inorganic dielectric materials, polarizability (α0) 

decreases with the temperature according to the relation:13    

2

0 3
B

k T

µ
α =                                                                                      6.1 

where µ  is the dipole moment, kB is the Boltzmann constant and T is the absolute temperature. 

In polymers, the intermolecular forces between polymer chains will be broken due to thermal 

agitation at higher temperatures. The –OH groups in PVA dielectric material will be free to 

follow the direction of applied electric field. On the other hand at low temperatures, the 

segmental motion of the chain is practically frozen and reduces the dielectric constant. At 

sufficiently higher temperature, the dielectric constant is again reduced due to strong thermal 
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motion, which disturbs the orientation of the dipoles. The dipole polarization, would 

significantly be affected during heat treatment by effectively reducing the relaxation time (τ).13 

 

 

Figure 6.4. Variation of capacitance with measurement temperature under vacuum and humidity cinditions 

6.3.5. Temperature Dependence of Hole Mobility  

In order to study the effect of temperature on field-effect mobility, the mobility as a function 

of measurement temperature has been calculated from the slope of the transfer characteristics 

in the saturation regime with VDS = −7 V.  Figure 6.5 (a) represents the temperature dependence 

of the mobility in logarithmic scale as a function of 1000/T with different VGS for 

CuPc/PMMA/PVA/Al2O3/Al devices measured under vacuum for the forward sweep (FS). 

Figure 6.5 (b) shows the under humidity condition. It is found that within the temperature range 

of 150–370 K, the hole mobility increased to a peak value in a monotonic way. At high 

temperature (370 K), the hole mobility is 0.032 cm2/V s and 0.13 cm2/V s observed at 

VGS = −10 V under vacuum and humidity, respectively. This mobility decreases on decreasing 

the temperature. The observed hole mobilities at 150 K are 3 × 10−6 cm2/V s and 

6 × 10−3 cm2/V s under vacuum and humidity for the same VGS, respectively. The temperature 

dependence of mobility decreased with temperature and fits well with Arrhenius equation 

µ = µ0exp(− EA/kBT), where µ is the mobility, EA is the activation energy for the hopping 

conductivity and kB is the Boltzmann's constant.19-20 This suggests that the dominant 

conduction mechanism is thermally activated hopping transport with VGS dependent EA .The 
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EA represents the ease of charge hopping between neighboring charge states of the CuPc film. 

The EA is high for low conductivity materials and vice versa. In amorphous organic materials 

the charge transport is governed by hopping.  

 

Figure 6.5. Mobility Vs 1000/T plots for the CuPc/PMMA/PVA/Al2O3/Al OFETs measured 

under (a) vacuum and (b) humidity conditions under forward sweep conditions. The dots 

indicate the experimental data and the continuous line indicates the fitting of the data with the 

Arrhenius equation.  

6.3.6. Calculation of Activation Energy(EA)  

Figure 6.6 (a & b) shows the EA as a function of VGS.  The EA was calculated from the linear fit 

of ln µ vs. 1000/T for vacuum and ambient humidity conditions. The activation energies are 

found to depend on the measurement temperature. The EA was decreased from 350 meV to 180 

meV at the end of FS transfer curve. However, in the BS, it was decreased to a further lower 

value (75 meV) instead of following the forward path as shown in Figure 6.6 (a). In contrast, 

under humidity conditions EA followed the same path with little separation as shown in 6.6 (b) 

in both the sweep directions. The EA was high in the case of vacuum compared to humidity 

conditions. The high value of EA under vacuum indicates an inefficient and disordered charge 

transport in the organic semiconductor thin films. The charge transport becomes easier in the 
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BS than FS. The decrease of EA with increased (negative) gate voltage is the direct result of 

accumulated charges filling the lower-lying states of organic semiconductor.21-22 Under 

vacuum conditions, charge carrier transport was influenced by the slow polarization of polar 

dielectric dipoles.  Generally, the OFETs mobilities are activated as a function of temperature 

with characteristic activation energies in the range of tens to hundreds of meV.23  This is the 

first observation of nearly temperature-dependent device mobility in OFETs fabricated using 

polymer dielectric materials. There is no temperature dependent study on OFETs fabricated 

with bilayer polymer dielectrics. Leakage current is the main problem in polymer dielectric 

based devices. This will become severe at higher temperatures and degrade the performance. 

The temperature dependent mobility of OFETs were studied only on the thermally grown SiO2 

As dielectric material. 

 

Figure 6.6. The dependence of EA with the VGS measured under (a) vacuum (b) humidity. The 

inset shows the transfer characteristics curves under vacuum and humidity at room 

temperature.   

In the theory of variable range hopping (VRH) model, a carrier may either hop over a small 

distance with a high EA or hop over a long distance with a low EA.21, 24  In OFET, an applied 

VGS gives rise to the accumulation of charges in the region of the semiconducting layer that is 
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close to the insulator. As these accumulated charge carriers fill the lower-lying states of the 

organic semiconductor, any additional charges in the accumulation layer will occupy states at 

relatively high energies. Consequently, these additional charges will require less EA to hop 

away to a neighboring site. This results in a higher mobility with increased VGS.25-26 Under 

vacuum EA has relatively high value (350 meV) at low VGS, which indicates that the lower lying 

states of HOMO are empty. As the VGS increases, states are start filling, hence the EA value 

(150 meV) decreases very drastically at the end of FS. In BS the EA was further decreased to 

very low value (50 meV) instead of increasing. The decrease of EA under BS indicates the slow 

polarization of the polar dipoles in dielectric material.27-29 These dipoles continue their rate of 

polarization even though the VGS is decreased.  

In humidity conditions, the EA was decreased with the VGS in the FS and increased to a high 

value by sweeping back to 0V. In the BS of the VGS, charges from the previously filled states 

were depleted and the activation energy was increased, which is opposite to the vacuum case. 

It indicates that the Fermi level is located close to the EHOMO level for the device measured 

under humidity than vacuum.  

6.3.7. Temperature Dependence of Threshold Voltage (VTh) 

Under vacuum conditions: In FS the VTh was decreased with temperature from –4.5V at 150K 

to –0.5V at 370K as shown in Figure 6.7 (a).  It indicates that the interface defects states 

decreased with the temperature. In BS, the VTh was decreased to a low value at room 

temperature and then increased at higher temperature as shown in Figure 6.7 (a). This may be 

due to the formation structural defects in the semiconductor film at high temperature. The 

significant shift in VTh with temperature followed a non-linear relation.  

Under ambient conditions: At low temperature, the VTh of the FS shifted to a very high value 

(–4V) and decreased linearly with the temperature as shown in Figure 6.7(b).  But, the VTh of 

the BS was increased slowly from low value –1V to –2.7V at 300K and then decreased at 

higher temperatures as shown in Figure 6.7(b). The device exhibited nil hysteresis, where the 

VTh of both the sweeps has a same value. At low temperature the dipoles are frozen. The 

induced charges are low and more gate voltage is needed to fill the trap states. By increasing 

TH-1407_10615305



 

 
 

134 Chapter 6 

the temperature, polar dipoles will polarize due to the ambient water molecules. At high 

temperature structural changes in film increased the VTh. 

 

Figure 6.7. VTh vs measurement temperature for the CuPc/PMMA/PVA/Al2O3/Al device measured under (a) 

vacuum and (b) ambient humidity conditions.  

6.3.8. Temperature dependence of Subthreshold Voltage(S) 

The subthreshold slope (S) has been used to determine the interface trap density in the 

literature, but this slope is also influenced by bulk trap density. In order to investigate the 

temperature dependence on the hysteresis in PMMA/PVA/Al2O3 dielectric based CuPc OFET, 

the SS of OFET was measured at various temperatures from 150 K to 370 K in vacuum and 

humidity conditions as shown in Figure 6.8 for the forward and backward sweeps.  

Under vacuum conditions: When temperature was increased, the S was also increased due to 

an increase of trapped charges. In the FS, S was increased from 1.08 V/decade to 1.31 V/decade 

and decreased to 0.9 V/decade and again increased to 1.2 V/decade as the temperature was 

increased as shown in Figure 6.8 (a). In BS, S was increased from 1.08 V/decade to a peak 

value 1.72 V/decade and then decreased to 0.82 V/decade at 370K as shown in Figure 6.8 (a). 

The S value of BS is more than that of FS direction.  

Under ambient conditions: The S values for FS and BS followed the same behavior as shown 

in Figure 6.8 (b). Initially, it was increased to 3.5V/decade at 270K and then decreased to low 

value 1.7 V/decade at 350K. Again it increased after 350 K as shown in Figure 6.8 (b). The S 
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values increased under humidity compared to vacuum. This indicates that the switching speed 

of the device was fast under vacuum compared to humidity. 

 
Figure 6.8. Sub-threshold voltage vs measurement temperature curves for the CuPc/PMMA/PVA/Al2O3/Al 

device measured under (a) vacuum and (b) humidity conditions.  

6.3.9. Temperature Dependence of Bias-Stress Effect 

Under vacuum conditions: The temperature dependence of bias-stress measurements were 

performed under vacuum and humidity conditions with the variation of measurement 

temperature as shown in Figure 6.9. In vacuum, the device exhibited an anomalous bias-stress 

effect at low temperature as shown in Figure 6.9 (a). The slow polarization of polar dipoles is 

the origin for the observed anomalous bias-stress effect. The anomalous effect was low at 

150K, due to the maximum number of –OH groups are frozen in the film at this low 

temperature. The behavior of anomalous effect was increased with the temperature up to 310 

K. Further rise in the temperature, decreased the anomalous behavior and followed the normal 

decay of IDS as shown Figure 6.10 (a). The decrease in anomalous effect was due to the fast 

dipole polarization at higher temperature. High temperature increases the thermal agitation of 

polymer chains and enhances the polarization. The decay rate of the current was increased with 

the temperature due to increased charge trapping.30 The polarization was enhanced with 

temperature, which eliminated the anomalous bias-stress effect.  

Under ambient conditions: Under ambient conditions, the device exhibited as usual IDS decay 

for all the temperatures as shown in Figure 6.9 (b). With the temperature, device showed the 
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faster decay. As explained in the earlier chapters under humidity conditions complete 

polarization will take place instantly after application of VGS and only the charge trapping is 

the dominating effect, which increased here with the temperature. At low temperature the 

change in IDS were less than 20%. At higher temperatures the change in IDS was increased to 

~80% as shown in Figure 9.6 (a). 

 

Figure 6.9. Temperature dependent of bias-stress measurements under (a) vacuum and (b) ambient with 65%RH 

for CuPc/PMMA/PVA/Al2O3/Al device. The bias-stress curves are collected at VDS=VGS=–7V for 100 s.  

6.3.10.  Mechanism of Hysteresis and Bias-Stress Variation with Measurement 

Temperature  

The mechanism responsible for the observed changes in the devices measured at different 

temperatures is illustrated in the Figure 6.10 (a).  Here two phenomenon’s are contributing to 

the change of mobility and variation of hysteresis/bias-stress with temperature. (a) Thermally 

activated charge transport and (b) polarization of dipoles in dielectric materials.  

At low temperatures, the thermally activated charges are negligible and the polar dipoles of 

the dielectric are hard to polarize because they are frozen in the solid as shown in Figure 6.10 

(a). We observed a hysteresis free transfer characteristic curves under vacuum with very low 

IDS (~10 nA) as shown in Figure 6.1 (a). In humidity also, induced charges due to slow 

polarization are negligible. The absorbed water molecules act like traps at the interface and 

induces the hysteresis in the transfer characteristic curves as illustrated in Figure 6.1 (b). 

 At room temperature some dipole are released from the freezing state and slowly polarized 

under gate field, contributing to an increase in the anomalous hysteresis under vacuum 
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condition. This was schematically illustrated in Figure 6.10 (c).  Under humidity, all the dipoles 

are polarized in the presence of water dipole layer formed on the surface and interface as shown 

in Figure 6.10 (d).  

