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ABSTRACT 

Exposure to moisture and elevated temperatures in organic thin film transistor (OTFT) 

usually results in significant degradation in the electrical performance. In this thesis the 

effects of temperature, T, and relative humidity, RH, on PS-DNTT OTFTs are investigated. 

Device characteristics were measured after 30-min exposure to RH that was gradually 

increased from 20% to 80% with T fixed at 20 ºC and also for T increasing from 20 ºC to 90 

ºC with RH held at 10%. The turn-on and threshold voltages show a negative shift with 

minimal change in mobility upon exposure to higher RH and T. A very minimal change was 

observed in the deeper states in the density of states (DoS) that was extracted from transfer 

characteristics in the linear regime using the Grünewald approach. These results suggest that 

OTFT instability is due to the flatband voltage shift caused by hole trapping/detrapping in 

the polystyrene gate dielectric or at the polystyrene/DNTT interface. 

Understanding the origin of electrical instability in OTFTs over long periods of time is also 

essential to realize high performance circuits. In this thesis, the effects of bias stress on PS-

DNTT OTFTs is investigated over a range of temperature and relative humidity. It was found 

that the threshold voltage, VT, always shifted in the direction of the applied gate voltage. It 

was also observed that the threshold voltage shift, ∆VT, reduced as the drain voltage 

increased. The time-dependences of ∆VT in both linear and saturation regimes are well 

described by the stretched exponential function. Contrary to most previous reports, the 

threshold voltage at long times, VT(∞), asymptotes to a value well below the applied gate 

voltage. The VT change is minimal with increasing humidity under saturation bias and 

temperature. In all cases, the DoS exhibits similar behavior with weak features appearing at 

the deeper states. This is unlikely to be related to DNTT as there is no change in the gate-

voltage dependence of mobility, but rather due to a changing flat-band voltage when 

electron/hole occupancy of interface states changes as the device turns on. 

Effect of illumination on the electrical performance as well the underlying physics of these 

effects are important for the development of several applications such as the backplane for 

display technology and photosensors. In this thesis the effect of illumination on PS-DNTT 

OTFTs has been investigated with light of different wavelengths and intensities. The greatest 

effect was observed at 460 nm with significant changes occuring in the subthreshold slope. 

Interestingly the profile of the deeper states in the DoS spectrum did apparently change. It 

was also found that changes in threshold voltage, turn-on voltage, subthreshold slope and 

responsivity all appear to saturate at higher light intensity due to a trap limited effect. Since 

there is no significant change observed in mobility, the DoS changes can be explained by (i) 

trapping of photogenerated electrons, (ii) an unstable shift in the light-induced flat-band 

∆VFB, caused by detrapping or neutralization of electrons as the transistor is turned on so that 

∆VT(∞) < ∆VON(∞), (iii) accumulation of electrons in DNTT near to source contact or (iv) the 

effect of the electron quasi Fermi level, QFL. The effect of bias stress and illumination on 

PS-DNTT has also been investigated with different wavelengths, time and intensity. It was 

observed that the transfer characteristic shows a parallel shift toward more positive voltages 

under positive bias stress (PBS) regardless of the wavelength. However under negative bias 

stress (NBS) at λ ≥ 520 mm, the transfer characteristic shifts negatively due to the dominant 

effect of hole trapping at the PS-DNTT interface. 
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1 Introduction 

1.1 Introduction 

There has been significant advancement towards realizing high performance organic 

electronic circuits. Recently, Watson et. al [1] and Ogier et al [2] successfully fabricated, 5-

stage ring oscillators operating at frequencies in the MHz range.  Considerable research 

efforts are also being made in the development of functioning circuits that are compatible 

with roll-to-roll (R2R)   processing [3, 4]. It is known that pentacene is among the most 

widely studied p-type semiconductor in organic thin film transistors (OTFTs).  However, 

pentacene suffers from the disadvantage of oxidation when exposed to the atmosphere. 

Unlike pentacene, OTFTs based on dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) 

are more resistant to oxidation by atmospheric oxygen owing to the larger ionization 

potential. Moreover, the carrier mobility, μ, which is typically ~ 1 cm2/Vs is comparable to 

amorphous silicon and higher than that of pentacene [3, 5]. There is also considerable 

research effort in the development of functioning circuits based on DNTT [6-8]. Recent 

reports have shown that OTFTs based on DNTT meet performance requirements for 

application in electronic circuits [3, 5, 7, 9-12].  

Taking these factors together, a DNTT-based OTFT is a potential candidate for the realization 

of organic electronic circuits that are compatible with vacuum R2R processing. In 2011, 

Abbas et al. [13] introduced a fully vacuum-processed method suitable for R2R OTFT 

production. The method relied on the preparation of a polymerized dielectric material, 

tripropyleneglycol diacrylate (TPGDA) [14]. In 2013, Patchett et al. [3] fabricated 90 

transistor arrays, inverters and ring oscillators with TPGDA as the dielectric layer. This report 

showed that, with TPGDA as a dielectric layer and polystyrene (PS) as a buffer layer, it was 

possible to achieve an average saturation mobility of 1.51 cm2/Vs with a yield of ~ 90% [3]. 

Working 5- and 7-stage ring oscillators operating in the range from 120 Hz to > 2 kHz with 

rail voltages, VDD increasing from -15 V to -90 V were also reported [3]. PS is favorable as 

the dielectric material in OTFT because it is very stable in air and easy to form a uniform 

thin film by spin coating. It is also well suited for printing technique such as inkjet. Moreover, 

PS can also be layered using R2R compatible doctor blading and slot dye techniques. Taylor 
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et al. [15] demonstrated considerable progress by fabricating circuits based on inverters, 

NOR and NAND logic gates, and more complicated circuits such as a modified Wilson 

mirror circuit and a simple memory element (SR latch). The logic gates were reported to 

operate at frequencies in excess of 1 kHz while the current mirror circuit produced currents 

up to 18 μA [3].  

Despite the significant progress represented by the above reports, understanding the stability 

issues in OTFTs is still necessary to realize high performance circuits. The performance of 

circuits over long periods of time depends on the stability of individual transistors. Therefore, 

it is important to achieve long-term stability in the ambient environment at the individual 

transistor level to ensure high performance. Environmental and electrical stability are very 

critical issues that must be investigated. Exposure of OTFT to the ambient environment is 

known to induce degradation of electrical performance.  The degradation has been typically 

attributed to the presence of moisture and oxygen. Although OTFT will be encapsulated, 

long-term O2 and H2O will diffuse through encapsulating films. Moreover, other aspects such 

as light and temperature are also known to affect the electrical performance of OTFTs. The 

bias-stress effect is known to change OTFT characteristics as a result of a prolonged 

application of gate voltage. 

However, only a few papers reported on the environmental and bias stress stability of OTFTs 

based on DNTT and most of these studies only focused on achieving the best stability [5, 

16]. Furthermore, there are no reports on OTFTs based on DNTT as the semiconductor and 

PS as the dielectric. Therefore this thesis aims to investigate the electrical and environmental 

stability of OTFT based on PS-DNTT as outlined in the next section.   

 

1.2 Thesis Outline 

The theoretical background of the work is presented in Chapter 2. Firstly the basic properties 

of organic semiconductors is discussed followed by a brief review of their charge transport 

and charge trapping properties. Then, the OTFT operation and the electrical characteristics, 

as well as the density of states, are explained. Finally, the environmental and the electrical 

stability of OTFTs are discussed.  
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The experimental methods are given in detail in Chapter 3, together with a list of the 

fabrication materials that are used – aluminium, gold, PS and DNTT. Then follows a 

description of the characterization procedures used for the bias stress and phototransistor 

measurements.  

The effects of moisture and elevated temperatures on the PS-DNTT OTFTs are presented in 

Chapter 4. Here the density of states in DNTT is analyzed after exposure to a relative 

humidity (RH) that was gradually increased from 20% to 80% and temperatures from 20 ºC 

to 90 ºC.  

In Chapter 5, the effects of bias stress are investigated over a range of temperature and 

relative humidity. Here the variation of the threshold voltage is monitored over time, after 

applying to the device a constant negative voltage on the gate and drain contacts. It also 

contains a study of the effect of positive bias stress on the operational stability of OTFTs.  

In Chapter 6, the effect of illumination on PS-DNTT OTFTs is investigated and discussed. 

The response to different wavelengths is described first. The influence of electron and hole 

trapping was identified by monitoring changes in the transfer characteristics during and after 

illumination. The effect of intensity on the electrical performance was also investigated. 

Lastly, the dynamic responses to positive and negative bias stresses are discussed in detail.    

In chapter 7, results are presented and discussed for the combined effect of bias and 

illumination on the DNTT OTFTs.  In particular, the additional effect of bias stress on the 

electrical characteristics with a different wavelength, intensity and time are analyzed. 

Photoresponsivity and photosensitivity of the DNTT OTFTs to different wavelengths and 

intensity, when subjected to simultaneous bias, are also discussed. 

Finally, in Chapter 8, the conclusions derived from various measurements are presented. 

Future work related to stability and development of n-type and complementary circuit, with 

DNTT as the p-type semiconductor that is compatible to vacuum roll to roll (R2R) of are also 

proposed.   
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2 Background Theory and Literature Review  

2.1 Introduction 

This chapter presents background theory of organic semiconductor devices. Firstly, the basic 

properties of the organic semiconductors are reviewed and is followed by discussion of their 

charge transport and charge trapping properties. Then, the OTFT operation, the electrical 

characteristics and the density of states are explained. Finally, the environmental and 

electrical stability of OTFTs are discussed.  

 

2.2 Basic Properties of Organic Semiconductor  

Most organic semiconducting materials consist of sp2 hybridized carbon atoms. The 

electronic configuration of a carbon atom is 1s22s22p2. In the ground state, each 1s and 2s 

orbital are filled with a pair of electrons. In 2p orbitals, only a single electron occupies the 

2px and 2py while the 2pz orbital is empty as shown in Figure 2.1. In the excited state, one of 

the electrons from the 2s orbital is promoted to the 2pz orbital resulting in three sp2 

hybridisation. 

 

 

Figure 2.1 Electronic configuration of a carbon atom in the ground and excited states and 

after  hybridisation. 
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A simple example of hybridization can be demonstrated by the ethylene (C2H4) molecule as 

shown in Figure 2.2(a). It can be seen that σ bonds are form from the overlap between sp2 

orbitals of carbon atoms with s orbitals of hydrogen atoms, (σ(sp2- s)). Another σ bond is 

form between two adjacent carbon atoms (σ (sp2- sp2)). On the other hand, the un-hybridised 

2pz orbitals of the carbon atoms form weak π bonds. In benzene, the formation of three double 

bonds (σ and π bonds) alternating with three single bonds (only σ bonds) between carbon 

atoms is known as conjugation. The electrons of the double bond are delocalised and move 

around the molecule as shown in Figure 2.2(b) and (c). The resulting π-bonds are filled with 

a pair of electrons and unoccupied anti-bonding, π∗, orbitals that are separated by an energy 

gap, Eg, the energy difference between the highest occupied molecular orbital, HOMO and 

the lowest unoccupied molecular orbital, LUMO as shown in Figure 2.2(d).   

 

 

Figure 2.2 (a) Hybridisation of the ethylene molecule structure, (b) electron delocalization 

in benzene to form the structures seen in (c), and (d) schematic of energy level splitting 

between HOMO and LUMO. 
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2.3 Organic Semiconductors  

Organic semiconductors can be generally classified as either polymers or small molecules. 