 

Figure 6.10. Schematic diagram of mechanism takes place during the bias-stress and hysteresis measurement 

with the variation of the measurement temperature. 
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At higher temperatures, polarization will become faster due to thermal agitation of polymer 

chains contributing to the higher mobility. We observed a CH in the transfer characteristics 

and IDS decay under bias-stress measurements. This may be due to the occurrence of structural 

changes in the device layers. Trapping also will increases due to the water molecules in the 

ambient as shown in Figure 6.10 (e & f). 

6.3.11. Effect of White Light on Hysteresis and Bias-Stress 

6.3.11.1. Effect of White Light on Hysteresis  

The influence of light is of major importance on the operation of organic electronic devices as 

it can induce undesired effects, like hysteresis and threshold voltage shift. At the same time 

knowing the response to illumination of the OFETs can enable their use as light detectors. We 

have performed device measurement in the presence of light under vacuum and humidity 

conditions.  

 

Figure 6.11. The transfer characteristics are measured at VDS=–7V with light and without light (a) vacuum (b) 

ambient.  

Figure 6.11 shows the transfer characteristics and dynamic behavior of 

CuPc/PMMA/PVA/Al2O3/Al device under the illumination of light in different environmental 

conditions. Under vacuum, the IDS and hysteresis were increased with the light illumination 

compared to the dark conditions as shown in Figure 6.11 (a). The increase in IDS under light 

can be explained by the generation of photo induced charge carriers (holes).31-32  Noh et al,33 

observed a CH under UV illumination. They explained that distortion in the applied VGS by 
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accumulated charges in the interface is the origin of the hysteresis. In our device we observed 

an ACH.  The slow polarization of dipoles is responsible for this ACH as explained in the 

chapter 4. The increase in ACH under light attributed to the light induced polarization in the 

polar dielectric material.34 In contrary, the device is not exhibited any hysteresis under 

humidity with white light illumination except an increase in the IDS as shown in Figure 6.11 

(b). The IDS was increased from 320 nA in dark to 410 nA in light with ~103 on/off ratio under 

humidity condition. Under vacuum the increase of IDS was ~80 nA, for the same device under 

humidity it was ~100 nA. The extra increase of 20 nA was observed under humidity due to the 

saturation of polarization under humidity. All the device parameters are tabulated in Table 6.1. 

        Table 6.1. OFET device properties in different environmental conditions. 

Environ 
ment 

 
 

VTh(V) ∆VTh(V) S(V/dec) on/off 
ratio 

Mobility 
(cm2/Vs) BS FS FS BS 

Vacuum Dark –3.92 –5.03 1.11 2.44 2.71 103 0.0047 

Light –2.32 –4.79 2.47 2.22 2.17 103 0.0078 
Humidity Dark –4.82 –4.82 0 1.53 1.53 103 0.0145 

Light –3.30 –3.30 0 1.55 1.55 103 0.0133 
 

The VTh values of the CuPc/PMMA/PVA/Al2O3/Al transistor under dark and white light 

illuminations are determined from the plot of (IDS)1/2 versus VGS under VDS = −12 V and are 

given in Table 6.1. The VTh necessary to reach the accumulation regime was decreased under 

illumination. The number of charge carriers per surface unit upon illumination can be 

calculated using the relation defined in the equation 1.10 of chapter 1. The ∆N values for the 

transistor and white light illuminations were found to be 5.24 × 1010 cm−2 and 3.52 × 1011 for 

FS and BS, respectively under vacuum. This indicates that the number of charge carriers are 

higher for BS than that of FS. The change in ∆N values is due to the photo-excitation of trapped 

holes into transport states at the interface. The Table 6.2 shows the ∆N values for the FS and 

FS in different environmental conditions. Another important parameter of OTFTs is the 

subthreshold slope (S), which can give the information about the maximum number of interface 

states according to the equation defined in the chapter 1 equation 1.12. The S values for the 

CuPc/PMMA/PVA/Al2O3/Al OTFT transistor under dark and white light illuminations were 

calculated and are given in Table 6.3. The obtained NTrap values are lower than the values of 

the device measured under vacuum in dark conditions. Under light conditions, these values 
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were decreased to 8.63 × 1012 eV−1 cm−2. This suggests that the trap states are reduced in the 

presence of light because of the generation of more photo-generated holes. The trap states are 

further decreased under humidity compared to vacuum and remain same in the dark and 

illumination conditions as shown in Table 6.3. 

                   Table 6.2. OFET device properties in vacuum and ambient environments. 

Environment  
 

VTh (V) ∆VTh(V) ∆N/cm2 

Dark Light 
Vacuum BS –3.92 –2.32 1.61 3.52×1011 

FS –5.03 –4.79 0.24 5.24×1010 
Humidity BS –4.82 –3.30 1.52 3.32×1011 

FS –4.82 –3.30 1.52 3.32×1011 

                   Table 6.3. Calculation of maximum trap density (NTrap) under dark and light conditions. 

 

 

6.3.11.2. Effect of Light on Bias-Stress  

Under vacuum condition: Figure 6.12 shows the bias-stress measurement performed under 

dark or light conditions and light switching (on-off) under vacuum and humidity conditions. 

Under vacuum the device exhibits the anomalous bias-stress effect and it was enhanced in the 

presence of light exposure. In dark, the bias-stress curve reached a saturation value of IDS at a 

bias time 1000 sec and reached a maximum IDS value of –40 nA as shown in Figure 6.12 (a). 

Under illumination the IDS was increased exponentially and reached a maximum value ~ 90 

nA. The response of light on off on IDS under vacuum was studied and inserted in the Figure 

6.12 (a). It indicates that in on condition the current was increased, whereas with off condition 

the IDS started to decay. Under the light/dark cycles the current was increased initially by 10nA 

and then increased slowly to 14 nA, with in 60s. The IDS under light is increased with bias-

Environment Subthreshold Voltage 
 FS NTrap BS NTrap/cm2 

Vacuum Dark 2.44 9.74×1012 2.71 10.08×1012 
Light 2.22 8.84×1012 2.17 8.63×1012 

Humidity Dark 1.53 6.02×1012 1.53 6.02×1012 
Light 1.55 6.10×1012 1.55 6.10×1012 
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stress. This is attributed to the combination of photo generation of holes and gate induced holes. 

Throughout the dark/light cycles, the IDS increase/decrease remains constant.  

 

Figure 6.12. Bias-stress measurement under dark and light conditions and light on-off effect (a) vacuum (b) 

humidity conditions. 

 

Figure 6.13. Fitting of the decay and growth parts of the photo IDS with light on-off condition under (a) vacuum 

(b) ambient humidity conditions. 

Under humidity condition: Under humidity conditions as shown in Figure 6.12 (b), normal IDS 

decay was observed in dark conditions, but it reached constant value immediately around 50 

nA under light illumination without any decay. The constant value of bias-stress under light 

illumination indicates that the rate at which holes are generated under light is equal to the rate 

at which holes are trapped by the trap states in the semiconductor or dielectric materials or in 

their interfaces. Under the light/dark cycles the current was increased sharply by 15 nA and 
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then increased gradually to 25 nA, with in 60s. Throughout the light/dark cycles the current 

increase/decrease remained nearly constant. It indicates that the device stabilized in the 

presence of light under ambient conditions without any change in the IDS under bias-stress. 

Upon illumination, the current of the device rises within >1 s as shown in Figure 6.13 (a). The 

rapid photocurrent rise is followed by a slower component, in which the photocurrent keeps 

on increasing for about more than 60 s before saturation. After the light is turned off, the 

photocurrent drops rapidly in the first >1 s, followed by a slow decay process of more than 60 

s before it returns to its initial current in dark. Such rise and decay responses can be described 

and fitted by equations 6.3 and 6.4 respectively:35-37 

1 2

. exp . exp
GrowthLight Dark

t t
I I A B

τ τ

   
= + +   

   
                                               6.3

       
 

1 2

. exp .exp
DecayLight Dark

t t
I I A B

τ τ

   − −
= + +   

   
                                              6.4 

Where IDark is the dark current, A and B are the scaling constants, t is the time when the light 

was turned on or off, and τ1 and τ2 are the time constants. The two equations are widely used 

to analyze the photocurrent rise and decay processes of a photoconductor device. By fitting the 

experiment data with the two equations, the time constants for rise and decay can be estimated. 

Here for our device, the estimated time constants are tabulated in table 6.4. Where τ1 should 

be related to the carrier generation and recombination processes in the semiconductor thin film, 

and τ2 (in both the rise and decay processes) should be mainly related to hole trapping and 

release processes in the interface.38-39  

When the light is off or on two mechanisms are involved in the whole process according to the 

two time constants. After illumination, electron hole pairs are generated in the organic 

semiconductor. The excited electrons are transferred from HOMO to LUMO level. As a result, 

we observed the enhancement of the drain current. Some of the charge carriers are captured by 

trap states, which are near to the HOMO in the CuPc material. The charges release process 

from the excited state is entirely different in vacuum and humidity conditions. The decay time 

constant τ1, τ2 are different in both the cases. The τ1 in vacuum has very high value than 
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humidity. On the other hand τ2, which has high value under humidity exhibited negligible value 

under vacuum as shown in Table 6.4.  It indicates that under vacuum carrier generation and 

recombination processes are the dominating mechanisms, and under humidity hole trapping 

and release processes are the dominating process, because the other time constants are 

negligible.  

                    Table 6.4. Fitting parameters of the decay and growth parts of the photo current under 

                     light on-off conditions. 

  A B τ1 τ2 

Vacuum Decay –1.67 –1.6 9.47sec 0.45 sec 
 Growth 4.9 9.9 19.25sec 0.12 sec 

Humidity Decay –5.03 –6.8 0.33 sec 25.56 sec 
 Growth 1.32 2.4 0.26sec 46.42 sec 

6.4. Conclusions 

Temperature dependence of hole mobility, hysteresis and bias stress were studied in CuPc thin 

film transistors fabricated with trilayer dielectric materials. At room temperature, the OFET 

device exhibited the hole mobility of 0.004 cm2/V s and 0.016 cm2/V s for vacuum and 

humidity conditions respectively. Over the temperature range of 150–370 K, mobility is found 

to increase to a peak value, following the Arrhenius equation. The increase in the hole mobility 

at higher temperatures is consistent with the presence of thermally activated hopping transport 

mechanism. The observed anomalous bias stress and its elimination at higher temperatures 

indicate the polarization of polar dipoles in the presence of temperature. The change of 

activation energy with the gate voltage (VGS) supporting the slow polarization of dipoles in the 

polar dielectric material. The light measurement and their fitting data supports the slow 

polarization (charge generation) under vacuum and complete polarization and charge trapping 

in the presence of humidity conditions. 
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Chapter 7 

 

Highly Stable Tri-layer Gate Dielectric 

Based OFETs for Sensor Applications  

7.1. Introduction 

Artificial sensing is of great importance for detecting hazardous chemicals and vapors released 

into the atmosphere from various sources. The application of electronic devices for sensing of 

various chemical analytes has been reported in literature.1-2  FETs are also extensively studied 

in recent years due to their potential applications in bio/gas sensors.3-7 Organic FETs based 

sensors have been fabricated with organic semiconducting materials, that are highly sensitive 

to diverse volatile gases and biomolecules.1 OFETs can also be used as multi-parameter 

sensors since various device parameters such as saturation current, off current, threshold 

voltage, sub-threshold slope, carrier mobility and hysteresis are highly sensitive to the 

adsorbed volatile gases during the operation of the device.8-13 OFET based sensors have many 
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advantages, including high sensitivity, feasibility for miniaturization, high throughput sensing, 

etc. On the other hand, humidity sensors are extensively used for monitoring relative humidity 

(RH) in industry, hospital and daily life. Yet, there are very few reports available on the use of 

OFETs as humidity sensors.14-16  Several humidity sensitive materials were used for the 

fabrication of such sensor devices. This include sensors based on inorganic materials as active 

layers in the form of nanoparticles,17 nanowires,18-20 nanotubes21 and thin films.22 There are 

examples of humidity sensors based on organic composite materials,23 supramolecules,24 

graphene oxide,25-26 hybrid microcavity etc.27  Some of these devices showed efficient 

performances with ultra-fast responses. However, most of these devices used various 

techniques of transduction by measuring the changes in capacitance, resistance, frequency or 

in mass as a result of adsorbed moisture. Among different sensing schemes, field-effect 

transistor based sensors have attracted more attention due to their ability to amplify signal 

within the device and allow for compatibility with well-developed microelectronic fabrication 

techniques.28  

One of the reason for the relatively small number of publications on OFET-based sensors for 

humidity monitoring applications is due to instability of the organic materials under ambient 

conditions. In general, OFETs are highly sensitive to ambient environmental conditions like 

relative humidity, light, temperature, pressure etc. The sensing response is due to the 

interaction of adsorbed molecules with the charge carriers at the grain boundaries and interface, 

resulting in decrease/increase of charge carrier mobility.14, 29 The sensitivity of such sensors 

crucially depends on the thickness and morphology of the active material. The lower thickness 

with higher roughness of the active layer ensures the efficient adsorption of analyte molecules. 

Stability and low cost are the crucial factors for employing the OFETs in practical 

applications.30-33 However, serious problems remain with the stability of devices under ambient 

and long-term operation, which are essential for commercial applications.34 In addition to 

semiconductor, gate dielectric also has an important influence on the stability of the OFET 

device.35  In OFETs, the instability is caused due to the charge trapping at the interface or 

dielectric material.36 In addition to this, environmental factors also affect the stability of the 

device. Even though considerable efforts have been made recently to improve the 

environmental stability of organic electronics,37-38 a better perceptive is still needed.  
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In this chapter, we studied the performance and stability of the CuPc/PMMA/PVA/Al2O3/Al 

device under long-term operation, recovery of the device and bias-stress effect. In order to 

compare, we have fabricated the same by using thermally grown 300 nm SiO2 dielectric 

material as a reference device. We also report the effect of different chemical analytes on the 

hysteresis, VTh and charge carrier mobility of the devices.  Finally, we achieved our goal of 

fabrication of more reliable humidity sensors by a homemade sensor setup.   

7.2. Experimental Section 

The fabrication of the device is same as the device used in the chapter 5. Here we studied the 

stability of the CuPc/PMMA/PVA/Al2O3/Al device (B device). The device was characterized 

using the Keithley 4200 SCS under vacuum and humidity conditions. For long time stability 

test, the device was stored under ambient and measured for one year. 

7.3. Results and Discussion 

7.3.1. Capacitance and Leakage Current Measurement 

 

Figure 7.1. (a) Capacitance versus voltage plot and (b) leakage current density behaviour of PMMA/PVA/Al2O3 

tri-layer dielectric system under vacuum and humidity conditions. Schematic diagram of the MIM structure was 

shown in the inset of the Figure (a). 

The capacitances and leakage current of the gate dielectrics were measured using the Keithley 

4200 SCS parameter analyzer. Figure 7.1(a) shows the capacitance-voltage (C–V) plot of the 

MIM (Al/Al2O3/PMMA/PVA/Cu) capacitor measured under vacuum and ambient conditions. 

The capacitance Ci (34.4 nF/cm2) is fairly independent of the applied voltage measured under 
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vacuum. The capacitance was increased to ~37 nF/cm2, when the measurement environment 

changed from vacuum to ambient with relative humidity ~65%. Figure 7.1(b) shows the 

variation of leakage current density under vacuum and ambient conditions in the voltage range 

of ±10V. It was increased by 15 nA/cm2 in presence of humidity conditions. It is attributed to 

the absorption of water molecules from ambient into the device layers. The water molecules 

increase the conductivity of the dielectric system. The dip of the leakage current density plot 

shifted away from the zero towards the negative side in both the environmental conditions. 

This may be due to the mismatch of the Fermi levels of aluminum and copper metal contacts.39 

7.3.2. Electrical Characterization under Vacuum 

7.3.2.1. Device Parameter Extraction under Vacuum 

Figure 7.2 (a) shows the plot of output characteristic curves of a typical ~60 nm CuPc OFET 

measured under vacuum. The device exhibited good pinch-off voltage and well-defined linear 

and saturation regions. The device showed the hysteresis under dual sweeping of VDS for 

different fixed VGS. The Figure 7.2 (b) plots the transfer curves between log of IDS and square 

root of IDS as a function of VGS, from which the threshold voltage (VTh) and saturation hole 

carrier mobility (µFE) were derived using the equation 1.8.  The transfer curves showed a low 

off-current of 5 × 10−10 A, Ion/Ioff of ~103 and a subthreshold swing (S) of 1670 mV/decade. 

The device exhibited ACH under transfer curve created by a FS followed with a BS. This is 

due to the slow polarization of dielectric dipoles as explained in the chapter 4.  The VTh and µFE 

were determined to be –4.37 V and 4.8×10–3 cm2/Vs for FS, –3.44 V and 3.9×10–3 cm2/Vs for 

BS, respectively. The device parameters under vacuum are tabulated in Table 7.1. A maximum 

VTh shift of ~ 1 V was observed in the transfer curves is owing to the charging and discharging 

of interface traps due to slow polarization of the polar dielectric material. The subthreshold 

slope value yields a maximum interface trap density (NTrap) of 5.98 × 1012 cm−2 eV−1, derived 

from equation 1.13.40   
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Figure 7.2. (a) Dual sweep output characteristic curves (b) Dual sweep transfer characteristic curve measured 

under vacuum. The device exhibited hysteresis in both the conditions. (c) Series of transfer characteristics 

collected at every 200 sec by interrupting the bias-stress. (d) Threshold voltage shift (∆VTh) as a function of stress 

time with VGS = –7 V and VDS = –7 V in vacuum for 1h. (e) Variation of mobility with the bias-stress time (f) 

Bias-stress measurement of the CuPc/PMMA/PVA/Al2O3/Al device under vacuum for 2h.  

 

TH-1407_10615305



 

 
 

Chapter 7   154 

Table 7.1. Summary of the electrical parameters for CuPc OFETs. µFE is the field-effect mobility; VTO is the turn-

on voltage; VTh is the threshold voltage; S is the subthreshold slope; Ion/off, on/off current ratio. FS: Forward sweep, 

BS: Backward sweep. 

Environment Ci(nF/cm2) µ(cm2/Vs) VTO(V) VTh(V) S(V/dec) Ion/off  

Vacuum FS 33.4 0.0048 –0.93 –4.37 1.67 ~1×103 
BS 0.0039 –3.44 1.67 ~1×103 

Ambient 37 0.0156 0 –3.78 1.79 ~3×103 

7.3.2.2. Bias-Stress Effect: Abnormal Threshold Voltage Shift 

In order to study the electrical stability of the CuPc/PMMA/PVA/Al2O3/Al device, bias-stress 

measurements were performed under vacuum for 1h by applying VGS=VDS= –7V. To find out 

the shift of the VTh under bias-stress measurement, the gate bias was interrupted at fixed time 

intervals to record the transfer curves. Figure 7.2 (c) shows the series of transfer characteristic 

curves collected at every 200 sec from the 1h of bias-stress. The overall shift of the VTh was 

very small. Interestingly, initially the VTh was shifted towards positive side upto ~600 sec, 

followed by turning it back to negative side suddenly. The inset in Figure 7.2 (c) shows the 

zoomed view of the set of transfer characteristic curves to identify the shift.  Generally, devices 

will show positive or negative VTh shift of IDS under bias-stress measurement.41-42 Our OFET  

device (B device) exhibited both shifts under bias-stress, called as ‘abnormal threshold voltage 

shift’. This behavior was observed first time in the OFETs fabricated with polymer as gate 

dielectric material. The device reached an initial state after 4000 sec stress time and continued 

to shift in the negative direction. Such phenomenon has been attributed to the reversible 

charge/discharge effects in pre-existing bulk traps.43  Here, this behavior may be possible due 

to the –OH functional groups in the inner PVA layer, which are being slowly polarized under 

the continuous gate bias-stress. Because of this slow polarization, additional holes are induced 

slowly in the accumulation region and reduce/fills the interface traps. Figure 7.2 (d) shows a 

plot between the VTh shift and bias-stress time in log-log scale. Initially, VTh shift was increased 

upto 600 sec bias-stress time, then returned back and crossed the original value before 1hr of 

bias-stress. The VTh shift versus bias-stress time plot was fitted using the stretched exponential 

equation proposed by Libsch and Kanicki.44  
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                                                             7.1 

Where ∆VTh is the shift of the threshold voltage, VGS-VTh is the effective voltage drop across 

the gate insulator, τ is the decay time constant and β is the dispersion parameter. This formalism 

allows the device stability without microstructure details of the device. The decreased part of 

the ∆VTh was fitted using equation 7.1 and the extracted parameters are τ = 750 sec and β =0.54. 

The increased part of the plot was due to slow polarization of dipoles under application of 

continuous bias-stress. The Figure 7.2 (e) shows the variation of mobility with bias-stress time. 

Initially, the mobility was decreased from 0.005 to 0.0035 cm2/Vs and remains constant 

throughout the 1 h of bias-stress. In order to study the electrical stability of the device, bias-

stress measurements were performed by monitoring the IDS with constant VGS = VDS = –7V for 

2h. The device exhibited an anomalous bias-stress effect under vacuum conditions as shown 

in Figure 7.2 (f). The device remains stable even for 2h of bias-stress, without any change in 

the IDS. We used the equation 4.6 for fitting of anomalous behavior for the device. The fitting 

parameters are α = 0.65, β = 0.73, τp = 695 sec and τd = 2540 sec. The polarization term (τp) 

indicates the time needed for complete polarization of the PVA dielectric material is ~700 sec. 

7.3.3. Electrical Characterization under Ambient Humidity 

7.3.3.1. Device Parameter Extraction under Ambient Humidity 

To estimate the stability of the device under ambient conditions, the devices of the same batch 

have been tested under the ambient atmosphere with relative humidity ~65%. The 

characteristics measured are significantly changed compared to vacuum. For example, Ci was 

shown in Figure 7.1 (a) is 37 nF/cm2, which is larger than vacuum (~33.4 nF/cm2), suggesting 

that the polarization of dielectric material was enhanced in the air ambient due to the absorption 

of water molecules in to the device. The effect of humidity was also reflected in the output and 

transfer characteristics curves, which are exhibited hysteresis free properties, where the device 

presented noticeable hysteresis under vacuum.  In addition, the transfer characteristic also 

shows a higher Ion/Ioff (3 × 103) as shown in Figure 7.3 (a).  
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Figure 7.3 (a) Output (b) transfer characteristic curves under ambient air (c) Transfer characteristics for every 

200 sec for 8h of bias-stress. (d) Threshold voltage shift (∆VTh) as a function of stress time at VGS = –7 V and 

VDS = –7 V in vacuum for 1h. (e) Variation of mobility with the bias-stress time (f) Bias-stress measurement for 

2h.  

Nevertheless, the subthreshold swing value is only 1790 mV/decade, which is increased 

compared to vacuum. The corresponding NSS is determined to be 5.77 × 1012 cm−2 eV−1 which 

is equal to the value calculated under vacuum condition. From the Figure 7.3 (b), a VTh of –
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3.8 V and a µFE of 1.5×10–2 cm2 V−1 s−1 were derived, where the mobility was three times higher 

than vacuum. This enhancement in mobility is due to the accumulation of charges by enhanced 

polarization of the dielectric material in the presence of water molecules. 