Most polymeric semiconductor materials are known to have excellent solubility which make 

them applicable for large area printing processes. On the other hand, the majority of small 

molecule semiconductor materials are insoluble and often deposited via a vacuum process. 

One of the most popular small molecule organic semiconductors is pentacene (Figure 2.3(a)).  

However it suffers instability towards oxidation which in turn causes the carrier mobility to 

decrease over time when exposed to oxygen and/or humidity [5].    In order to improve the 

air stability and mobility, Yamamoto and Takimiya [17] synthesized dinaphto-[2,3-b:2`,3`-

f]thieno[3,2-b]thiophene (DNTT) (Figure 2.3(b)) with a larger ionization potential of 5.4 eV 

compared to that of pentacene of 5.0 eV. Owing to its larger ionization potential, the air 

stability was greatly enhanced. Additionally, DNTT was shown to have a mobility as high as 

2.9 cm2/V.s [17] in evaporated films.  

 

 

Figure 2.3 Molecular structures of (a) pentacene and (b) DNTT. 

  

Unlike inorganic semiconductors, small molecule organic semiconductors are usually 

undoped (intrinsic semiconductors). Thus the notion of p-type or n-type organic 

semiconductors depend on the HOMO and LUMO levels rather than the possibility of 

doping. As for p-type semiconductors, holes are more easily injected than electrons while n-

type it is vice versa. Generally, holes have higher mobility than electrons in organic 

semiconductor and is used to defining property of p-type organic semiconductor. 

  

2.4 Charge Transport in Organic Semiconductor  

The interaction of the delocalized π-electrons discussed in section 2.2 is the key to charge 

transport in organic semiconductors. Several models have been developed to describe the 

S

S(a) (b) 
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charge transport properties. However this section only focuses on the most common transport 

mechanisms i.e. multiple trapping and release (MTR) and hopping transport.  

 

2.4.1 Multiple Trapping and Release Transport (MTR) 

The multiple trapping and release (MTR) model invoked the mobility edge assumption. The 

mobility edge separates extended states (delocalized states) from a high concentration of 

charge traps in the localized states (zero mobility). Charge carriers can only be transported 

via extended states above mobility edge but their movement will be interrupted by trapping 

in localized states [18]. Then the charge carriers are released back thermally to the extended 

states and contribute to the transport of charge under influence of an electric field. The MTR 

transport model predicts an Arrhenius-like temperature dependence. The thermally activated 

mobility, μ, is usually expressed as [19, 20]: 

𝜇 = 𝜇0𝑒𝑥𝑝 (
−𝐸𝑎
𝑘𝑇

) 
     (2.1) 

where Ea is the activation energy, with q the electronic charge, k Boltzmann’s constant and 

T the absolute temperature 

 

2.4.2 Hopping Transport 

Charge transport through extended states may only occur in a highly ordered system. In a 

very disordered system, the charge carriers are strongly localized in the band gap. Thus the 

charge carrier is unlikely to move from localized states to delocalized states. Instead, charge 

transport is governed by hopping which takes place by thermal activation and tunneling 

between localized states within the band gap. Since the hopping transport involves some 

thermal activation, the charge mobility is expected to be temperature dependent following 

Mott’s law [21, 22] described by:  

𝜇 = 𝜇0𝑒𝑥𝑝[−(𝑇0 𝑇⁄ )1 1+𝐷⁄ ] (2.2) 

 

where T is temperature, T0 is the characteristic temperature, µ0 is the characteristic mobility 

and and D is the hopping space dimensionality. Transport of charge carriers through the 
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accumulation layer at the semiconductor-insulator interface of organic thin film transistors 

(OTFTs) can be described by a two-dimensional (2-D) system [23-26], thus equation (2.1) 

can be expressed as: 

𝜇 = 𝜇0𝑒𝑥𝑝[−(𝑇0 𝑇⁄ )1 3⁄ ] (2.3) 

 

2.5 Trap Density of States (DoS) in Organic Semiconductor 

Organic semiconductors generally exhibit a disordered structure that leads to a distribution 

of localized states which can act as traps for charge carriers which in turn, could limit the 

charge transport and device performance. As shown in Figure 2.4, these localized states (trap 

density of states) are located in the band gap of the semiconductor between HOMO and 

LUMO. Shallow states usually located within a few kT of HOMO/LUMO while the deep 

states are located further away. Also, below the HOMO and above the LUMO are delocalized 

states in which carriers are mobile.  

 

 

Figure 2.4 Schematic of density of states in an organic semiconductor adapted from [27].  

Trap states in the semiconductor could originate from grain boundaries [28] , chemical 

impurities [29] or from the gate insulator [30]. Several methods have been developed to 

quantify the trap density of states (DoS) of OTFTs which have been comprehensively 
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reviewed by Kalb and Batlogg [31]. One of the simpler analytical methods for DoS extraction 

was introduced by Grünewald et al [32]. It is simple because, the trap DoS relative to the 

Fermi level can be extracted from a single transfer characteristic. This model has been applied 

to describe the DoS in both inorganic [33, 34]  and organic [31, 35-37] semiconductors. 

Basically, the Grünewald model is based on the gate-induced incremental increases in device 

current and the band-bending resulting from the accumulation of charge carriers at the 

semiconductor/insulator interface [37].  Derivation of this method is presented in section 

2.6.4.  

 

2.6 OTFT Operation and Characteristics  

2.6.1 OTFT Device Architecture  

Figure 2.5 shows four possible cross-sections of OTFT structures. The device structural 

configuration is based on the position of the electrodes (drain, source and gate) relative to the 

organic semiconductor. In a staggered structure, the source, and drain electrodes are located 

away from the semiconductor/insulator interface (Figure 2.5(a) and (c)) whereas in the 

coplanar structure, the source, and drain electrodes are in the plane of the interface as shown 

in (Figure 2.5(b) and (d)). Both staggered and coplanar structures are further categorized 

based on the position of the gate contact e.g. top-contact-bottom-gate and top-gate-bottom-

contact. 

 

 

Figure 2.5 Cross-sections of simplified OTFT device configurations: (a) top-contact-bottom-

gate (staggered), (b) bottom-contact-bottom-gate (coplanar), (c) top-gate-bottom-contact 

(staggered) and (d) top-gate-top-contact (coplanar).  
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2.6.2 OTFT Operation Principle 

In order to explain the operation of an OTFT, it is important to understand the energy band 

diagram of the metal-insulator-semiconductor (MIS) structure. Figure 2.6 shows the MIS 

energy band diagrams based on a doped p-type inorganic semiconductor. In an ideal MIS 

structure, under a flatband condition, VG = 0V the work function difference between metal, 

qϕm, and semiconductor, qϕs, is zero. The Fermi level, EFM of the metal is aligned with the 

Fermi level, EFS of the semiconductor as shown in Figure 2.6(a). Electron affinities for the 

insulator and semiconductor are denoted as χi and χ respectively. All bands remain flat and 

carriers are in thermal equilibrium. Here, the conduction band edge, EC is analogues to the 

LUMO level in organic semiconductors whereas the valence band edge, EV corresponds to 

the HOMO level. The energy gap between EV and EC is denoted as EG while the potential 

energy difference between EFS and the intrinsic Fermi level, EFi in the bulk is defined as qΦb.   

When a negative gate voltage, VG is applied across the semiconductor, majority holes drift 

to, and accumulate near the insulator-semiconductor interface. As a result, EV bends upwards 

and moves closer to EFS at the insulator-semiconductor interface as shown in Figure 2.6(b). 

The difference between EFM and EFS, is equal qVG. The potential energy drop across the 

insulator is defined as qV0 and the amount of band bending from the interface into the bulk 

semiconductor is represented by qVs. For a larger negative VG, the amount of band bending 

is greater. When a small positive VG is applied, majority holes move away from the interface 

thus exposing the immobile negative charges of the ionized acceptors as seen in Figure 2.6(c). 

As a result, a depletion region of immobilized charged acceptor ions is formed and the bands 

bend downwards. When a larger positive VG is applied, the electric field is strong enough to 

cause electrons to accumulate at the interface. At this point, the band bending increases 

beyond EFi and causes inversion.  

In contrast to a doped semiconductor, organic semiconductors are often undoped (intrinsic) 

and do not operate in the inversion mode but in the accumulation mode. In intrinsic case, the 

depletion mode is the same as flatband (no injected hole in the device) and accumulation. In 

intrinsic, the density of holes and electrons are always equal. At absolute zero temperature 

the valence band is completely filled and the conduction band is completely empty. At high 

temperature, electrons from valence band get enough thermal energy and left behind equal 
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number of holes in valence band. However, in organic semiconductor, EFS generally is closer 

to the HOMO being held there by trap states. The band gap is too large to generate 

electron/hole pair thermally. For voltages more positive than flatband voltage, part of the 

applied voltage appears across semiconductor and the electrons in conduction band were 

attracted to the surface and the holes were pushed away from the interface shown in Figure 

2.6(d). For voltages more negative than flatband voltage, holes were attracted to the 

semiconductor surface which is similar to the case of an extrinsic semiconductor in 

accumulation as shown in Figure 2.6(b).  

 

 

Figure 2.6 Band diagram of and ideal metal-insulator-semiconductor (p-type) structure 

showing (a) flatband conditions, VG = 0 V (b) accumulation, negative VG and (c) depletion 

positive gate VG. Band diagram of intrinsic semiconductor with (d) positive gate voltage. 
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In general OTFTs operate in the accumulation regime.  The operating principle of a p-type 

organic transistor is illustrated in Figure 2.7. When VG < 0 V, and VD = 0 V is applied between 

gate and source electrodes, holes are induced by the electric field across the insulator and 

accumulate at the semiconductor/insulator interface as shown in Figure 2.7(a). This 

accumulation of holes will form a conducting channel in the semiconductor between the 

source and drain electrodes. When a small drain voltage is applied (VD < 0 V), the charge 

carriers flow from the source to the drain electrodes and generate a large drain current, ID as 

shown in Figure 2.7(b). At this point, ID increases linearly with the field induced charge 

density and is known as linear regime.  

 

 

Figure 2.7 Operating stages of an OTFT, (a) -VG, VD= 0V, (b) -VG, -VD (slow), (c) -VG, -VD 

(medium) and (d) -VG, -VD (high).    
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at a slower rate and there is no longer a linear correlation. When VD increases until a point 

where │VD│ >│VG│, the channel at the drain electrode starts to pinch-off (Figure 2.7(d)) 

after which ID saturates  and become independent of VD.  

 

2.6.3 OTFT Characteristics and Parameter Extraction 

The current-voltage characteristics of an OTFT were derived based on the gradual channel 

approximation with the x direction is defined as perpendicular to the channel and y parallel 

to the channel as shown in Figure 2.8.  The edge of the source is at y=0 and the edge of the 

drain at y=L. It is assume that the mobility along the channel is constant. However, this is not 

always fulfilled in some organic semiconductor system. Then it is assume that the electric 

field, Ex through the insulator is much higher compared to the electric field, Ey along the 

channel. This is known as gradual channel approximation.  

 

 

Figure 2.8 Cross-sectional view of the channel region of TFT used to derive the gradual 

channel approximation with x direction is perpendicular to the channel and y is parallel to 

the channel. 
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where Ci is the capacitance per unit area of the insulator, VT is the threshold voltage and V(y) 

is the channel voltage. The charge density that flows from source to drain generates a current 

ID (y) given by:   

𝐼𝐷 = −𝑊𝐶𝑖[(𝑉𝐺 − 𝑉𝑇) − 𝑉(𝑦)](𝜇𝐸𝑦) (2.5) 

where W is the width of the channel and μ is the charge mobility. Substituting Ey = -dV/dy 

into equation (2.5) gives 

𝐼𝐷 = 𝜇𝑊𝐶𝑖[(𝑉𝐺 − 𝑉𝑇) − 𝑉(𝑦)] (
𝑑𝑉

𝑑𝑦
). 

(2.6) 

Integration of equation (2.6) along the channel from y = 0 to y = L and V(y) = 0 to V(y) =VD 

leads to: 

∫ 𝐼𝐷𝑑𝑦
𝐿

0

= 𝜇𝑊𝐶𝑖∫ [(𝑉𝐺 − 𝑉𝑇) − 𝑉(𝑦)]𝑑𝑉
𝑉𝐷

0

 
(2.8) 

which eventually yields, 

                𝐼𝐷 =
𝜇𝑊𝐶𝑖
𝐿

[(𝑉𝐺 − 𝑉𝑇)𝑉𝐷 −
𝑉𝐷

2

2
]. 

(2.9) 

For VD << VG the quadratic term in equation (2.9) can be neglected. This defines the linear 

regime of the OTFT and the drain current can be described by:  

                𝐼𝐷 =
𝜇𝑙𝑖𝑛𝑊𝐶𝑖

𝐿
[(𝑉𝐺 − 𝑉𝑇)𝑉𝐷] 

(2.10) 

where lin is the field effect mobility in the linear regime and can be extracted from the 

transconductance, 
𝜕𝐼𝐷

𝜕𝑉𝐺
  that is: 

𝜇𝑙𝑖𝑛 =
𝐿

𝑊𝐶𝑖𝑛𝑠𝑉𝐷

𝜕𝐼𝐷
𝜕𝑉𝐺

. 
(2.11) 

For VD ≥ (VG-VT), the channel is in pinch-off, so ID become independent of VD and saturates. 

This is known as the saturation regime of the OTFT. Substituting VD = (VG-VT) into equation 

(2.9), the expression for the drain current in the saturation regime becomes:  



15 

 

                𝐼𝐷 =
𝜇𝑠𝑎𝑡𝑊𝐶𝑖
2𝐿

(𝑉𝐺 − 𝑉𝑇)
2 

(2.12) 

where the field effect mobility in the saturation regime , µsat is given by: 

𝜇𝑠𝑎𝑡 =
2𝐿

𝑊𝐶𝑖𝑛𝑠
(
√𝜕𝐼𝐷
𝜕𝑉𝐺

)

2

. 
(2.13) 

 

The current-voltage characteristics of an OTFT can be described by output characteristics (ID 

versus VD) and transfer characteristics (ID versus VG). Figure 2.9(a) shows typical output 

characteristics obtained in the study for an OTFT based on DNTT with polystyrene as the 

gate insulator. It shows a clear linear and saturation region. The transfer characteristic in the 

linear regime plotted on linear and semilog axes is shown in Figure 2.9(b). The threshold 

voltage, VT is defined as the gate voltage, VG, intercept (i.e., ID = 0) of the linear extrapolation 

of the ID – VG plot. The linear mobility, μlin can be estimated from the slope of a linear fit to 

the ID-VG plot using equations (2.11). In the case of the saturation regime, the transfer 

characteristic is plotted as ID
1/2-VG and the saturation mobility, μsat can be determined from 

the slope of the linear fit the ID-VG plot using equation (2.13).  

The onset voltage VON can be estimated from the semi-log plot of the transfer characteristics. 

It should correspond to the voltage above which ID rises above its off value, i.e. the current 

flowing through the bulk semiconductor from source to drain in the absence of an 

accumulation channel. However in the present case, it was defined as the value of VG when 

the magnitude of ID increased above the displacement current, induced by the VG sweep. 

Ion/Ioff, is the ratio of the drain current in the on-state at a certain gate voltage to the drain 

current in the off-state. It is desirable to have this ratio as large as possible. The subthreshold 

slope, SS is extracted from the steepest slope of the semilog plot using the relation: 

𝑆𝑆 =
𝜕𝑉𝐺

𝜕(𝑙𝑜𝑔𝐼𝐷)
∙  

(2.14) 

 

For an intrinsic semiconductor, VON, should occur at flatband, VG = 0V. Departures from this 

can be caused by the work function difference between the source-drain metal contacts 
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(usually gold) and the gate electrode (often aluminium). A more important effect is the 

flatband voltage shift caused by interface trapped charges, Nit which can be estimated from: 

∆𝑁𝑖𝑡 ≈
1

𝑞
𝐶𝑖𝑛𝑠∆𝑉𝐹𝐵 ∙ 

(2.15) 

 

 

Figure 2.9 (a) Output characteristics and (b) The transfer characteristic of a PS-DNTT TFT 

measured in the dark at a drain voltage, VD = -1V plotted in linear and semilog scale.   

 

2.6.4 Extraction of the Density of Trap State Using the Grünewald Model 

i. Grünewald Model 

The extraction of DoS, from the transfer characteristic of a thin film transistor was performed 

using the Grünewald et al model [18]. This was accomplished by first developing the 

relationship between the gate-dependent insulator/semiconductor interface potential, V0, and 

the effective forward voltage, VF = (VG-VON). This is achieved by numerically solving the 

equation  
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where l is the thickness of the semiconductor,  = q/kT, S the relative permittivity of the 

semiconductor and 0 the permittivity of free space. I0 is the off-current at VON. Following 
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further manipulation, the total hole density p(V0) and the density of states N(E) may be 

obtained from 
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 and finally, the density of states, N(E) from, 

(2.17) 

 
 

0

0

dV

Vdp
EN  . 

(2.18) 

The extraction method is described more fully in appendices A, B and C. 

 

ii. Subthreshold Slope 

Kalb and Batlogg [31] suggest that the derivation of subthreshold slope, SS could give a 

rough estimation of the DoS. Assuming that the DoS is independent of energy, SS can be 

described by [39] 

𝑆𝑆 =
𝑘𝑇𝑙𝑛10

𝑞
[1 +

𝑞

𝐶𝑖
(√𝜀𝑆𝑁𝑏 + 𝑞𝑁𝑖𝑡)] ∙  

(2.19) 

Here Nb (in cm−3eV−1) is the density of deep bulk traps and Nit (in cm−2eV−1) is the density 

of interface traps. Assuming that there is no contribution from the bulk, equation (2.19) may 

written as:   

𝑆𝑆 =
𝑘𝑇𝑙𝑛10

𝑞
[1 +

𝑞2

𝐶𝑖
𝑁𝑖𝑡] ∙  

(2.20) 

and may be used to estimate the density of interface states. 
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2.7 Environmental and Electrical Stability in OTFT 

1.2.1 Effect of RH and Temperature 

OTFTs that are environmentally stable are of great importance for the development of 

functioning circuits. Exposure of an OTFT to ambient atmosphere leads to degradation in the 

device performance. In general, device degradation is manifest as a shift in VON and VT, 

reduction in μ, increases in Ioff and SS and the appearance of hysteresis in device 

characteristics. Risteska et al [40] showed that in a pentacene-based device, the presence of 

oxygen, O2, during bias stress induce shifts in VON due to formation of acceptor-like states. 

Chabinyc et al [41] found that ozone, O3, caused a shift in VON for OTFTs based on P3HT. 

However, this is not the case for DNTT. Patchett et al [3] showed that exposure to ambient 

air for 48 hours stabilized and improved the device performance.  

Several reports investigated the effect of moisture on TFT performance. Hoshino et al [42] 

found that moisture increased Ioff while Chabinyc et al [43] showed that moisture reduced μ. 

Noh et al [44] showed the presence of hysteresis in pentacene OTFTs based on polar 

insulators such as polyvinylpyrrolidone (PVP) and poly(methyl methacrylate) (PMMA) upon 

exposure to moisture suggesting that moisture induces a polarization in the bulk insulator. 

However, Hong et al [45] observed hysteresis in pentacene OTFTs with a non-polar insulator 

such as polystyrene. Ding et al [46] observed that moisture shifts VT and increases Ioff in 

DNTT OTFTs but μ remain unchanged. This suggests that the presence of moisture may 

induce charge trapping either at the insulator/semiconductor interface, in the insulator or in 

semiconductor causing changes in the flatband voltage. Goldmann et al [47]  observed a step-

like feature in the transfer characteristics of single crystal pentacene with SiO2 as the insulator 

which was attributed to a water-related trap state in the semiconductor. 

Generally, the effect of temperature on OTFTs is investigated for understanding the transport 

properties in the materials. However, thermal stability is also important for providing insight 

into degradation mechanisms for practical application. Previous reports showed that DNTT 

is thermally stable up to 250 ºC [48]. Further investigation was carried out by Kuribara et al 

[49] on DNTT to demonstrate sterilization processes for medical application. However these 
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papers only focused on applications and the detailed correlation between temperature and the 

device properties was not fully understood. 

 

2.7.1  Effect of Bias Stress 

Application of prolonged gate bias in OTFTs causes a shift, ∆VT of the threshold voltage with 

time which is known as the bias stress effect. These instabilities are explained by trapping of 

the mobile carriers either within the semiconductor, semiconductor/insulator interface or in 

the insulator. If the charges are trapped at the interface, they no longer contribute to the 

current and cause the interface to become more repulsive to the remaining mobile charges. 

Thus a higher negative (positive) gate voltage is needed to maintain the drain current. 

Typically, threshold voltage shifts towards the applied gate voltage. In a p-type 

semiconductor, a negative gate bias causes holes to be trapped which leads to the shift in the 

threshold voltage towards more negative voltage. Meanwhile a positive gate bias, leads to 

positive shifts in the threshold voltage. If hole/electron trapping occurs in the deep traps (slow 

states) at the interface of the semiconductor/insulator or in the insulator, the shape of the 

transfer characteristics and hence the carrier mobility will not change.  On the other hand, if 

hole/electron trapping occurs within the semiconductor or in fast interface states, the shape 

of the transfer characteristics will be affected with deleterious effect on mobility.  

The bias stress effect has been extensively studied in p-type semiconductors and much 

progress has been made to demonstrate that it can be as stable as α-Si TFT. In the case of 

negative bias stress, for a pentacene/polyimide based OTFT which was annealed at 140 ºC 

for 12 hours, Sekitani et al [50]   showed good stability with ∆VT < 0.4 V after stressing for 

11 h. Zschieschang et al [9] investigated the stability of  DNTT based  OTFTs and observed 

∆VT =70 mV after stressing for 66 hours.  As reviewed by Sirringhaus [51], moisture is one 

of the  important factors that cause the bias stress effect in OTFTs [47, 52]. Several techniques 

were used to prevent the ingress of moisture including using self-assembled monolayers [53-

55] or hydrophobic dielectrics such as low-k CytopTM [56, 57] to passivate the interface. 

Several reports had showed that, application of positive bias stress leads to a positive voltage 

shift [58-60]. This effect is believed to be due to electron trapping and injection at the 
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interface or in the insulator [51]. Under illumination within the band gap of the 

semiconductor, this effect is significantly enhanced [46, 61-65].  