7.3.3.2. Bias-Stress  Effect under Ambient Humidity 

Transfer characteristics are collected for every 30 min by interrupting the bias-stress 

measurement under ambient. This bias-stress measured was performed for 8 h. The transfer 

curves are shifted parallel to the VGS and the shift was very small compared to the vacuum. 

Under humidity the device exhibited only positive threshold voltage shift without any 

abnormal threshold voltage shift as observed in the case of vacuum. The peculiar behavior of 

the same device in different environments is very interesting and particularly enhanced 

stability of the device under humidity. Figure 7.3 (d) shows the variation of VTh shift with bias-

stress time in log-log scale. This curve was fitted using the equation 7.1. The corresponding 

extracted fitting parameters are τ = 885 sec and β =0.23. Figure 7.3 (e) plots the variation of 

mobility with stress time. Though the mobility µFE initially decreased from 0.013 cm2 V−1 s−1 

(1 sec) to 0.011 cm2 V−1 s−1 (500 sec), later on reached a constant value. The device exhibited 

normal IDS decay under humidity as shown in Figure 7.3 (f) and fitted using the stretched 

exponential function.  The decay in the IDS was less than 20% after 2h of bias-stress, under 

ambient condition. The high stability of the device under ambient conditions with very low VTh 

shift is suitable for practical applications, particularly for gas and biosensor applications. In the 

next section, we used this device for the fabrication of humidity sensor. We also studied the 

effect of water and other gases on the hysteresis and bias-stress. There are very limited reports 

are available for gas and humidity sensors based on OFETs.14, 45-48 

7.3.4. Recovery of the Device under Bias-Stress    

The bias-stress causes instabilities in the device that may lead to hysteresis or degradation of 

the device. The recovery of the device sometimes possible depending on the type of instability.  

Figure 7.4 shows the recovery of the device measured under vacuum and ambient conditions 

(with a humidity of ~65%) for 1h of bias-stress. Interestingly, the device exhibited positive 

threshold voltage shift in vacuum and negative threshold voltage shift in air ambient. The 
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OFETs, which are characterized under vacuum showed an increased threshold voltage shift up 

to 20 min, then starts decreased and recovered the initial state within 30 min of stress time as 

shown in Figure 7.4. On the other hand, the devices measured under ambient air showed an 

increased negative threshold voltage shifts with bias-stress and did not recovered to the original 

state after 30 min. However, we observed that the devices had completely recovered to the 

initial state immediately after pumping down the pressure to low levels.  

 
Figure 7.4. Recovery of the device under vacuum and ambient conditions after 30 min of bias-stress with 

VGS=VDS=–7V. 

7.3.5. Drain Voltage Dependent Transfer Characteristics  

To present a complete view of the electrical properties in the current devices, we also measured 

the transfer characteristics at various VDS and noticed that VDS had significant influence on the 

memory window measured under vacuum conditions. Figure 7.5 (a) shows the change of the 

transfer loops at different VDS under vacuum conditions, where gate voltage was swept between 

0 V to –10 V and –10 V to 0 V. It can be seen that the device exhibited the ACH, and the area 

of the hysteresis loop was decreased slightly by increasing the VDS. The width of memory 

windows almost remains constant at about -4 V, regardless of VDS values. However, the 

device’s on/off ratio reduces significantly from 104 to 103 with the decrease of VDS from -4 to 

-2 V. Such type of change in hysteresis has been observed in FETs with ferroelectric gate 

insulators that can generate capacitance coupling through the slow polarization.49 The present 

device has a PMMA/PVA as the polymer dielectric material, where the PVA containing 

hydroxyl groups can interact with the active channel through capacitance coupling.50 The 

TH-1407_10615305



 

 
 

Highly stable tri-layer gate dielectric based OFETs for sensor applications 159 

saturation current was also increased, but VTh remained constant even though there is a 

variation in the hysteresis with VDS. In ambient humidity conditions, the same device did not 

show any hysteresis under transfer characteristic curves measured at different VDS, except a 

change in the saturation IDS as shown in Figure 7.5 (b). We observed an increase in VTh from –

4V to –4.6V when the measurement environment changed from vacuum to humidity 

conditions, respectively.  

 

Figure 7.5. Dual sweep transfer characteristics at different VDS measured under (a) vacuum and (b) ambient with 

65% RH. 

7.3.6. Gate Voltage Dependent Bias-Stress   

 

Figure 7.6. VGS dependent bias-stress under (a) vacuum (b) 65% relative humidity at a fixed VDS (–7V). VGS=–

2V,–5V, –7V, –10V. 
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To understand the effect of the VGS on the bias-stress, we have studied bias-stress effects at 

different VGS on the same set of devices under vacuum and humidity conditions for 220 sec. In 

vacuum the device exhibited an anomalous bias-stress: IDS increased with the stress time as 

shown in Figure 7.6 (a). This anomalous behavior was enhanced with the increase of VGS. At 

VGS= –2V approximately 50% increment in IDS was observed and it was increased to 150% at 

VGS= –10V and VDS= –7V. Under humidity conditions, the device exhibited normal IDS decay 

and the decay rate was increased with the increase of VGS as shown in Figure 7.6 (b). In vacuum 

the slow polarization of dipoles in polar dielectric material (PVA) are responsible for this 

anomalous bias-stress effect. As the VGS increases, more voltage will drop in the PVA layer 

and responsible to orient more polar dipoles. This increases the anomalous bias-stress effect as 

shown in Figure 7.6 (a). Under humidity conditions, when the OFET is stressed with a higher 

gate bias, more water molecules will penetrate into the interface and act like trapping sites of  

holes, which results in a charge reduction in conduction channel region due to more depleted 

charges.51 This process is schematically illustrated in the Figure 7.7. 

 
Figure 7.7. Schematic illustration of channel (a) at low gate bias voltage under humidity (b) depleted channel 

region due to high gate bias voltage under humidity due to more absorption of water molecules. 

7.3.7. Bias-Stress Dependent Hysteresis  

To estimate the stability of the device bias-stress dependent transfer characteristics were 

measured under vacuum and ambient conditions. In vacuum the device showed hysteresis 

which decreased with stress time, and then finally it reached a null hysteresis state at around 

~1200 s as shown in Figure 7.8 (a). This may be due to the slow polarization of dipoles in the 

inner dielectric layer of the OFET. Under humidity conditions the device did not exhibit any 

hysteresis in the transfer characteristics as shown in Figure 7.8 (b). This indicates that the 

device gets stabilized under ambient humidity conditions with a stable performance under bias-

stress.  
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Figure 7.8. Bias stress dependent hysteresis in (a) vacuum with pressure ~1×10–4 mbar (b) ambient atmosphere 

with relative humidity ~65%.  

7.3.8. Effect of Switching of VGS 

 
Figure 7.9. Switching response of drain current (IDS) with VGS pulses of height (a) 7V to –7V with a pulse duration 

of 20 sec (b) 0V to –10V with a pulse duration of 50 sec under humidity and vacuum conditions. [Top to bottom: 

Applied gate voltage, response of the device under humidity, response of the device under vacuum]. 

The stability of the device can also be estimated by the switching response of the drain current, 

upon application of gate voltage pulses repeatedly. The switching characteristics of an OFET 

device are shown in Figure 7.9. The plot shows the time-resolved measurement of the device 
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operated at different VGS on-off cycles under vacuum and ambient conditions for short period 

of time as shown in Figure 7.9 (a). The device was first biased with VGS=5V for some time. 

After 10 sec, the VGS was switched to –5V bias for 10 sec and then to –7V.  Under humidity, 

IDS was increased exponentially and suddenly dropped to zero with application of +5V as 

shown in Figure 7.9 (a). Under vacuum, it sharply increased followed by gradual increase of 

IDS. The maximum peak current increased with the number of cycles. It can be observed that 

the maxima of the anomalous bias current increased slowly with the number of ON-OFF 

cycles. However, in humidity conditions the device exhibited normal IDS decay with nearly 

constant behavior as shown in Figure 7.9 (a). In vacuum case slight increase of the IDS was 

found, which is quite high in ambient. It indicating the fast polarization of the polar dielectric 

dipoles under ambient humidity conditions only.  Figure 7.9 (b) shows the response of the IDS 

with the gate voltage switching between 0V to –10V for long period of time. We observed that 

the IDS increased sharply and followed the exponential decay/growth under ambient/vacuum 

conditions, respectively. The device performance was stable for repeated cycles in both the 

conditions. No detectable degradation has been observed after this long measurement time. 

The device presents fast response in both the environmental conditions. 

7.3.9. Long-term stability of the device  

In addition to the environmental stability, the operational stability is of critical importance for 

circuit design and overall device lifetime. The operational stability was evaluated in two ways: 

1) by multiple continuous scans of the transfer characteristic and 2) by measuring the device 

long-term stability. Multiple continuous scans of transfer curves were measured with dual 

sweeping under vacuum and ambient air conditions as shown in Figure 7.10. The OFETs 

measured under vacuum are suffered a strong negative shift in VTh for the 24 scans as shown 

in Figure 7.10 (a). In contrast, negligible changes were observed in the transfer characteristics 

during the 25 continuous scans under humidity, as shown in the Figure 7.10 (b). Figure 7.10 

(c) shows the change in the VTh with the storage time of the device under ambient for more 

than one year. There is no significant change in VTh and remains constant in both measurement 

conditions as shown in Figure 7.10 (c). As shown in Figure 7.10 (d), under ambient the mobility 

was increased slowly after three months. This may be due to the increased humidity (50%-

80%) in the ambient atmosphere during summer in IIT Guwahati, India. The response of the 
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device to change in the environmental humidity and stability, led us to use this device for the 

humidity sensor applications. In addition to the PMMA/PVA/Al2O3 dielectric material, the 

good air stability of CuPc also contributes to the environmental stability of these OFETs.  

 

Figure 7.10. (a) Transfer characteristic curves of OFET device under vacuum: 24 back-to-back scans with dual 

sweeping. (b) Transfer characteristic curves of OFET device under ambient: 25 back-to-back scans with dual 

sweeping.  Long-term stability: Variation of (c) threshold voltage (d) mobility under vacuum and humidity 

conditions with number of days. The device was stored under the ambient air. 

7.3.10. Comparison of ‘B’ Device Performance with the SiO2 Device 

Devices were also fabricated on the standard SiO2 dielectric material as a reference to quantify 

the stability of the CuPc/PMMA/PVA/Al2O3/Al device. Similar conditions and thickness were 

used for the semiconductor and source drain contacts. The schematic diagram of the device 

structure was shown in Figure 7.11 (a). The transfer characteristic curves collected at every 3 

min of the 30 min bias-stress measurement under vacuum and humidity are shown in Figure 

7.11 (b & c), respectively. The threshold voltage shift was increased in the presence of ambient 
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humidity, where we observed negligible shift in the B device. Figure 7.11 (d) shows the 1 h 

bias-stress measurement of the SiO2/CuPc device under vacuum and humidity conditions. In 

both conditions, the device exhibited the normal IDS decay without any anomalous bias-stress 

under vacuum conditions.  

 

Figure 7.11. (a) Schematic diagram of CuPc device fabricated using SiO2 as the dielectric material. Transfer 

characteristic curves collected during 30 min bias-stress measurement under (b) vacuum and (c) humidity. (d) 

Bias-stress measurement under vacuum and humidity for 1h.  

These curves were fitted using the stretched exponential function given below.  

(t)
.exp

(0) d

I t
A B

I

α

τ

 
= + − 

 
                                                              4.2 

Where A and B are constants, α is the dispersion parameter and τd is the decay time constant. 