It is also worth noting that in many cases, bias stress had minimal effect on the carrier 

mobility [66-69]. However, there are some cases reported of mobility degradation [70, 71]. 

This is believed to be due to trapping of electrons in states at the interface [72]. Goldmann et 

al [47] observed degradation in the subthreshold slope, SS which is reflected in a step-like 

feature in the transfer characteristics of single crystal pentacene with SiO2 insulator. This 

feature was attributed to the water related trap state in the semiconductor [47, 73]. It is also 

known that the bias-stress effect is reversible. It can be recovered over time in the dark by 

grounding the source, drain and gate electrodes, or more rapidly under illumination to remove 

the effect of hole trapping under negative bias stress [69, 74, 75]. 

The dependence of ∆VT on time was quantitatively described the using stretched exponential 

function. Originally this model was developed to described the threshold instability in α-Si:H 

TFTs [76]. However many researchers have used this approach for describing the threshold 

instability in OTFTs [68, 77-80] which is given by:  

∆𝑉𝑇(𝑡) = |𝑉𝑇(∞) − 𝑉𝑇(0)| [1 − 𝑒
−(
𝑡
𝜏
)
𝛽

]   
(2.10) 

where VT(∞) is the threshold voltage after a long stress time, VT(0) is the threshold voltage 

before bias stress, τ is the characteristic trapping time for filling the trap states, while β is the 

stretched-exponential factor related to the distribution in characteristic trapping time, τ.  

Mathjissen et al [80]  described the time-dependence of ∆VT in bottom-contact OTFTs with 

different semiconductors including polytriarylamine (PTAA), poly(3-hexylthiophene) 

(P3HT) and poly(9,9′-dioctyl-fluorene-co-bithiophene (F8T2). Choi et al [81] used the 

stretched exponential equation to compare the performances of OTFTs based on pentacene 

with different molecular weight of polystyrene. This work also showed that τ increases with 

molecular weight suggesting the presence of a higher trap density in low molecular weight 

PS. Zschieschang et al [75] investigated the effect of drain bias on the VT stability and found 

that ∆VT(t) is well described by the stretched exponential function. The work also showed 

that both VT(∞) and τ increase as VD is decreases suggesting that the number of charge carriers 
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available for trapping are greater when stressing at low VD [82, 83]. Other than the stretched 

exponential function, Gomes et al [52] described the dependence of ∆VT on time by a 

stretched-hyberbola [52]. In some cases the time-dependence of ∆VT can be simplified to a 

power-law  [54] or extended to a double stretched-exponential [84, 85]. 

The stretched-exponential function can be extended with the measurement of drain current 

decay with time. Most authors presumes that VT(∞) = VG such that (VG – VT(∞)) = 0, i.e. 

when the gate field becomes insufficient to sustain an accumulation channel of free holes.[19, 

86-88]. Based on this assumption Zhang et al [86] developed the extended model of the 

stretched exponential function based on drain current in the form of: 

𝐼𝐷(𝑡) 𝐼𝐷(0)⁄ = 𝑒𝑥𝑝 (−
𝑡

𝜏
)
𝛽

.  
(2.11) 

The model was based on measuring current in the saturation regime, but the square term 

seems to be missing from the entire equation (see section 2.6.3) which may be an editorial 

error. To date only a few reports have appeared on the bias stress effect in DNTT devices. 

Zschieschang et al found that SS does not return to its original value after stressing for 24 

hours [5]. Hannah et al [16] showed the stability of the device improving with longer chain 

length in series of alkylphosphonic acids (CnPA). However these papers only focused on 

achieving the best stability. Further studies of the bias stress effect in DNTT is essential and 

needs to be understood since DNTT shows excellent performance for electronic applications. 

 

2.7.2 Effect of Illumination  

The effect of illumination on the electrical performance as well the underlying physics of 

these effects are important for the development of several applications such as the backplane 

for display technology and photosensors. It is known that, when a device is illuminated with 

photons of energy equal to or higher than the band gap of the organic semiconductor a large 

number of excitons are generated. A fraction of these excitons will dissociate into holes and 

electrons. When a negative gate bias, VG < 0 V and drain bias, VD < 0 V is applied, these 

photogenerated holes will flow to the drain electrode, leading to an increase in the 

photocurrent while photogenerated electrons move away from the drain electrode and may 
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become trapped in localized states within the semiconductor, at the interface of the 

semiconductor/insulator or in the insulator.  

Two mechanisms that are responsible for the change in transfer characteristics during 

illumination are known as the photoconduction and photovoltaic effects [89-91].  Noh et al 

[92] distinguished fast and slow responses in OTFTs based on pentacene and sexithiophene 

(6-T). The fast response was attributed to the photo-generation of holes and electrons that 

leads to an increase in the current through the bulk semiconductor between source and drain, 

also known as the photoconduction effect. The photocurrent usually dominates in the off-

state of the device although some reports argue that the channel current itself is also enhanced 

[92-95]. The slow response was attributed to a light-induced shift in threshold voltage and 

leads to an increase in the channel current in the subthreshold region. This is known as the 

photovoltaic effect. 

It has been discussed previously that the effect of hole trapping under negative bias stress 

could be removed by exposing the device to illumination [69, 74, 75]. Debucquoy et al [96] 

showed that  illumination accelerates ∆VT  under positive bias stress. A similar effect was 

also observed by Taylor et al [65] using a MIS capacitor structure. Recently, phototransistors 

based on DNTT have been reported by Milvich et al [97], Yu et al [98] and Chu et al [99]. 

However these papers only focused on photosensor applications. The detailed correlation 

between light parameters and the device performance is not fully understood. Although the 

effect of light on organic semiconductors has been reported by many authors [54, 91, 94], 

there are no reports specifically describing electro-optical effects in DNTT devices. 

 

2.8  Summary 

This chapter presented the fundamental properties of organic semiconductors and the basic 

operation of OTFT.  A procedure for the extraction of OTFT device parameters including 

density of state was also explained. Environmental and bias stress stability of OTFT were 

reviewed. Lastly the effect of illumination on OTFTs were also discussed. From the 

foregoing, DNTT is an excellent candidate for organic circuit applications. However, more 

needs to be understood about the stability of OTFTs based on DNTT. Accordingly, the 
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following chapters report a detailed study on environmental, bias stress and optical stability 

of OTFTs based on DNTT as the semiconductor and polystyrene as the gate insulator. 
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3 Experimental Details 

3.1 Introduction 

This chapter presents details of the materials and methods used in this work. The 

semiconductor and the insulator materials are introduced first and followed by a description 

of the processes used to fabricate the transistor test devices. Finally, the characterization 

procedures followed in the bias stress and phototransistor measurements are described.   

 

3.2 Materials  

In this work, dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) was used as the 

semiconductor material while polystyrene (PS) was used as the gate insulator. Figures 3.1(a) 

and (b) show the molecular structures of DNTT and PS. DNTT was synthesized by Dr. J. 

Morrison at Manchester University following the same route as published by Yamamoto and 

Takimiya [17]. PS with an average molecular weight, MW of ~ 350,000 was purchased from 

Sigma Aldrich. Flexible polyethylene naphthalate (PEN) substrates were purchased from 

DuPont Tenjin. 

 

 

Figure 3.1 Molecular structures of (a) DNTT and (b) PS.  

 

3.2.1 Preparation of the PS Solution  

A 9% wt/wt solution of PS in toluene was prepared in the clean room at room temperature. 

PS pellets were dissolved into the toluene in a pre-cleaned glass vial. Vials were cleaned 

following the same methods as described above for the substrates. The resulting solution was 

(a) (b) 

S

S

C C

H H

H

n
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sonicated until the PS was fully dissolved. Finally, the solution was filtered with a 0.2 µm 

PTFE syringe filter and stored inside a fridge in the cleanroom when not in use. 

 

3.2.2 Substrate Cleaning Procedure  

The PEN substrates were cut into 6.5 cm x 6.5 cm squares to fit with the shadow masks. They 

were then placed in a beaker filled with Decon 90 /deionized water and sonicated in an 

ultrasonic bath for 10 minutes. After rinsing with deionized water the substrates were dried 

in a stream of nitrogen gas. The substrates were then given final rinses in deionized water, 

acetone, methanol and 2-propanol and again dried with nitrogen gas.   

 

3.3 Device Fabrication  

The device structure of bottom-gate top-contact PS-DNTT OTFTs used in this work is shown 

in Figure 3.2. Devices were fabricated using the same mask set as described by Patchett et al 

[3, 100]. The mask comprised of 18 x 5 array of 90 transistors as shown in Figure 3.3. Two 

blocks of 9 OTFTs were arranged in 5 rows. In each row the channel length, L increased in 

step from 50 µm to 200 µm. The block in the left-hand side has a width, W of 2 mm with 

aspect ratio, W/L ranging from 40 to 10. The right-hand side block had a constant W/L ratio 

of 20, yielding a width ranging from 1 mm in the first row to 4 mm in the fifth row. Five 

circular capacitors with a diameter of 2 mm were arranged diagonally across the substrate in 

order to extract the capacitance per unit area of the gate dielectric.  

 

 

Figure 3.2 Structure of bottom-gate top-contact of PS-DNTT OTFT fabricated on PEN 

substrate where L and W are the channel length and width respectively. 
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Only OTFTs with L=150 µm or 200 µm and W= 2mm were used in this work. The fabrication 

of bottom-gate top-contact PS-DNTT OTFTs was undertaken in a nitrogen glovebox 

(Glovebox Technology Ltd) with an integrated, computer-controlled, multisource evaporator 

(Kurt Lesker Ltd) with pre-programmed evaporation rates and quartz crystal thickness 

monitors. Firstly, a 70-nm thick aluminium film was deposited onto the PEN substrate by 

thermal evaporation through the gate shadow mask to define the gate electrodes. PS was spin-

coated onto the metallized substrate from the toluene solution at 1000 rpm for 60 s. The 

substrate was then placed on a hot-plate for 10 minutes at 100 ºC to dry off any remaining 

solvent. The resulting film was ~1 m thick as determined by AFM measurement with a 

measured dielectric constant ~2.6. A 70-nm thick DNTT film as measured from the quartz 

crystal in the deposition chamber was then deposited onto the PS by thermal evaporation 

through a shadow mask to define the area of the semiconductor. Finally, 60-nm thick gold 

was deposited by thermal evaporation through the source-drain shadow mask to complete the 

devices. A photograph of the actual device is shown in Figure 3.4(a). 

 

 

Figure 3.3 Mask features 18 x5 arrays of 90 transistors with 5 circular capacitors of 2mm 

diameter arranged diagonally across the substrate. Source and drain contacts are depicted in 

red, gate contacts in blue and semiconductor in green (adapted from [100]).  
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3.4 Transistor Characterization 

Transistor characterization was performed using a source/measure unit (Keithley model 

2636B). All measurements and data acquisition were automated using TSPTM Express 

software through a LAN connection. Transistor characterization was undertaken with two 

different arrangements. In Chapters 4 and 5, the test device was placed in an aluminium test 

box while in Chapters 6 and 7 devices were placed in a cryostat. Details of the transistor 

characterization setup for Chapter 6 and 7 will be described in section 3.6.  For environmental 

and bias stress measurements (Chapter 4 and 5), the transistor was placed inside a grounded 

metal test box (Figure 3.4(b)) with dimensions of 11.7 cm x 9.2 cm x 2.8 cm. The OTFTs 

were mounted on a PTFE block fixed to the base of the box and connections made with gold 

wire and silver paste from the gate, source and drain electrodes to gold pins fixed into the 

block. Connections were made from the pins to BNC connectors and thence via tri-axial 

cables to the source-measure unit.    