The fitting parameters are displayed in the Table 7.2. The decay rate increased under ambient 
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compared to vacuum as shown in Figure 7.11(d). The device exhibited more than 80% decay, 

where as it was just less than 20% in the tri-layer dielectric case. The trapping decay time under 

vacuum is 847 sec and under humidity it was only 52 sec. The α value was also decreased from 

0.57 under humidity to 0.27 under vacuum.  It indicates that the activation energy for the trap 

state decreased under humidity conditions, because of the absorption of water molecules in the 

interface of SiO2 and CuPc, which increases the charge trapping. In conclusion, we 

successfully fabricated and demonstrated highly stable OFETs based on tri-layer polymer 

dielectric material (PMMA/PVA/Al2O3). The outstanding electrical and environmental 

stability directed us to fabricate a stable gas sensor, which can operate under diverse 

environmental conditions.        

 Table 7.2. Fitting parameters of the bias-stress measurement under vacuum and humidity 

Environment α τd (sec) A B 
Vacuum 0.57 847 0.043 0.93 
Humidity 0.27 52 0.043 1.37 

 

7.4. Effect of Dipole Moment of Chemical Analyte on Hysteresis and 

Fabrication and Characterization of Humidity Sensor  

7.4.1.  Experimental Section 

Stable device CuPc/PMMA/PVA/Al2O3/Al (B device) was used for the testing of variation of 

hysteresis, IDS, µ FE and VTh under saturated vapors of water, ethanol, methanol, acetone, 

acetonitrile, diethyl ether, dichloromethane, chloroform and hexane. The fabrication procedure 

of the device is same as the device used in chapter 4 and 5. A desiccator with electrical feed 

through is used as the gas sensor chamber. Compact turbo pump was used to achieve the 

vacuum upto 10–4 mbar. The analytes were prepared in a glass jar and injected into the chamber 

by micro-syringe. For the sensing measurement, the prepared sensing devices were placed in 

a desiccator that contained inlet and outlet connections for gas flow. Argon mixed with vapors 

were passed through the devices and measured the responses. In the case of humidity sensor 

the analyte control was achieved by injecting RH into the chamber with a flow rate of 10 

mL/min. The RH levels were independently monitored by using a standard hygrometer HTC-
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1. All data were acquired at room temperature. All the exposure experiments were repeated at 

least three times in all the cases. The Electrical measurements were performed in the presence 

of analytes using a Keithley 4200 SCS. The photograph of the designed sensor chamber was 

shown in Figure 7.12.  

 

Figure 7.12. (a) Photo graph of Keithley 4200 connected with the sensor chamber. (b) Photograph of the sensor 

chamber with electrical connection and gas mixing chamber. 

   Table 7.3. Chemical properties of the solvents used in this sensor study. 

 Solvent Polarity Boiling 

point (°C) 

Dipole 

moment (D) 

Dielectric 

constant (k) 

1 Hexane Non polar 69 0.00 2.02 
2 Chloroform Non polar  61 1.04 4.8 
3 Diethyl ether Non polar 35 1.15 4.3 
4 Dichloromethane Non polar 40 1.60 9.1 
5 Acetone Polar aprotic 56 2.88 20.7 
6 Acetonitrile Polar aprotic 82 3.98 37.5 
7 Ethanol Polar protic 78 1.69 24.3 
8 Methanol Polar protic 68 1.71 33.5 
9 Water Polar protic 100 1.85 80 

7.4.2.  Results and Discussion 

We have selected hexane, acetone, ethanol, methanol, DCM (dichloromethane), diethylether, 

water, chloroform, acetonitrile and water as analytes, because they are common volatile 

compounds. Table 7.3 displays the list of chemicals and their properties. Here we used the nine 

chemical vapors including the water. The effect of saturated vapors on the hysteresis of the 

CuPc/PMMA/PVA/Al2O3/Al device was studied and used for the humidity sensor application. 

The transfer characteristics were collected by sweeping the gate voltage from 0V to –10V in 
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FS and swept back to –10V in RS. The transfer characteristic curves are collected for 1 hr at 

different intervals of time under the condition that the chamber was filled with the saturated 

vapor of analyte.  

7.4.2.1. Device Performance under Saturated Acetone Vapors 

The saturated acetone vapors were injected in to the chamber through the inlet valve, which 

were pre-prepared in a glass jar. Figure 7.13 shows the set of transfer characteristic curves 

collected at different time intervals under the saturated vapors of the acetone. Acetone is the 

organic compound with the formula (CH3)2CO.52 This molecule has a polar aprotic nature with 

dipole moment 2.88D. The curves were collected for 1h at vacuum, 1, 2, 5, 10, 15, 30 and 60 

min as shown in Figure 7.13. Under vacuum, the device showed the ACH as explained in the 

earlier chapters due to the slow polarization of the polar dipoles in the PVA dielectric material. 

The device did not exhibit severe change in the hysteresis under 1h of acetone exposure as 

shown in Figure 7.13 (a-h). However, the IDS increased from 72 nA under vacuum to 130 nA 

within 5 min and the IDS remain constant under further exposure as shown in Figure 7.13.  

 

Figure 7.13. Dual sweep transfer characteristic curves collected at different time intervals under the saturated 

vapors of acetone for 1h of exposure time. All the curves are show the ACH, without significant change in 

hysteresis. The IDS almost remain constant throughout the 1 h exposure time. 

7.4.2.2. Device Performance Under Saturated Hexane Vapors 

Figure 7.14 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of hexane. Hexane is an alkane of six carbon atoms, with the 

TH-1407_10615305



 

 
 

Chapter 7   168 

chemical formula C6H14. The dipole moment of the molecule is zero and the dielectric constant 

is 2.02. The transfer characteristics curves collected for 1h at vacuum, 1, 2, 5, 10, 15, 30 and 

60 min exposure times are shown in Figure 7.14. Under vacuum, the device showed an ACH. 

The overall change in the ACH was negligible, but the current was decreased from 78 nA to 

50 nA within 1h of exposure, which is opposite to the acetone case, where we observed an 

increase in the IDS. Even under the saturated vapors of analytes, the devices showed a good 

field-effect behavior as shown in Figure 7.14. 

 

Figure 7.14. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

Hexane for 1h of exposure time. 

7.4.2.3. Device Performance under Saturated Ethanol Vapors 

Figure 7.15 shows the set of transfer characteristic curves collected at different exposure time 

intervals of the ethanol. Ethanol, also known as ethyl alcohol, is a chemical with the formula 

C2H5OH. It has the polar protic nature with dipole moment 1.69 D and the dielectric constant 

is 24.3. The curves are collected for 1h at vacuum, 1, 2, 5, 10, 15, 30 and 60 min are shown in 

Figure 7.15. In the presence of ethanol, we observed a change in the both hysteresis and the 

IDS.  
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Figure 7.15. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

methanol. 

The response of the device to the ethanol vapors was reflected in the hysteresis and IDS of the 

transfer characteristic curves. It can be seen that the ACH slowly increased up to 5 min of 

exposure time and it started decreasing as shown in Figure 7.15 (d & e). Finally, it reached a 

nil hysteresis state. The IDS also increased from 70 nA before exposure to 200 nA after 1h of 

exposure. This may be due to the polar nature of the molecule that made the polarization faster 

in the PVA dielectric material by interacting with the –OH groups in the polar dielectric 

material. Other reason may be due to the dominant dipole-charge interaction with organic 

semiconductor.53  The de-doping effect and dipole-charge interaction may contribute to the 

basic sensing mechanism between OSC and chemical analyte.  In addition, polar molecules 

will randomly adsorb on organic semiconductors, and therefore the polar dipole of analyte can 

induce disorder electric fields in the vicinity of OSC molecules, which yield disorder dipole-

charge interaction. Such interaction will cause a portion of the mobile charge to be trapped, 

and decreases the hysteresis under long term exposure of the analytes.  

7.4.2.4. Device Performance under Saturated Methanol Vapors  

Figure 7.16 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of the methanol. Methanol, also known as methyl alcohol, is a 

chemical with the formula CH3OH. It has the polar protic nature with dipole moment 1.71D 

and the dielectric constant is 33. Under vacuum, the device showed an ACH as explained 

earlier and it increased after 2 min exposure time. After that, it started decreasing and reached 
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a nil hysteresis state at 10 min exposure time. At 15 min the hysteresis changed to CH. The 

change of hysteresis from ACH to CH was attributed to the elimination of slow polarization. 

It indicates that the methanol molecules act like traps at the interface of the organic 

semiconductor and dielectric material. We also observed that the device was not exhibiting the 

field–effect behavior after 30 min exposure time due to the solubility of the semiconductor and 

PMMA dielectric material under excess of methanol molecules. Methanol is an organic 

molecule that can dissolve organic materials and increases the interface traps leading to the 

degradation of the device properties. However, the device recovered immediately after 

pumping down the pressure to high vacuum levels. From this we can conclude that there is 

only physical interaction between methanol molecules and device. The IDS decreased from 78 

nA to 490 nA within 1h of exposure as shown in Figure 7.16.  The device response was fast 

and the changes in the device parameters also significant compared to acetone, ethanol and 

hexane. It indicates that the –OH groups in the dielectric material are more sensitive to the 

vapor which contains the same –OH groups as ethanol and methanol. 

 

Figure 7.16. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

methanol for 1h of exposure time. 

7.4.2.5. Device Performance under Saturated Chloroform Vapors  

Figure 7.17 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of the chloroform. Chloroform is an organic compound with 

formula CHCl3. It is a non-polar solvent with dipole moment 1.04D and the dielectric constant 

is 4.82. Under saturated vapors of chloroform, the device exhibited the same ACH without 
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change in its area and direction for 1hr chloroform vapors exposure as shown in the Figure 

7.17. The change in the IDS were also negligible. This may be due to the non-polar nature of 

the molecule, where the charge–dipole interactions were negligible between the molecules. 

 

Figure 7.17. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

chloroform. 

7.4.2.6. Device Performance under Saturated Diethyl ether Vapors 

 

Figure 7.18. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

diethyl ether. 

Figure 7.18 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of diethyl ether. Diethyl ether is an organic compound in the ether 

class with the formula (C2H5)2O. It is a non-polar solvent with dipole moment 1.14D and the 

dielectric constant is 4.34. The hysteresis change was very negligible under 1h of exposure 
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time as shown in the Figure 7.18. The IDS decreased from 102 nA to 48 nA for 1h of exposure 

and behaved similarly like chloroform. It indicates that the effect of diethyl ether on hysteresis 

is negligible and decreases the current. The decrease in the IDS with the exposure time indicates 

that the chemical analyte diethyl ether creating charge traps at the interface and reducing the 

charge density in the semiconductor.  

7.4.2.7. Device Performance under Saturated Dichloromethane Vapors 

Figure 7.19 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of DCM. The dipole moment is 1.6D and the dielectric constant is 

9.1. The device exhibited the ACH and it was increased under 1h of exposure time as shown 

in Figure 7.19. The IDS also increased from 40 nA to 100nA after 1h. The increase of ACH 

under DCM vapors indicates that the polarization of polar dipoles in PVA dielectric material 

under the applied gate electric field slowed down. This may be due to the counter act of dipole 

moment of DCM on the –OH molecules in the PVA dielectric material. 

 

Figure 7.19. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

dichloromethane. 

7.4.2.8. Device Performance under Saturated Acetonitrile Vapors 

Figure 7.20 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of ACN. The dipole moment of ACN is 3.92D and the dielectric 

constant is 37. The device exhibited the ACH under vacuum with IDS=100 nA as shown in 

Figure 7.20. By increasing the exposure time the hysteresis slowly decreased and it became 
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very small at 1h. Still the device did not reach the nil hysteresis state as shown in Figure 7.20 

(h), but the change in hysteresis is significant. The IDS also increased with the exposure time 

and reached 180 nA. So, the ACN vapors decreased the hysteresis and increased the IDS with 

good field-effect behavior. This may be due to the polar nature of the molecule which can 

interact with the dipoles in the PVA dielectric material and can enhance the polarization. 