 

 

Figure 3.4 Photograph of the (a) actual PS-DNTT OTFTs and (b) aluminium test box.   

 

The schematic diagram of the transistor characterization setup shown in Figure 3.5 is relevant 

to Chapter 4 and 5. For environmental testing, measurements were conducted in the dark 

inside an artificial climate chamber (CLIMACELL) to control the humidities (20% ≥ RH ≤ 

80%) and temperatures (10 ºC ≥ T ≤ 90 ºC). The test device was placed inside the box without 

a lid and was held at the set conditions for 30 min to allow the device to come into equilibrium 

(a) 
(b) 
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with the test environment. For the bias stress tests under controlled conditions (humidity and 

temperature), measurements were conducted inside the CLIMACELL while others were 

conducted at room temperature in ambient air. Both measurements were conducted in the 

dark. Thus for the ambient environment, the tested device was placed inside the box with a 

lid. 

 

 

Figure 3.5 Schematic diagram of the transistor characterization setup. Test pins were 

connected to BNC connector to allow connection to the SMU unit 

 

3.5 Bias Stress Characterization 

The bias stress characterization procedure described here is relevant for the studies in Chapter 

5. A typical flow diagram for the bias stress experiments is shown in Figure 3.6(a). First, the 

initial transfer characteristic was measured. Then the device was subjected to various bias 

stress conditions and stress times. The bias stress was frequently interrupted to measure the 

output characteristics and transfer characteristics in the linear (VD = -1 V) and saturation (VD 

= -60 V) regimes from which the electrical parameters were extracted. Figure 3.6(b) indicates 

a typical transfer curve, plotted on linear and semilog scales, both in the initial state and after 

bias stress. The shift of threshold voltage, ∆VT, and turn-on voltage, ∆VON, were determined 
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as [VT (t) – VT (0)] and [VON (t) – VON (0)] respectively, where t=0 corresponds to pre-stress 

values.  

 

 

Figure 3.6 (a) flow diagram of a typical bias stress experiment. (b) Illustration of threshold 

voltage shift, ∆VT, and turn-on voltage shift, ∆VON calculated as [VT (t) – VT (0)] and [VON (t) 

– VON (0)] respectively, where t=0 corresponds to pre-stress values. (c) Time-dependence of 

∆VT under stress and while recovering. 

 

After completing a negative bias stress test, devices were subjected to a recovery procedure. 

The devices were left short-circuited in the dark for a few minutes and also under ambient 

light for a few seconds until VON and VT recovered to their original values. The recovery was 

interrupted at fixed times to record the transfer characteristics of the transistor with a drain 

bias of VD = −1 V by sweeping the gate bias from 20 to -60 V. Changes, ΔVT, in the threshold 

voltage over time both under stress and while recovering is shown in Figure 3.6(c). It is seen, 

that the recovery of ∆VON/∆VT was not complete even after 5 minutes relaxation in the dark. 
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However, with ambient light exposure for a few seconds, ∆VON/∆VT fell to zero. Therefore, 

recovery by light exposure with source and drain terminals grounded (VD = VG = 0 V) became 

the usual procedure for resetting under negative bias stress. For positive bias stress, the 

recovery process was achieved by applying a negative gate bias [97]. This procedure removed 

the VON/VT shifts and allowed the electrical characteristics of the device to return to their 

original state before proceeding with the next measurement. 

 

3.6 Phototransistor Measurement 

The characterization procedure described here is relevant for the studies in Chapter 6 and 7. 

The schematic diagram of the transistor characterization setup in the cryostat is shown in 

Figure 3.7(a). Only OTFT with L=150 µm and W= 2mm were used in this work. All electrical 

characterizations were conducted under atmospheric ambient and room temperature 

conditions. The illumination source was a xenon discharge lamp coupled to a monochromator 

(Jobin Yvon Triax 320) covering the range 400–700 nm. The test device was placed in the 

sample holder in a cryostat. Monochromatic light was transmitted into the cryostat through a 

quartz window and illuminated the top the device (Figure. 3.7(b)). The power of the light 

incident on the device was controlled by adjusting the exit slit and measured using a sensor 

(Anritsu model MA9411A1) at the device position.   

 

 

Figure 3.7 (a) Schematic diagram of the phototransistor measurement setup and (b) cross-

section of a PS-DNTT device structure under illumination through the top of the DNTT film. 
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Following each measurement, the device was allowed to recover before subsequent 

measurements. This is done by exposing the device to the ambient light for few seconds if 

the VON/VT shifts negatively. If VON/VT had shifted positively due to electron trapping, the 

recovery of VON/VT was achieved by applying negative gate bias. This drives the device into 

accumulation and has been shown [97] to be a way of removing/neutralizing electrons 

trapped at the device interface.  

A typical flow diagram for the bias stress under illumination experiments is shown in Figure 

3.8. First, the initial transfer characteristic was measured. Then the device was subjected to 

various bias stress and light conditions. After that, the transfer characteristic was measured 

again at VD = -1 V from which the electrical parameters were extracted. Finally, the device 

was allowed to recover the original transfer curve following the same methods as described 

above before undertaking subsequent measurements. 

 

 

Figure 3.8 Flow diagram of a bias stress under illumination experiment 
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3.7 Summary 

The procedure for fabrication of the PS-DNTT OTFTs using the equipment described above 

is an established approach for fabricating OTFTs. The transistor characteristics were obtained 

using two different setups. For the environmental and some of the bias stress measurements, 

the test device was attached to the sample holder in the test box. The test box was then placed 

inside the CLIMACELL cabinet to control humidities and temperatures. For the 

phototransistor measurements, the test device was placed in a sample holder that is mounted 

inside the cryostat parallel to the quartz window. This allowed monochromatic light to be 

transmitted into the cryostat through the quartz window to illuminate the top the device. 

Using the procedures described in this chapter, considerable insight is achieved into the role 

on the semiconductor/insulator interface in determining the extent of environmental, bias and 

light-induced instability in organic OTFTs.   
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4 Environmental Stability in PS-DNTT Thin Films Transistors: The DoS 

Investigation 

4.1 Introduction 

In this chapter, the effect of moistures and elevated temperatures on the PS-DNTT OTFTs 

are presented. The device performance was analyzed with a relative humidity (RH) that was 

gradually increased from 20% to 80% and temperatures from 20 ºC to 90 ºC. The density of 

state (DoS) in DNTT environmental was extracted using the Grünewald model in order to 

distinguish the presence of the traps either in the bulk semiconductor, bulk dielectric or at 

interface between semiconductor and dielectric.   

 

4.2 Humidity Effect on Electrical Performance  

Figures 4.1(a) and 4.1(b) show the output and transfer characteristics with increasing RH. 

The output characteristics (Figure 4.1(a)) obtained for both the forward (0 to -60 V) and 

reverse sweeps (-60 to 0 V) of drain voltage, VD exhibit good linear and saturation regimes 

with negligible hysteresis at any RH. Moreover, the drain current, ID was found to reduce 

~16%  as RH increases from 20% to 80% which was caused by the shift in the turn-on 

voltage, VON, and threshold-voltage, VT, to more negative values [46] as shown in the transfer 

characteristics of Figure 4.1(b). The transfer characteristics (Figure 4.1(b)) obtained for both 

the forward (20 to -60 V) and reverse sweeps (-60 to 20 V) of gate voltage, VG, exhibit 

minimal hysteresis. Moreover, the off-current, Ioff, was found to increase significantly above 

70% RH due to parasitic currents through water films on the device surface and/or increased 

gate leakage current. At lower RH the off-currents were determined by the displacement 

current of a few pA charging the gate capacitance.  

The carrier mobility, μ, VON, VT, subthreshold slope, SS, and on-off ratio, ION/IOFF extracted 

from the transfer plot are given in Table 4.1 for the different values of RH. The carrier 

mobility is calculated from the slope of the transfer plot using equation (2.11) and measured 

Ci=2.37 nF/cm2. It can be seen that the mobility reduced from 0.95 to 0.94 cm2/Vs as RH 

increases to 80%. ION/IOFF reduced at higher humidity due to increasing IOFF at higher 
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humidity. SS slightly increase from 3.67 to 4.09 V/decade with increasing RH. It is also worth 

noting that the SS values are relatively high compared to previously reported for DNTT 

[101]. This is mainly the consequence of the relatively thick, and hence low Ci, gate dielectric 

used in our OTFTs. Simple scaling to the much thinner C14-phosphonic acid treated AlOx (Ci 

= 800 nF/cm2) used by Zschieschang et al [101] in their DNTT transistors would result in an 

SS ~10 mV/decade which compares with 90 mV/decade reported by these authors. 
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Figure 4.1 Effect of increasing relative humidity at 20 oC on (a) output and (b) transfer 

characteristics of a DNTT OTFT with polystyrene gate insulator. The transfer plots were 

obtained in the linear regime with drain voltage, VD = -1 V.  

 

The output and transfer characteristics obtained for forward and reverse sweeps with 

decreasing RH from 80% to 20% are shown in Figures 4.2(a) and 4.2(b). When RH was 

reduced back to 20% in stages over a period of 3 hours, only partial recovery occurred.  The 

extracted parameter values for decreasing RH, are given in Table 4.1 in brackets. It can be 

seen that the mobility remain unchanged at 0.94 cm2/Vs as RH decreases to 20% while the 

shifts in VON and VT were much longer-term. The transfer plots show a translation of around 

2.5 V along the VG axis while maintaining the same profile. This is consistent with a shift, 

∆VFB, in the flatband voltage arising from hole trapping in the PS film or at the PS-DNTT 

interface. For an effective interface trapped charge density Qit, which includes also the 

influence of charges in the insulator, ∆VFB = -Qit/Ci. Thus a -2.5 V shift in the post-RH 

exposure transfer plots corresponds to an effective hole density of ~3.7 x 1010 cm -2 trapped 

in water-related states. Interestingly, the subthreshold slope improved slightly, but this is 
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likely to be related to the higher on-off ratios resulting from lower leakage currents as RH is 

reduced.  
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Figure 4.2 Effect of decreasing relative humidity on (a) output and (b) transfer 

characteristics. The transfer plots were obtained in the linear regime with drain voltage, VD 

= -1V 

 

Table 4.1 Device parameters extracted from the transfer characteristics measured in the 

forward voltage sweep with VD = -1V, T = 20oC and RH increasing from 20% to 80%. The 

values in brackets are for decreasing RH. 

RH 20% 30% 40% 50% 60% 70% 80% 

µ (cm2/V.s) 0.95 

(0.94) 

0.95 

 (0.93) 

0.95 

 (0.93) 

0.95 

 (0.93) 

0.94 

(0.93) 

0. 94 

(0.93) 

0. 94 

(0.94) 

VON (V) 3 

(0) 

2 

(0) 

2 

(-1) 

2 

(-1) 

1 

(-2) 

1 

(-5) 

-6 

(-6) 

VT (V) -22 

(-24) 

-23 

(-24) 

-23 

 (-25) 

-24 

 (-25) 

-24 

 (-25) 

-24 

(-25) 

-26 

(-25) 

ION/IOFF 

 

1.8x105 

(1.6x105) 

1.7x105 

(1.6x106) 

1.7x105 

(1.6x105) 

1.7x105 

(1.6x105) 

1.7x105 

(1.7x105) 

1.6x105 

(5.8x104) 

1.5 x104 

(1.6x104) 

SS 

(V/decade) 

3.67 

(3.56) 

3.71 

(3.65) 

3.75 

(3.71) 

3.83 

(3.72) 

3.85 

(3.84) 

3.92 

(3.91) 

4.09 

(3.90) 

 

Figure 4.3(a) and (b) show the gate-voltage dependence of the mobility for increasing and 

decreasing RH respectively. It can be observed clearly that the rate of mobility increase and 

the maximum μlin, show only slight reductions with increasing RH (Figure 4.3(a). 

Furthermore, there is no significant change observed in the transfer characteristics. Therefore 



36 

 

the main effect of increasing RH is attributed to hole trapping at water-related defects at the 

PS-DNTT interface or in the bulk PS and are unlikely to contribute to the semiconductor 

DoS. 
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Figure 4.3 Gate-voltage-dependent mobility extracted by applying equation (2.11) to transfer 

characteristics obtained in the linear regime with (a) increasing RH and (b) decreasing RH.  

 

4.3 Temperature Effect on Electrical Performance  

The output and transfer characteristics with increasing temperature from 20 oC to 90 oC are 

shown in Figures 4.4(a) and 4.4(b). There is no hysteresis observed in the output 

characteristics (Figure 4.4(a)). It also can be observed from the transfer characteristics in 

Figure 4.4(b) that the drain current decreases at higher temperatures as a consequence of VON 

and VT shifting to more negative values. The dashed lines in both figures show the recovery 

plot after the devices was left overnight at 20oC and 10% RH. As can be seen from the transfer 

plot, very little recovery occurred.  

Device parameters extracted from the transfer plots in Figure 4.4(b) are given in Table 4.2. 

The carrier mobility was calculated from the slope of the transfer plot using equation (2.11) 

and measured Ci=2.57 nF/cm2. It can be seen that the maximum mobility slightly increased 

from 1.00 to 1.25 cm2/Vs as temperature increased up to 90ºC. Both VON and VT increase to 

more negative values while SS increases from 4.19 to 4.62 V/decade with increasing 

temperature. ION/IOFF remain ~105 at all temperatures. After the device had relaxed overnight 

at 20oC and RH=10%, SS reduced slightly below its initial value. On the other hand, the 
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maximum mobility reduced back to 1.10 cm2/Vs which is slightly higher than measured 

initially. This is believed to be related to the higher mobility that occurred at ~90oC, which 

may be the result of morphological changes induced in the DNTT by increased molecular 

motion in the polystyrene (Tg ~100oC).  
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Figure 4.4 Effect of increasing temperature at RH = 10% on (a) output and (b) transfer (VD 

= -1 V) characteristics of a DNTT OTFT with polystyrene gate insulator. The dashed plots 

were obtained after holding the device at 20 oC and 10% RH overnight. 

 

Table 4.2 Device parameters extracted from the transfer characteristics in Figure 4.4(b) 

obtained during the forward voltage sweep with temperature increasing from 20oC to 90oC, 

RH = 10% and VD = -1V. Values in the final column were obtained subsequently at 20oC 

after holding the device overnight at 20oC and 10% RH.   

T (ºC) 20  30  40  50  60  70  80  90  20   

µ (cm
2

/V.s) 1.00 1.07 1.10 1.13 1.16 1.19 1.22 1.25 1.10 

V
ON

 (V) -3 -3 -4 -4 -5 -5 -6 -7 -10 

V
T 

(V) -18 -20 -21 -21 -21 -23 -24 -27 -27 

I
ON

/I
OFF  

(x10 5) 

2.18 2.33 2.38 2.47 2.50 2.33 2.03 1.65 2.00 

SS 

(V/decade) 

4.19 4.10 4.15 4.22 4.41 4.37 4.40 4.62 3.53 

 

The gate-voltage dependence of the mobility obtained at different temperatures are shown in 

Figure 4.5(a). It can be seen that the plots are shifted to more negative values consistent with 
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the shift in flatband voltage. At the highest gate voltages, the mobility saturates at values 

consistent with those given in Table 4.2.  A plot of log µ as a function of T-1/3 is shown in 

Figure 4.5(b) for the different temperatures. It can be seen that the temperature dependence 

fits the model for hopping conduction in a 2-dimensional sheet [23] given by

  3/1

00 /exp TT   with T0 = 288 K.   
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Figure 4.5 (a) Gate-voltage-dependent mobility obtained at different temperatures during the 

forward voltage sweep (20 V to -60 V) together with the dotted post-heating plot at 20oC. (b) 

Temperature dependence of the mobility from Table 4.2 (red dots) and values corresponding 

to VG = -50V in figure 4.5(a) (black diamonds). The open data points were obtained at 20oC 

post-heating.   

 

4.4 Environmental Effects on Density of States (DoS) 

In the previous section, it was suggested that the main effect of RH and T is simply to cause 

a shift, ∆VFB, in the flatband voltage arising from hole trapping in the PS film or at the PS-

DNTT interface. To confirm this, the DoS of the semiconductor was extracted to identify any 

evidence of charge trapping within the DNTT band gap. The DoS spectrum of DNTT was 

extracted from the transfer characteristics by applying the Grünewald method [32] as outlined 

in Chapter 2, section 2.6.4 and Appendices A and B. 

Firstly, the relationship between the gate-dependent insulator/semiconductor interface 

potential, V0, and the effective forward voltage, VF = (VG-VON) was obtained from equation 
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(2.16) and plotted as shown in Figures 4.6(a) and 4.6(b). It can be observed that as RH 

increases (Figure 4.6(a)), plots of V0 rise slower with VF. Unlike for the RH case, V0 rises 

more rapidly with increasing temperature as shown in Figure 4.6(b). Then the DoS, N(E) can 

be obtained with equations (2.17) and (2.18) and plotted as a function of energy  relative to 

the Fermi level, EF, (V0 = E -EF) as shown in Figure 4.7(a) for different RH and in Figure 

4.8(a) for different temperatures. 
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Figure 4.6 Plots of V0 versus VF showing the effect of (a) relative humidity and (b) 

temperature. 
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Figure 4.7 Density of states for different values of RH plotted relative to (a) V0 (=E-EF) and 

(b) the mobility edge assumed to coincide with ~EV. 

 

Ideally, the DoS should be plotted relative to the valence band edge, EV. Kalb and Battlogg 

[31]simply assume a value for (EF-EV) e.g. ~0.5 eV in pentacene. On the hand, some authors 
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assumed that a sharp rise observed in the DoS at high V0 as a band edge [34, 35]. However, 

in our case, we assume that when the effective mobility becomes constant at ~1 cm2/Vs 

(Appendix A), this coincides with a transport band edge (Appendix B) or EV in the case of a 

p-type semiconductor [30, 102]. Upon evaluating the relevant energy, the DoS may be 

replotted as a function of (E-EV) as shown in Figures 4.7(b) and 4.8(b).  It can be observed 

in Figure 4.7(b) that the effect of RH on the DoS is minimal with the plots obtained for all 

relative humidities coalescing to a single curve over most of the range. Figure 4.8(b) shows 

the DoS for different temperatures. Similar profiles as RH were also observed but with a 

slight increase in deeper states at higher temperatures which eventually mask the weak 

feature lying between ~0.25 and ~0.35 eV above EV.  Similar feature with a peak ~1019 cm-

3eV-1 was also observed in pentacene within the energy range (~0.28 eV) due to oxygen-

related defects [103]. However, this peak is significantly higher than observed in our case ~2 

x 1017 cm-3eV-1 [30, 103]. Even though the oxidation of sulphur atoms in DNTT to 

disulphones is possible, this requires exposure to strong oxidizing agents. Diemer et al [36] 

reported that the presence of isomers in 2,8-difluoro-5,11-bis(triethylsilylethynyl) 

anthradithiophene (diF-TES ADT) lead to strong peaks in the DoS at ~0.4 eV above the 

valence band. However, this was not possible in the molecular structure of DNTT.  Moreover, 

in later cases (Chapter 5, 6 and 7), the density of states exhibits similar behavior. As there is 

no change in the hole mobility, the weak features appearing at the deeper states are unlikely 

to be associated with DNTT itself but rather due to a changing flat-band voltage when 

electron/hole occupancy of interface states changes as the device turns on. 
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Figure 4.8 Density of states for different values of temperature plotted relative to (a) V0 (=E-

EF) and (b) the mobility edge assumed to coincide with EV. 
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In Figure 4.9, the DoS obtained here is compared with those obtained (a) by applying the 

Oberhoff computer model to single-crystal DNTT transistor characteristics [104], and (b) 

from Scanning Kelvin Probe Microscopy (SKPM) [105] on evaporated thin films of DNTT 

incorporated into transistor structures. The computer generated DoS profile showed a rapid 

decrease in state density from 1022 cm-3eV-1 to a plateau at ~1017 cm-3eV-1.  A similar feature 

was observed from SKPM measurements on DNTT films evaporated onto SAM surface 

modified AlOx. However, the profile extended by ~60 meV to deeper states [105].  In the 

present case, the DoS shows a more gradual decrease from ~1020 cm-3eV-1 but asymptoting 

to the same concentration (~1017 cm-3eV-1) of deeper states. It was reported that the density 

of states obtained for evaporated pentacene films decreases to ~1018 cm-3eV-1 [31, 105, 106]. 

This indicates that the DoS in pentacene was higher than in our evaporated DNTT films over 

a similar energy range. 
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Figure 4.9 Comparison of DoS spectra obtained in the present work using the Grünewald et 

al model with those obtained by applying the Oberhoff et al model to single-crystal DNTT 

[104] and from evaporated films using Scanning Kelvin Probe Microscopy [105]. 
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4.5 Summary 

The effect of relative humidity in the range 20 – 80% on DNTT-PS OTFT was investigated. 

It was observed that Ioff increases significantly above 70% RH due to parasitic currents 

through water films on the device surface. Both VON and VT shifted negatively as RH% 

increased due to hole trapping within the PS gate dielectric. However, only partial recovery 

occurred when RH was reduced back to 20%. The effect of temperature in the range 20 ºC – 

90 ºC was also investigated.  The shifts in VON, VT observed with increasing temperature are 

similar to the changes caused by increasing RH. However, the mobility increased slightly 

from 1.00 to 1.25 cm2/Vs and fits the model for hopping conduction in a 2-dimensional sheet 

with T0 = 288 K. The density of states spectra with respect to different RH and temperature 

were extracted from transfer characteristics obtained in the linear regime using the 

Grünewald model [32]. It was observed that the changes in DoS were minimal to the relative 

humidity range 20 – 90%.  The DoS for different temperatures showed a similar profile as in 

RH. However, a slight increase was observed in the deeper states as temperature increases. 