 

Figure 7.20. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

Acetonitrile. 

7.4.2.9. Device Performance under Saturated Water Vapors  

 

Figure 7.21. Transfer characteristic curves collected at different time intervals under the saturated vapors of 

water.  

Figure 7.21 shows the set of transfer characteristic curves collected at different time intervals 

under the saturated vapors of water. The dipole moment of water is 1.82D and the dielectric 
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constant is 80. The device exhibited the ACH under vacuum with IDS=100 nA as shown in 

Figure 7.21 (a). With exposure time the hysteresis suddenly decreased and became nil at 2 min 

of exposure time. In the presence of water only, we observed a nil hysteresis in less time of 

exposure.  Further exposure of the device increases the hysteresis in the opposite direction 

(means CH direction) and became very severe at 1h of exposure time.  After 1h of exposure, 

also the device exhibited good field-effect behavior as shown in Figure 7.21 (h). The IDS also 

increased with the exposure time from 100 nA to 360 nA. 

7.4.2.10. Variation of IDS  with the Analyte Exposure Time  

The variation of IDS with exposure time for different analytes is shown in Figures 7.22. Under 

acetone, IDS initially increased to 150 nA and then reached a saturation value at ~130 nA after 

30min of exposure time. The decrease of this current may be due to the electron donating 

nature of the acetone.  In the presence of hexane, the IDS were small and remained constant 

throughout the measurement time. The IDS increased to 200 nA within 15 min of ethanol 

exposure and became constant under the further exposure as shown in Figure 7.22. In the 

presence of methanol the IDS was suddenly increased to 450 nA within 10 min and further 

exposure degraded the device properties, and the device did not exhibit field-effect behavior 

as shown in Figure 7.10. Large increase in IDS under ethanol and methanol may be due to the 

polar nature (–OH groups) of the molecules. The effect of DCM, chloroform and diethyl ether 

vapors on IDS was negligible as shown in Figure 7.22.  

The device response for water is very good and device showed a good field-effect behavior 

after 1h of exposure also. The increase in IDS under water, methanol, ethanol and acetonitrile 

is due to the enhanced polarization in the PVA dielectric material. These solvents have a non-

zero dipole moment, which can interacts with the under laying dipoles and increase the 

polarization. Another reason for the increase in the IDS is that the dipolar analyte interacting at 

the grain boundaries has the effect of adding charge instead of trapping charges. The dipole 

induced charges would produce an increase in IDS.54   
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Figure 7.22. Variation of IDS with the exposure time of vapors of analytes. 

7.4.2.11. Variation of VTh with the Analyte Exposure Time 

 

Figure 7.23. Variation of VTh in (a) forward and (b) backward sweeps with the chemical exposure time. 

For all the vapors, the variation of FS VTh was constant except water and methanol as shown 

in Figure 7.23. In methanol, VTh was sharply increased to –3.5V from 0.5V as shown in Figure 

7.23(a). The device under methanol was degraded after 15 min. In case of water, VTh increased 

sharply from –4.5V to –1V and remain constant under further exposure. Under BS conditions, 
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water, acetonitrile and methanol show the clear changes in the VTh with the exposure time as 

shown in Figure 7.23 (b). Methanol/ethanol is a polar molecule with a dipole moment of 1.69–

1.71D, which arises from the electronegative oxygen atom. The oxygen atom attracts the 

electrons of its nearest neighbors producing a partial negative charge near the oxygen atom 

and partial positive charge on the opposite end of the molecule. This positive charge enhances 

the IDS in p-type semiconductors because of the induced holes. 

7.4.2.12. Variation of Mobility with the Analyte Exposure Time 

Figure 7.24 shows the variation of mobility with the exposure time of different chemical 

analytes on the device.  

 

Figure 7.24. Variation of mobility in (a) forward and (b) backward sweeps with the exposure time. 

FS: In the presence of water vapors the mobility increased up to 0.015 cm2/Vs and then decayed 

in the further exposure time. In ethanol and acetonitrile, the mobility increased to 0.013 cm2/Vs 

and then remained constant as shown in Figure 7.24 (a). In the case of methanol, the mobility 

reached to 0.01 cm2/Vs. The device exhibited the lower mobilities in the presence of other 

vapors as shown in Figure 7.24 (a). 

BS: Under water vapors, the mobility of the device sharply increased and reached a maximum 

value 0.043 cm2/Vs after 1h of exposure time as shown in Figure 7.24 (b). The device exhibited 

good response to methanol, ethanol and acetonitrile vapors also. The mobility increased 

initially upto 15 min time and reached a constant value of 0.01 cm2/Vs.  
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7.4.2.13. Device Response at 15 min of Exposure Time 

 

Figure 7.25. Bar diagrams of the (a) IDS (b) VTh and (c) mobility under different analytes at 15 min exposure time. 

The change of mobility, IDS and VTh at 15 min of exposure time are represented in the histogram 

plot as shown in Figure 7.25. Ethanol showed the highest IDS, whereas water and ethanol are 

in the next position as shown in Figure 7.25 (a). The IDS was very low in the non-polar group 

compared to polar group. Figure 7.25 (b) shows the variation of VTh under FS and BS for 

different analytes. Methanol exhibited the lowest VTh for FS and BS conditions. On the other 

hand water showed the highest BS VTh and low FS VTh as shown in the Figure 7.25 (b). Water 

exhibited the highest mobility as shown in Figure 7.25 (c) under 15 min of exposure time. The 

device response was more significant for polar molecules than non-polar molecules. In the 

group of polar molecules, device responded more for the polar protic molecules than polar 

aprotic molecules. In addition to the high dipole moment, the availability of the –OH group in 

the analyte is the key component for sensing of the device. 

7.4.2.14. Bias-Stress Effect under Different Environments 

The stability of the device can be estimated under long-term bias-stress. Under vacuum, the 

device exhibited the anomalous bias-stress as shown in Figure 7.26 (a). The mechanism was 

explained in the chapter 4. In methanol vapors, IDS decay was observed upto 300 sec, after it 

increased gradually and reached a constant value (–450 nA) in the remaining bias-stress time 

as shown in Figure 7.26 (b). The initial decay is due to the complete polarization of –OH groups 

in the PVA dielectric material in the presence of polar methanol vapors. The solubility nature 

of the CuPc (or PMMA) to methanol, was the reason for the increase of the conductivity to 
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very high value as shown in Figure 7.26 (b).  Under the water vapors, the device exhibited the 

as usual IDS   decay as shown in Figure 7.26 (c). The IDS decay generally attributed to the charge 

trapping at the interface of the organic semiconductor and dielectric material due to the water 

molecules. 

 

Figure 7.26. Bias-stress measurement of the CuPc/PMMA/PVA/Al2O3/Al device under (a) vacuum (b) methanol 

vapors (c) water vapors at a fixed VGS=VDS=–7V. 

7.4.2.15. Humidity Sensor Testing  

The device showed impressive response and stability for the saturated vapors of water as 

discussed in the previous sections. In this current section we studied the response of the device 

under different relative humidity levels. In order to test the fabricated sensors, we have placed 

the OFETs into a small humidity chamber. The schematic diagram of the sensor chamber was 

shown in Figure 7.27 (a). We have monitored the variation of IDS with the RH%. We have 

studied the device behavior with a shorter exposure and recovery times. The humid air flow 

was introduced for 50 sec followed by 50 sec recovery time in argon. Figure 7.27 (b) shows 

the stability of the measured IDS of the sensors with varying RH between 5% and 68%. The 

observed IDS varied between 100 nA and 270 nA, respectively. The sensors are quite stable in 

their response and recovery times within 900 sec of total testing period. The response or 

recovery time of the sensors were measured as the time taken to achieve 90% of the total 

current change. The sensitivity of the sensors is a direct measure of how well a device can 

detect a per unit change of RH. Figure 7.27 (c) shows the normalized IDS increases linearly 

with the variation of relative humidity. The slope of the linear fitting was 1.55. In this case, we 

have defined current normalized with respect to the current measured under dry air. We have 

observed the response time for these sensors as 0.73 sec and the recovery time as 0.52 sec as 
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calculated from the shape of the variation of IDS shown in Figure 7.27(d & e). The reported 

response times are the fastest response for the humidity sensors fabricated using OFETs. The 

devices are stable over several months stored under ambient condition. All the measurements 

were carried out at room temperature.  

 

Figure 7.27 (a) Illustrated schematic diagram of the OFET humidity sensor, sensor chamber, gas connections and 

measurement setup. (b) The changes in the measured drain current for the RH were switched between 5% and 

68%. (c) The variation in sensitivity for different RH values for a typical device. The dots are the experimental 

data, whereas the straight line shows the linear fitting of the data. Estimation of (d) response and (e) recovery 

times.  

7.5. Conclusions 

In this chapter, we have studied the stability of the PMMA/PVA/Al2O3 as the gate dielectric 

for p-type CuPc OFETs. Device performance was further enhanced when the operation 

environment is switched from vacuum to air ambient. The devices were stable for more than 

300 days even without showing any degradation under continuous exposure of ~65% relative 
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humidity. The performance of the devices particularly hysteresis and bias stress were studied 

with respect to the gate voltage, gate voltage on-off, bias-stress dependent hysteresis and 

continuous scanning of transfer curves about 25 times. We have fabricated a sensors which can 

sustain under humidity as well as organic analytes.  Splendid response for all analytes of 

various concentrations has been shown. Interestingly for distinct polar analytes, distinct 

responses have been recorded. Particularly in humidity sensing, our sensors response is 

outstanding. We have systematically studied the effect of dielectric material and polarity of the 

chemical analytes on the sensing properties of the OFETs. By the change in drain current, 

hysteresis, we were able to detect the humidity up to 5% RH sensitivity. The most important 

achievements in our studies are the high reliable, fast recovered and long term stabile OFET 

based sensor fabrication.  
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Chapter 8 

 

Fabrication and Characterization of 

the Flexible OFETs 

 

8.1. Introduction 

Organic electronic devices on flexible plastic substrates have attracted much more attention 

due to their light weight and low-cost in the fabrication process, which opens up an entirely 

new consumer market segment in the field of electronics.1-2 Recently, significant amount of 

research has been devoted to the development of flexible electronic devices made on plastic 

substrates because of their rollability and foldability.3 The rapid development of this field has 

been spurred by the continuing evolution of large-area electronics with applications in flat-

panel displays, medical image sensors and e-paper.4-6 Most importantly, the flexible electronics 
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offer the possibility for the easy spreading of electronics over arbitrarily surfaces and movable 

parts, particularly on the skin of human body. As a result, flexible organic devices have 

experienced a fast growth in the last few years.7-8 The softness and flexibility of organic 

electronics must be improved to increase its biocompatibility, because the flexible tissues in 

the biological systems contain various kinds of movements in their physiological functions.9-

10 For the applications interfaced with human body or other living biological systems, flexible 

organic bioelectronics devices are expected to provide a much better connectivity between the 

electronics and biology than that of their hard-rigid counterparts.11-16 On the other hand, 

flexible bioelectronics devices can be easily integrated with the textiles to fabricate the 

wearable smart devices,17 which can sense the body stimulations. For realization of these novel 

applications, the flexible OFET devices must be stable under severe environmental conditions. 

In this chapter, we studied the stability of the flexible device fabricated using the tri-layer gate 

dielectric system under vacuum and humidity conditions, which was studied in the earlier 

chapters on glass substrate. 

The key requirement for the fabrication of flexible electronic device is the plastic flexible 

substrate. It should be thermally and mechanically stable during the device fabrication process. 