These results confirm that the device instability observed is ascribed almost entirely to 

flatband voltage shifts caused by hole trapping in the polystyrene dielectric or its interface 

with DNTT. 
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5 Effect of Bias Stress on PS-DNTT Thin Film Transistor Stability 

5.1 Introduction 

In this chapter, the bias stress effect in PS-DNTT OTFTs is reported, with a particular focus 

on the device characteristics when voltages are applied in combination with other sources of 

instability. The results are grouped and discussed as follows.  

i. A study of the operational stability of OTFTs under negative bias stress. Here the 

variation of the threshold voltage is monitored over time, after applying to the devices 

a constant negative voltage on the gate and drain contacts. 

ii. A study of the effect of relative humidity on the bias stress instability. 

iii. A study of the effect of temperature on the bias stress instability.  

iv. A study of the effect of positive bias stress on the operational stability of OTFTs. 

 

5.2 Negative bias stress instability in PS-DNTT TFTs  

5.2.1 Gate Bias Stress   

The bias stress effect in PS-DNTT TFT was investigated with two sets of stress conditions. 

In the first, VD = 0 V and various negative gate-source voltages (VG = -5, -10, -20, -30 and -

40 V) were applied. In the second stress condition, VD was set equal to VG and ranged from -

5 to -40 V.  Both stress conditions were applied for 1600 s in the dark under ambient 

conditions typically T= (15 ºC-20 ºC) and RH= (40%-70%). Figures 5.1(a) and 5.1(b) show 

the output characteristics recorded before and after negative bias stress with different VG. 

Clear linear and saturation behaviors were observed at lower and higher VD respectively. 

There was negligible hysteresis observed between forward and reverse scans at any stress 

condition. However, the magnitude of ID slightly decreased after the 1600 s stress, with the 

greatest reduction observed when stressing at  VD = 0 V, VG = -40 V.  
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Figure 5.1 Output characteristics in forward and reverse sweeps obtained following bias 

stress with (a) VD = 0 V and VG = -5, -10, -20, -30 and -40 V, and (b) VG = VD ranging from -

5 to -40 V. In all cases the stress time was applied for 1600 s. 

 

Figures 5.2(a) and 5.2(b) indicate the evolution of the transfer characteristics of the same 

device measured in the linear regime (V D= -1 V) obtained during a forward VG sweep (+20 

V to -60 V) before and after stress. As can be seen, the negative gate bias stress for both stress 

conditions, causes the transfer curves to shift to more negative voltages without a significant 

variation of the shape. Such a phenomenon is associated with hole trapping at the interface 

or in the bulk dielectric layer and related to the shift in the flat-band voltage, ∆VFB. Therefore, 

the interface trapped charge density, Nit can be estimated using equation (2.14) in Chapter 2.  

The dependence of ∆VT and ∆VON on VG applied while stressing are shown in Figures 5.3(a) 

and 5.3(b) respectively. Both stress conditions (VG = VD and VD = 0 V) show a more 

pronounced negative shift at higher values of VG. This effect occurs as a result of a higher 

density of holes induced in the channel at higher gate-source voltages. This in turn leads to 

an increase in the number of holes trapped in the interface states [69, 83]. Therefore, as seen 

in Figure 5.3(b), the corresponding increase in the density of trapped holes, ∆Nit, is between 

6.0 x 1010 cm-2 and 7.5 x 1010  cm-2 as VG increases to -40 V depending on the value of VD.  
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Figure 5.2  Influence of gate bias stress on transfer characteristics obtained at VD = -1 V with 

(a) zero drain-source voltage (VD = 0 V) and various gate-source voltages (VG = -5, -10, -20, 

-30 and -40 V) and (b) drain-source voltage equal to gate-source voltage (VG =VD) which 

ranging from -5 to -40 V for 1600 s in ambient air.  

 

When VD = 0 V, both ∆VT and ∆VON increase rapidly whereas under simultaneous gate-source 

and drain-source bias (VG =VD), slower changes are seen in ∆VT and ∆VON. This can be 

explained as follows. By applying a negative gate bias stress VG to the gate electrode, and VD 

= 0 V, holes accumulate uniformly at the insulator/semiconductor interface forming a channel 

that will provide a conduction path between source and drain electrodes [Figure 5.3(c)]. 

When VG = VD, the potential difference between the gate and drain electrode is zero, which 

weakens the electric field near the drain contact and in turn, reduces the number of charge 

carriers towards the drain end of the channel as illustrated in Figure 5.3(d). Therefore the 

number of charge carriers available for trapping are greater when stressing at VD = 0 V 

compared with stressing at VG = VD, which leads to a reduction in ∆VT and ∆VON as suggested 

by Zschieschang et al [82] and Zan and Kao [83]. 
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Figure 5.3 (a) Shift of threshold voltage, ∆VT and (b) shift in turn-on voltage, ∆VON and 

corresponding Nit after 1600 s stress. Illustration in (c) shows that by applying a negative gate 

voltage, VG between the gate electrode and the grounded source electrode, VD = 0 V, charge 

carriers accumulated uniformly along the insulator-semiconductor interface. (d) When VD = 

VG the channel is pinched-off which results in a reduction of charge density at the drain end 

of the channel. 

 

The gate-voltage-dependent mobility was also extracted from the local slope of the transfer 

characteristics. Figure 5.4(a) and 5.5(b) clearly show that, the curves move in parallel and 

the maximum mobility before and after bias stress is unchanged. Furthermore, there is no 

significant change, ∆µ in in the maximum mobility, when plotted as a function of gate-source 

bias stress (see inset of Figure 5.4(a) and 5.4(b)). These results confirm that trap states in the 

semiconductor play a negligible role in the bias stress effect. Therefore, ∆VT, caused by the 

negative gate-bias stress can be attributed to an increase in holes trapped within the PS gate 

dielectric, or at the DNTT/PS interface.  
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Figure 5.4 Linear mobility as a function of gate bias after stress conditions, corresponding 

to (a) VD = 0 V with VG = -5, -10, -20, -30 and -40 V and (b) VG =VD ranging from -5 to -40 

V.  

 

The proposed mechanism for charge trapping at the PS-DNTT interface is illustrated in 

Figure 5.5. At zero gate voltage, there is no band bending occur as shown in Figure 5.5(a). 

At low VG, valence band, EV bend upwards and slowly lowering fermi level, EF at 

semiconductor/insulator interface inducing a low concentration of holes leading to low 

interface trapping as shown in Figure 5.5(b). As VG increases, band bending increases, 

effectively lowering EF, at the interface. Consequently large a high concentration of the holes 

above EF are induced at PS-DNTT interface which in turn causes high interface trapping with 

some trapped in the bulk insulator (Figure 5.5(c)).  

Even though Nit provides a useful comparison, it only gives information on the occupied 

interface trap density, rather than any details of the DoS distribution within the band gap. The 

mobility plot in Figure 5.4 suggests that DNTT itself is insensitive to bias stress. To confirm 

this the DoS of the semiconductor was extracted for each bias stress condition by applying 

the Grünewald model to transfer plots obtained within the linear regime [107].  

Figures 5.6(a) and 5.6(b) show the DoS distribution plotted as a function of E-EV. It can be 

observed that the effect of bias stress is minimal with the plots obtained before and after bias 

stress coalescing to a single curve with a weak feature superimposed at deeper energies. 

Under all bias stress conditions, the initial DoS distribution decreases exponentially from 2 
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x 1020 cm-3 eV-1 to 1 x 1018 cm-3eV-1 within 0.1 eV above EV. Thereafter the DoS shows a 

broad, weak feature superimposed on a slowly decaying background which eventually 

decreases to ~1017 cm-3 eV-1 at ~0.4 eV above EV.  

 

 

Figure 5.5 Schematic band diagram illustrating the effect of traps at the interface of 

semiconductor/insulator for (a) VG = 0 V, (b) small VG and (c) large VG.  
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Figure 5.6 The DoS as a function of E-EV before stress (black data point) and after bias-

stress with stress condition of (a) VD = 0V and stress voltage, VG = -5 V (red), -10 V (green), 

-20 V (blue), -30 V (magenta) and -40 V(orange) and (b) VG =VD ranging from -5 to -40 V 

with same color assignment as (a). The solid black lines in the main plots represent the double 

exponential fits to equation (5.1) for shallow and deep traps.  
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The DoS distribution was fitted with the double exponential function of a localized states 

DoS according to: 

𝑁(𝐸) ≈
𝑁𝑡1
𝐸𝑡1

𝑒𝑥𝑝 (−
𝐸

𝐸𝑡1
) +

𝑁𝑡2
𝐸𝑡2

𝑒𝑥𝑝 (−
𝐸

𝐸𝑡2
) 

(5.1) 

where Nt1 and Nt2 are the total trap densities in the shallow and deep states respectively while 

Et1 and Et2 are the characteristic energies decay of the distributions in the shallow and deep 

states respectively. Since the DoS distribution for each curve exhibits similar features, only 

one curve was fitted with equation (5.1) as shown by the solid line in Figure 5.6. Under bias 

stress VG = -40 V, VD = 0 V, fitting parameters related to the shallow states ≤ 0.1 eV, are  

Nt ~ 4.16 x 1018 cm-3 with Et  ~ 25 meV. The characteristics energy is slightly lower than in 

pentacene thin films, Et  ~ 32 meV reported by Kalb using the same method [107]. For deeper 

states ≥ 0.1 eV, Nt ~ 7.98 x 1017 cm-3 with Et  ~ 88 meV. 

 

5.2.2 Recovery  

After completing a bias stress test, selected devices were subjected to a recovery procedure. 

The devices were left short-circuited in the dark for a few minutes and also under ambient 

light for a few seconds until VT recovered to its original value. The recovery was interrupted 

at fixed times to record the transfer characteristics of the transistor with a drain bias of VD = 

−1 V by sweeping the gate bias from 20 to -60 V.  

It can be clearly observed in Figure 5.7(a), that the transfer curves shift back towards the one 

obtained prior to stressing. Changes in the threshold voltage (ΔVT) over time both during 

stress and under recovery are shown in Figure 5.7(b). It is observed, that the recovery of ∆VT 

was only partial after 5 minutes relaxation in the dark. However, with ambient light exposure 

for a few seconds, ∆VT fell to zero and the transfer curve was restored within ~ 10 s to its 

original value, thus providing a rapid method of re-setting the device ahead of further 

measurements. Such a fast recovery property is technologically relevant and could be utilized 

in practical applications such as in a memory device. 
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Figure 5.7 (a)Transfer curves and (b) time dependence of ∆VT.  The device was subjected to 

bias stress VG = −40 V, VD = 0 V in the dark for 1600 s. The recovery process was performed 

in the dark and under ambient illumination with VG = VD = 0 V.   

 

The above behaviour was further studied by evaluating the DoS during the stress and 

recovery period. The DoS distribution from EV to 0.4 eV is shown in Figure 5.8(a). Figure 

5.8(b) shows the DoS in the range EV > 0.1 eV after light induced recovery. It is seen that 

after the bias stress (red line), the DoS distribution reduced slightly, but slowly reaches the 

initial (black line) DoS distribution after recovery with light exposure (blue line). However 

relaxation in the dark conditions exhibits a slow recovery to the initial (black line) DoS 

distribution.  

The charge detrapping mechanism during recovery can be explained as follows.  During bias 

stress, holes are trapped at the interface as shown in Figure 5.8(c). When the gate bias is zero, 

the density of holes in the accumulation layer vanishes and EF rises at the interface (Figure 

5.8(d)). This leads to hole detrapping from interface traps now appearing below EF 

accompanied by a return to flat band conditions. The detrapping process is accelerated under 

ambient light because of the light induced electrons may effectively neutralize trapped holes 

[74]. Therefore, recovery by light exposure with source and drain terminals grounded (VD = 

VG = 0 V) became the usual procedure for resetting. Overall, the recovery process in this 

device was relatively fast. However further experiments were required to accurately describe 

the relaxation phenomenon in this device.  