High processing temperatures are often required for the growth of organic semiconducting 

layer and for annealing of the polymer dielectric layers. Poly(ethylene terephthalate) (PET),18 

poly (ethylene naphthalate) (PEN),19 polyethersulfone (PES)20 and polyimides (PI)21-23 are the 

main transparent flexible substrates have gained increasing attention in the semiconductor 

industry for the development of flexible electronics. They provide good resistance to different 

solvents and good tolerance to high temperatures.24 Among them, PI’s are one of the best 

candidates for plastic substrates in terms of their mechanical/thermal stability.25 In this chapter, 

the performance of the flexible CuPc FETs (FOFETs) fabricated on transparent sheet is 

discussed in terms of mobility (µFE), threshold voltage (VTh) and stability under vacuum and 

ambient conditions. The device performance and stability under bending condition were also 

studied in both the environments. We have achieved both high stability and low-temperature 

processing for OFETs made on flexible substrate with polymer dielectric materials. Generally, 

structural changes will take place in the device layers by bending the substrate and degrade the 

performance. This may be further enhanced under ambient humidity conditions.  
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8.2. Experimental Section 

Flexible OFETs were fabricated on a transparent flexible substrate purchased from the general 

bookstore, which was generally used as a transparent sheet for overhead projector (OHP). The 

sheet was made with polyester based materials and glass transition temperature is 100-120°C. 

The transparent sheet were cut with a scissor into 3 cm × 1.5 cm size films, cleaned in soap 

solution and deionized water. The cleaned films were dried in vacuum oven at 60 ºC to remove 

the water content and other impurities. In order to make the gate electrode over the flexible 

substrate, a patterned strip consisting of a 150 nm thick (1 mm wide × 2 cm length) “L” shaped 

aluminum layer was vacuum-deposited at a pressure of 5 × 10−6 mbar using a shadow mask. 

The aluminum films were anodized to make the dense alumina (k=9) layer. High-k dielectric 

material has high breakdown voltage and reduces the leakage current. No delamination of the 

aluminum film is observed during the anodization process indicating the good adhesion of the 

aluminum on the plastic flexible substrate. Anodized substrates were annealed at 60 °C for 

60 minutes in vacuum oven, in order to remove the water. The thickness of the alumina was 

optimized to ~10-12 nm using an anodization voltage 10V. The flexible substrates are attached 

to the glass slide with double-sided tape to avoid the possibility of bending during the device 

fabrication and for easy handling. To make the anodized surface smooth and pin-hole free, a 

PMMA/PVA bilayer polymer dielectric was spin coated on the anodized substrate. The 

polymer solutions were prepared by dissolving PVA (30 mg/ml) in 60ºC water and PMMA 

(10 mg/ml) in anisole. PVA solution was spun-cast at a speed of 3000 rpm for 60 sec on the 

anodized Al gated flexible substrates as first layer. These films were annealed at 60 °C in 

vacuum oven for 60 minutes. The thickness of the PVA layer was optimized to be ~70 nm. 

Another polymer dielectric, PMMA was spin coated as second layer at 3000 rpm for 60 sec 

and annealed in vacuum oven at 60 °C for 60 minutes. The thickness of the PMMA layer is 30 

nm. CuPc film (~60 nm thick) was thermally deposited at a rate of 0.03 Å/s and a base pressure 

of 1 × 10−7 mbar. Throughout the deposition the substrate temperature was maintained at 60°C. 

Finally, copper (Cu) was thermally evaporated on top of the CuPc film to make the source-

drain electrode (50 nm thick) with a deposition rate of 2 Å/s under a base pressure 

2 × 10−5 mbar.  In order to make source drain electrodes, a shadow mask was used to define 

channel length (25 µm) and channel width (750 µm). Figure 8.1 (a) shows a schematic diagram 
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of flexible transistor under flat condition. The different layers involved in the fabrication 

process are illustrated with different colors. An optical micrograph of the fabricated FOFET 

(CuPc/PMMA/PVA/Al2O3/Al/Flexible Substrate) device with common gate and 15 individual 

source/drain electrodes (15 devices) are shown in Figure 8.1 (b). Figure 8.1 (c) shows the 

illustrated 3D image of the flexible device under bending condition. The optical micrograph of 

the original device under bending position is shown in Figure 8.1 (d). The electrical 

characterizations of the FOFETs were performed at room temperature under vacuum/ambient 

conditions using Keithley 4200 SCS. The morphological investigation on the aluminum gate, 

before and after anodization have been examined by a Field Emission Scanning electron 

microscope (Sigma Zeiss FESEM). AFM is an important tool for investigating the topography 

of thin films, as well as to determine size and shape of the grains. AFM images were obtained 

in tapping mode by Agilent 5500 SPM/STM at room temperature.  

 

Figure 8.1. OFETs are fabricated on flexible substrate (CuPc/PMMA/PVA/Al2O3/Al/FS). (a) Schematic diagram 

of the device with different layers. The layers are shown in different colors. Thermally deposited aluminum served 

as the gate electrode. Copper metal used for the source drain electrodes (b) optical micrograph of the real device. 

(c) Schematic 3D image of the device in bending position (d) optical micrograph of the real device in bending 

position.  
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8.3. Results and Discussion 

8.3.1.   Surface Morphology  

The surface morphology of the different device layers were studied by using FESEM and 

AFM. The FESEM images of aluminum gate electrode before anodization and after 

anodization are shown in Figure 8.2. The grain size was increased after anodization as shown 

in Figure 8.2 (a & b). This may be due to the formation of porous layer on the surface. The 

charging effect can be seen in the FESEM image of the anodized film (Figure 8.2 (b)), 

indicating the formation of insulating alumina layer on the surface. The highly smooth 

dielectric surface was obtained after spin coating of PMMA/PVA bilayer as shown in Figure 

8.2 (c). Figure 8.2 (d) shows the FESEM image of the thermally deposited CuPc molecule on 

the PMMA/PVA surface with uniform and closely compacted grains. The surface morphology 

of the transparent substrate, dielectric materials and CuPc thin film are also investigated using 

AFM.  

 

Figure 8.2. FESEM images of (a) aluminum deposited on flexible substrate (b) after anodization of the top surface 

of aluminum (c) PMMA/PVA coated on anodized surface (d) CuPc molecule deposited on PMMA/PVA surface. 
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Figure 8.3. AFM image of the (a) flexible substrate (b) PVA spin coated on anodized aluminum (c) PMMA and 

(d) thermally deposited CuPc at 60°C substrate temperature. 

Figure 8.3 (a) shows the AFM image of the flexible substrate surface with RMS roughness 

1.84 nm. The roughness of the bare substrate was very low and we used this substrate for the 

deposition of aluminum without any surface treatment. The surface morphology of the PVA 

and PMMA spin coated on the anodized surface are shown in Figure 8.3 (b) and 8.3 (c). After 

deposition of PVA the surface roughness decreased to 1.24 nm and it was further decreased to 

0.29 nm with the deposition of PMMA as the second polymer layer. As shown in Figure 8.3 

(d), the deposited CuPc film contains uniform grains with a homogenous distribution 

throughout the sample. The grain size was calculated to be about ~50 nm from AFM images 

using WSXM program Nanotech software.26 The roughness of the CuPc thin film was found 

to be 0.84 nm. The grain size and roughness of the film affect the mobility of the transistor.27 

The grain boundaries act as a trapping sites for charge carriers and reduce the mobility of the 

device.28 The growth of the organic molecule depends on the surface energy of the dielectric 

material.29-31 The hydrophobic nature of the dielectric material is suitable for the growth of 

organic material,32  because of the compatibility between organic semiconductor and organic 

dielectric materials. 
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8.3.2. Leakage Current and Capacitance Measurement 

Figure 8.4 (a) shows the leakage current behavior of flexible OFET under vacuum and ambient 

conditions. The leakage current is less than 10-10 A in the voltage range of -6V to +6V and it 

remains nearly same in both the conditions. Such low leakage currents allow the use of the 

PMMA/PVA/Al2O3 dielectric system as gate dielectric in the FOTFT. The high leakage current 

reduces the on/off ratio and increases the off current leading to device degradation. The 

variation of capacitance with voltage (C-V curve) is depicted in Figure 8.4 (b). The capacitance 

increased from 104 pF under vacuum to 113 pF under humidity. The increase in capacitance 

of the device under ambient attributed to the enhanced polarization of the polar dielectric layer 

due to the absorption of water molecules from the ambient. An enhanced hysteresis can be 

observed between the forward and reverse C –V curves measured under humidity conditions 

compared to vacuum conditions. This hysteresis may be related to the charging and discharging 

of interface traps located at the semiconductor and dielectric interface.33 

 

Figure 8.4. (a) Leakage current variation with voltage (b) Variation of capacitance with voltage under vacuum 

and humidity. 

8.3.3. Electrical Characterization of the Flexible OFETs under Vacuum 

The output and transfer characteristics of the FOFET were typical for p-type material working 

in an accumulation mode, because the IDS increased with negative VGS. Figure 8.5 (a) shows 

the output characteristic curves of the FOFET device under flat condition at various gate 
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voltages under dark with the cyclic sweeping of VDS. The device exhibited good field-effect 

behaviour. The IDS of the transistor increases and reached a saturation value due to a pinch-off 

of the conductive channel formed at the interface of semiconductor and dielectric material. 

This confirms that a good ohmic contact was established between CuPc and copper S/D 

contacts with low contact resistance. As shown in Figure 8.5 (a), the device exhibited 

noticeable anti-clockwise hysteresis (ACH) under output characteristic curves. The same 

device exhibited ACH under transfer characteristic curves as shown in Figure 8.5 (b). The 

device behaved in a similar manner as the device fabricated on the glass substrate in the earlier 

chapters. The slow polarization of polar dipoles in hydrophilic PVA dielectric material is the 

origin for the observed ACH, as explained in the chapter 4.  

 

Figure 8.5. (a) Output characteristics of the flexible OFET with dual sweeping of VDS (b) Transfer characteristic 

curves with dual sweeping of VGS under vacuum.  

The field-effect charge carrier mobility, subthreshold slope, and threshold voltage were 

calculated to be 0.002 cm2/ Vs, 1.8 V/ dec and -2V, respectively for the FOFET measured 

under vacuum conditions. The Ion/Ioff ratio value of the device was found to be 3×103. The 

maximum interfacial trap density max( )
Trap

N  
was calculated using the formula defined chapter 

1(equation 1.13) is 8.72 × 1012 eV−1 cm−2. This m ax
T rap

N  value is comparable to the device 

fabricated on the glass substrate which is calculated in the section 7.2.2.1. This may be due to 

the same tri-layer dielectric system used for the fabrication of both the devices, one is on glass 

substrate and other is on the flexible substrate. Generally, the device properties are independent 

of the substrate nature under flat normal conditions. 
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8.3.4. Bias-Stress  Measurement of the Flexible OFETs under Vacuum 

The stability of the transistor, is usually studied by observing the variation of IDS under 

continuous bias of gate voltage for long duration. Figure 8.6 (a) shows the stability of the 

FOFET for 1h of bias-stress measurement under vacuum. The device exhibited anomalous 

bias-stress as shown in Figure 8.6 (a). The current initially increase to -12 nA from -6 nA, and 

then decayed slowly to -10 nA after 1 h. Figure 8.6 (b) shows the shift of transfer curves before 

and after bais-stress measurement. The change in threshold voltage was very negligible for the 

1h of bias-stress, with a small increase in the IDS as shown in Figure 8.6 (b).  

 

Figure 8.6. (a) Bias stress measurement under vacuum at VGS=VDS=-7V.  (b) Transfer characteristic curves before 

and after bias stress measurement.  

8.3.5. Bending Test Measurements of the Flexible OFETs under Vacuum 

Bending tests of the fabricated FOFETs were characterized under vacuum. Bending the 

flexible device leads to a well-defined deformation and all the layers on top of the substrate 

will be stretched, which might lead to some significant changes in the device performance. 

Therefore, before considering this flexible transistor for any practical applications, it is 

important to evaluate the stability of its electrical properties with substrate bending. Bending 

tests are performed on our studied devices to investigate the device performance at the different 

bending radius under vacuum. Five different radii of curvature, 24 mm, 15 mm, 8 mm, 5 mm 

and 2 mm, are used in this evaluation.  
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Figure 8.7. Variation of hysteresis of FOFET device with the bending radius. (a) 24 mm (b) 15 mm (c) 8 mm (d) 

5 mmd (e) 2 mm. (f) Variation of transfer characteristic with the number of bindings of the flexible device at 8 

mm radius.   

The device was rolled on different curved surfaces and transfer characteristics were collected 

to find the variation of hysteresis and IDS. At a bending radius of 24 mm, the device exhibited 

the ACH as shown in figure 8.7 (a). By increasing the bending radius the hysteresis was 

decreased as shown in Figures 8.6 (b,c,d). At a bending radius of 2 mm, the device did not 

exhibit complete transfer curve as shown in Figure 8.7 (e). This may be due to the loss of metal 
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gate contact somewhere under the device or may be due to the formation of crack in the S/D 

electrodes. Interestingly, the device recovered immediately under flat condition (unbent), 

without any degradation in the performance. The hysteresis change under bending could be 

due to the structural changes in the dielectric layer after the application of bending stress. 

Figure 8.7 (f) shows the variation of IDS with number of bending repetitions. As the repetition 

number increases, decrease in the IDS was observed. This may be due to the gradual cracks 

formation in the organic semiconductor or source/drain contact region or in the metal gate 

contact.  

8.3.6. Electrical Characterization of the Flexible  OFETs under Ambient  

 

Figure 8.8. (a) Output characteristics of the Flexible OFET with dual sweeping of VDS (b) Transfer characteristic 

curves with dual sweeping of VGS under ambient humidity. 

The same set of FOFETs were characterized under ambient conditions with RH 65%. It was 

found that the devices were working well and exhibited well-defined linear and saturation 

behaviors as shown in Figure 8.8 (a). The IDS value increased (to 90 nA) under humidity 

compared to vacuum (50 nA). Figure 8.8 (b) shows the transfer characteristics measured under 

ambient conditions and the device exhibited negligible hysteresis. The high on-off ratio ~105 

was observed under humidity compared to vacuum, where it was only 5×102. The field-effect 

charge carrier mobility, subthreshold slope, and threshold voltage were calculated to be 0.006 

cm2/Vs, 600 mV/dec and -2V, respectively. The calculated field-effect mobility was 3 times 

higher than the mobility measured under vacuum conditions. The enhancement in the device 
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performance is due to the enhanced polarization of the dielectric material under the ambient 

humidity conditions. The complete mechanism of slow polarization of dipoles was explained 

in the chapter 4. 

8.3.7. Bias-Stress  Measurement of the Flexible OFETs under Ambient 

Figure 8.9 (a) shows the bias-stress measurement of the flexible device measured at VDS=VGS=-

7V under humidity condition. The device exhibited normal IDS decay under continuous bias 

for 500 sec. The IDS decreased from -25 nA to -12 nA after 500 sec of bias-stress. Figure 8.9 

(b) shows the shift of transfer curves before and after bias-stress measurement. The change in 

threshold voltage (0.7 V) was observed for the 500 sec of bias-stress, with a decrease in the IDS 

as shown in Figure 8.9 (b). This VTh shift was high compared to vacuum for 1h bias-stress. The 

charge trapping at the interface due to the adsorbed water molecules is the possible reason for 

the decay of the IDS under bias-stress measurement. 

 

Figure 8.9. (a) Bias stress measurement under ambient at VGS=VDS=-7V. (b)Transfer characteristic curves before 

and after bias-stress measurement.  

8.3.8. Bending Test Measurements of the Flexible OFETs under Ambient  

The device performance was studied by bending the device under ambient conditions. The 

device exhibited good field-effect characteristics at the bending radius of 24 mm and 15 mm 

as shown in Figure 8.10 (a). We observed a degradation of the device properties at 8 mm radius 

and it further degraded at 5 mm radius as shown in Figure 8.10 (a). The device damaged 
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permanently and its characteristics could not be recovered under the unbent condition, like 

vacuum case. This might be due to high compressive stress applied to the device leads to the 

structural changes in the film and the metal electrodes. These structural changes allowed the 

water molecules to penetrate deep in to the different layers of the device. Figure 8.10 (b) shows 

the transfer characteristic curves measured for the different bending repetition at 15 mm radius. 

The device did not exhibit any degradation except a small decrease in the IDS at 100 times of 

bending repetitions. 

 

Figure 8.10. (a) Transfer characteristics of the flexible device measured in bending condition under humidity (b) 

Transfer characteristic curves under humidity with number of repetitions. 

8.4. Conclusions 

We report a fabrication and characterization of flexible OFET, based on CuPc and bilayer 

polymer gate dielectric on a normal flexible transparent sheet. The device exhibited the 

hysteresis under vacuum and hysteresis free transfer characteristics under humidity conditions. 

Hysteresis decreased with the decrease in the bending radius of the flexible substrate. Up to a 

bending radius of 5 mm, the device still showed a good field-effect characteristics. The 

performance of the flexible device is comparable to that of a similar device fabricated on a 

rigid substrate and discussed in earlier chapters. Although the efficiency of the device 

decreases with decreasing bending radius of the flexible substrate, the device retained its field-

effect properties under humidity conditions. The obtained results indicate that the flexible 
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transistor could be potentially used for optoelectronic and biological sensor application due to 

the stability under humidity conditions. 
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Chapter 9 

 

 Conclusions  

 

The main objective of this research was to fabricate highly stable organic field-effect 

transistors (OFETs) with multi-layer dielectric materials, for the sensor applications. We 

studied the stability of the device under various environmental conditions like humidity, 

ambient gases, temperature and light. Hysteresis and bias-stress measurements were 

performed to quantify the stability of the device. PTCDI-Br2-C18 and CuPc are two 

molecules, employed in this study as active channel materials, are showed n-type and p-type 

semiconducting properties, respectively. For the fabrication of the OFET devices PMMA, 

PVA, PVP and PS polymer multilayers were used as dielectric materials in combination with 

the anodized alumina as the high k-dielectric material. 
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We optimized the device structure with bilayer dielectric material, in order to achieve high 

mobility, low operating voltage and high stability.  The main component in the fabrication of 

OFETs is the dielectric material, which decides the performance of the device. Here, we have 

used bi-layer dielectric system consisting of high-k (Al2O3) and polymer (PMMA) as 

dielectric materials. n-type PTCDI-Br2-C18 molecule was used as organic semiconductor. The 

morphology of the dielectric layers were analyzed to find the effect of the Al2O3 layer 

thickness on the surface roughness of the PMMA dielectric layer. Devices were fabricated on 

optimized device structures with bilayer dielectric of PMMA (100 nm)/Al2O3(10 nm) were 

found to have higher field-effect mobility (~0.040 cm2/Vs) and lower VTh (~0.82 V). The 

devices fabricated on the bilayer dielectric material show a better performance compared the 

devices fabricated on the standard SiO2 dielectric material. In addition, we have observed 

that the carrier mobility does not depend on the thickness of the dielectric layer. We also 

studied the performance of the optimized dielectric system with the p-type semiconductor 

(CuPc) as the active channel material. We have found high stability for the device fabricated 

using CuPc under same conditions compared to the PTCDI-Br2-C18 based device. 

We also studied the effect of tri-layer dielectric system on the stability of the CuPc based 

device. We have used four tri-layer dielectric systems and studied the effect of middle 

dielectric layer on the performance of the device. The tri-layer dielectric systems contains 

Al2O3 as one of the layers in combination with PVA or PMMA or PS or PVP with PMMA 

are as second and third layers. We have demonstrated, when a polar dielectric layer is capped 

with non-polar dielectric layer, the device showed enhanced performance even under high 

humidity conditions. The observed hysteresis and anomalous bias-stress in vacuum for CuPc 

FETs was explained by the slow polarization of the bulk dipoles under the gate bias. In 

addition, we have introduced a polarization term into the stretched exponential decay of IDS, 

while quantitatively analyzing the anomalous bias-stress observed in the absence of water 

molecules. The improved performance of the devices under humidity has been attributed to 

the enhanced polarization of –OH functional groups of polar dielectric material by the 

absorbed water molecules. We have proposed a model to understand the mechanism based on 

our analysis. Therefore, contrary to the existing notion that organic devices generally degrade 

at ambient conditions, we have developed a new concept of stabilizing and enhancing the 

performance of CuPc FETs with PVA or PVP as one of the dielectric layer.  
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We have extended this study to understand the effect of different relative humidity conditions 

on the bias-stress and hysteresis of the device. A detailed analysis was carried out on how the 

current flowing through the device is influenced by the polarization of adsorbed water 

molecules. We observed that the anomalous effect was decreased with the increased water 

molecules concentration in the ambient. The IDS was increased in the presence of oxygen 

environment due to the doping effect. We conclude that only the water in the ambient is 

responsible for the elimination of hysteresis and stability of the device than other gases. 

To understand the effect of measurement temperature on mobility, hysteresis and bias-stress, 

CuPc thin film transistors with PMMA/PVA/Al2O3 dielectric system were used. At room 

temperature, the device exhibited a four times enhancement in the hole mobility (from 

0.004 cm2/V s to 0.016 cm2/V s), when the measurement environment changed from vacuum 

to ambient humidity conditions, respectively. On the other hand the mobility was found to 

increase to a peak value with the temperature, following the Arrhenius equation. The increase 

in the hole mobility at higher temperatures is consistent with the presence of thermally 

activated hopping transport mechanism. The activation energy variation with gate voltage 

support the slow polarization of dipoles in the polar dielectric material. The observed 

anomalous bias-stress and its elimination at higher temperatures indicate the polarization of 

polar dipoles in the presence of temperature. The photocurrent measurements with the 

illumination of white light and their fitting data supports the slow polarization of dipoles in 

the polar dielectric material (charge generation) under vacuum, charge trapping in the 

presence of humidity conditions. 

In order to understand the long-term stability of the PMMA/PVA/Al2O3 gate dielectric based 

CuPc OFETs, measurements were performed for 300 days. Device performance was further 

enhanced, when the operation environment is switched from vacuum to air ambient. The 

devices were stable for more than 300 days even without any degradation under continuous 

exposure of ~65% relative humidity. The performance of the devices particularly hysteresis 

and bias-stress were studied with the sweep rate dependent, gate voltage dependent, gate 

voltage on-off, bias-stress dependent hysteresis and continuous scanning of transfer curves 

for 25 times. The exceptional stability of the device was used to fabricate the humidity 

sensor. We have systematically studied the effect of dielectric material and polarity of the 
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chemical analytes on the sensing properties of the OFETs. The change in IDS, variation of 

hysteresis were measured. The device showed the fast response with the recovery and decay 

times below <1sec.  

Finally, we also fabricated Flexible OFET on a flexible transparent sheet as substrate with 

the optimized tri-layer dielectric system. The device exhibiting the hysteresis under vacuum 

and hysteresis free transfer characteristics under humidity conditions. The hysteresis was 

decreased with the decrease of the bending radius of the flexible substrate. When the 

substrate was in a bending radius of 5 mm, the device still showed a good field-effect 

characteristics. The performance of the flexible device is comparable to that of a similar 

device fabricated on a rigid substrate and discussed in the earlier chapters. Although, the 

efficiency of the device was decreased with decreased bending radius of the flexible 

substrate, retained its field-effect properties. This highly environmental stable flexible device 

can be used for the biosensor applications. 
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