 



51 

 

 

Figure 5.8 (a) The DoS distribution as a function of as a function of E-EV after stress and 

during recovery time. (b) An expended view of changes in the deep states. Proposed 

schematic band diagram illustrating the effect of traps at the interface of 

semiconductor/insulator (c) under stress and (d) after recovery time.  

  

5.2.3 Effect of Stress Time  

This section reports the time-dependence of the stress effect. Initially, the device was 

subjected to a constant negative gate bias, VG = -40 V and drain bias, VD = 0 V for 100 s in 

the dark at room temperature. Immediately after stress, the output characteristics were 

recorded followed by transfer characteristics in the linear (VD = -1 V) and saturation (VD = -

60 V) regimes. After the device had recovered, the experiment was repeated with increasing 

stress times up to 10000 s. Then the same measurement was continued on the same sample 
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but with different drain biases, VD in the linear, VD < -20 V, and saturation, VD ≥ -20 V 

regimes.  

Figure 5.9 shows the output characteristics taken before and after bias stress with stress 

conditions corresponding to VG = -40 V and various VD (0 to -40 V) for times ranging from 

100 s to 10000 s. After all stress conditions and time, for each gate voltage VG, the drain 

current exhibits excellent linear and saturation behavior at low and high VD respectively. No 

noticeable hysteresis was observed between the forward and backward scan. However, the 

drain current, ID, reduced after with increasing stress time, with the reduction being greatest 

for stressing in the linear regime (low VD), as reported by others e.g. in pentacene TFTs [75, 

83]. 

Figures 5.10 and 5.11 show plots of ID vs VG obtained at VD= -1 V (linear region) and ID
1/2 

vs VG obtained at VD= -60 V (saturation region), before and after bias stress. Under any stress 

condition, ID decreases due to a shift of both VON and VT to more negative gate voltages as 

stress time increased. The plots of log ID-VG before and after the bias stresses show that the 

subthreshold slope also does not change after the transistor has undergone bias stressing. This 

suggests that bias stress simply arises from hole trapping in interface traps or in the insulator 

itself. However, there is considerable discussion as to whether the traps are located in the 

semiconductor, in the insulator or at interface between the semiconductor and insulator [51].  

Figures 5.12 and 5.13 show the gate-voltage dependence of the mobility, extracted using 

equations (2.11) and (2.13) respectively. It can be observed that both plots show a simple 

translation along the voltage axis. This is readily explained by a shift in threshold voltage 

caused by a change the flatband voltage, ∆VFB.[108]  Hole trapping in semiconductor states 

would have distorted the transfer characteristics and hence the VG-dependence of mobility. 

Interestingly, both µlin and µsat exhibit maximum values ~ 1 cm2/V.s with only a small 

reduction appearing after stress. However, µlin saturates at higher VG while µsat still slowly 

increased as VG increased. The inset shows a negligible shift in the maximum field-effect 

mobility, ∆µ as a function of stress time.  
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Figure 5.9. Output characteristics for forward and reverse sweeps obtained after stressing for 

increasingly longer time with a constant gate voltage,  VG = -40 V and with drain voltages, 

VD of   (a) 0 V, (b) -5 V, (c) -10 V, (d) -20 V, (e) -30 V and (f) -40 V.  
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Figure 5.10 Transfer characteristics showing the time-dependence of the bias stress resulting 

from applying a constant gate voltage,  VG = -40 V and drain voltages, VD of   (a) 0 V, (b) -5 

V, (c) -10 V, (d) -20 V, (e) -30 V and (f) -40 V. In all cases the characteristics were obtained 

with VD  = -1 V. 
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Figure 5.11 Transfer characteristics showing the time-dependence of the bias stress resulting 

from applying a constant gate voltage,  VG = -40 V and drain voltages, VD of   (a) 0 V, (b) -5 

V, (c) -10 V, (d) -20 V, (e) -30 V and (f) -40 V. In all cases the characteristics were obtained 

with VD  = -60 V. 
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Figure 5.12 Linear mobility as a function of gate bias following constant gate bias stress of 

VG = -40 V and with drain bias (a) VD = 0V, (b) VD = -5V, (c) VD = -10V, (d) VD = -20V, (e) 

VD = -30V and (f) VD = -40V for various times up to 10000s. Each inset show the shift in the 

maximum mobility as a function of bias stress time. 
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Figure 5.13 Saturation mobility as a function of gate bias following constant gate bias stress 

of VG = -40 V and with drain bias (a) VD = 0V, (b) VD = -5V, (c) VD = -10V, (d) VD = -20V, 

(e) VD = -30V and (f) VD = -40V for various times up to 10000s. Each inset show the shift in 

the maximum mobility as a function of bias stress time. 
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Figures 5.14(a) and (b) show the time dependence of ∆VT extracted from the linear and 

saturation transfer characteristics. In both cases, ∆VT measured from both transfer 

characteristics were found to decrease when the drain bias increases from 0 to -40 V. This 

has been explained previously due to lower hole concentration towards the drain end of the 

channel when stressing in the saturation regime (high VD) which in turn results in fewer 

charge carriers being trapped  [75, 83].  
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Figure 5.14 Shifts of threshold voltage, VT at (a) VD =-1V and (b) VD =-60V and turn-on 

voltage, VON at (c) VD =-1V and (d) VD =-60V as a function of bias stress time obtained from 

transfer characteristics. The solid lines in both figures represent the stretched-exponential fits 

made to the data using equation (5.2).  
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Figures 5.14(c) and 5.14(d) show the time dependence of ∆VON extracted from the linear and 

saturation transfer characteristics. The magnitude of ∆VON was slightly higher than ∆VT. This 

is because changes in ∆VT involve other physical parameters such as changes in the 

subthreshold region and mobility whereas changes in ∆VON only involve charge trapping at 

the interface. It has been observed in Figure 5.14(c) that ∆VON, is almost independent with 

VD while in Figure 5.14(d), VD dependence is not systematic.  

The dependence of ∆VT on  time is generally described by the stretched exponential function 

given by [67, 80], i.e.  

∆𝑉𝑇(𝑡) = |𝑉𝑇(∞) − 𝑉𝑇(0)| [1 − 𝑒
−(
𝑡
𝜏
)
𝛽

]   
(5.2) 

where VT(∞) is the threshold voltage after long stress times, VT(0) its value prior to bias stress, 

τ is a characteristic time constant and  β the stretching factor describing the distribution in 

trap times. The solid curves in Figures 5.14(a) and 5.14(b) represent the stretched exponential 

fitting of equation (5.2) to the data using the fitting parameters listed in Table 5.1 for different 

drain-bias stress conditions (VG = -40 V and VD ranging from 0 V to -40 V). 

 

Table 5.1  Parameters obtained by fitting equation (5.2) to the measured bias stress-induced 

∆VT in Figures 5.14(a) and 5.14(b).  

VD (V) │VT(∞)-VT(0)│(V) τ (s) β 

 Linear  saturation Linear  saturation Linear  saturation 

0 3.44 3.94 1.32 x 103 1.35 x 103 0.54 0.45 

-5 3.31 3.67 1.20 x 103 1.52 x 103 0.60 0.60 

-10 3.23 2.75 1.30 x 103 1.01 x 103 0.62 0.69 

-20 3.16 2.46 1.33 x 103 1.18 x 103 0.78 0.65 

-30 3.14 2.45 1.39 x 103 1.36 x 103 0.79 0.64 

-40 3.13 2.36 1.47 x 103 1.58 x 103 0.92 0.66 
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The stretched exponential fits confirm the decreasing trend in |VT(∞)-VT(0)| apparent in 

Figures 5.15(a) and 5.15(b) as the stress conditions change from the linear to the saturation 

regime. Only minor changes are seen in τ, which is almost constant at ~1.33 x 103 s in the 

linear regime and ~1.4 x 103 s in the saturation. The time-constant distribution parameter, τ 

increases as VD increases (albeit more slowly when extracted from saturation transfer 

characteristics) suggesting a tendency to a less broad distribution. This effect has also been 

observed in pentacene OTFTs [75]. Interestingly, many authors [19, 67, 86] assume that 

VT(∞) = VG which occurs when the effective gate field seen by free holes in the channel is 

reduced to zero. This is clearly not the case here as |𝑉𝑇(∞) − 𝑉𝑇(0)| < 4𝑉 is significantly 

lower than |𝑉𝐺 − 𝑉𝑇(0)|~20𝑉 as seen in Figure 5.10.  

The time dependence of ∆VON is also fitted with the stretched exponential fitting of equation 

(5.2) as shown by solid lines in Figures 5.14(c) and 5.14(d). The fitting parameters for ∆VON 

are listed in Table 5.2 for the different drain-bias stress conditions. The magnitude of 

|𝑉𝑂𝑁(∞) − 𝑉𝑂𝑁(0)| is slightly higher than|𝑉𝑇(∞) − 𝑉𝑇(0)|. This is expected since  

|𝑉𝑂𝑁(∞)| > |𝑉𝑇(∞)|. Similar to ∆VT, VON(∞) = VG is also clearly not the case here since 

|𝑉𝑂𝑁(∞) − 𝑉𝑂𝑁(0)| < 9 𝑉 is significantly lower than |𝑉𝐺 − 𝑉𝑂𝑁(0)|~34 𝑉. It is also 

observed that the magnitudes of |𝑉𝑂𝑁(∞) − 𝑉𝑂𝑁(0)| and τ in Figures 5.15(c) and 5.15(d), 

are found to decrease as drain bias stress voltage is increased. β are in the range of 0.43 to 

0.64 in the linear regime while a much narrower range in the saturation from 0.56 to 0.62.  

 

Table 5.2  Parameters obtained by fitting equation (5.2) to the measured bias stress-induced 

∆VON in Figures 5.14(c) and 5.14(d). 

VD (V) │VON(∞)-VON(0)│ τ (s) β 

 Linear  Saturation Linear  Saturation Linear  Saturation 

0 7.06 8.47 1.95 x 103 2.59 x 103 0.43 0.448 

-5 6.97 7.93 1.97 x 103 1.80 x 103 0.48 0.42 

-10 6.83 7.63 2.32 x 103 1.54 x 103 0.56 0.56 

-20 6.81 7.06 1.80 x 103 1.95 x 103 0.37 0.43 

-30 6.45 6.49 1.97 x 103 1.10 x 103 0.64 0.45 

-40 6.28 6.29 1.33 x 103 1.03 x 103 0.59 0.51 
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Figure 5.15 │VT(∞) - VT(0)│ and τ as a function of drain voltage, VD obtained at (a) VD = -

1V and (b) VD =-60V . │VON(∞) – VON(0)│and τ as a function of drain voltage, VD obtained 

at (c) VD = -1V and (d) VD =-60V. 

 

As noted above, the measurement of ΔVT from the transfer curve has some inaccuracy, since 

the device may recover partially when measuring the transfer characteristics. Therefore other 

workers [86] have avoided this problem by monitoring the decay of the drain-source current, 

ID, with time under bias stress instead of measuring ΔVT from the transfer characteristics. 

Figures 5.16(a), 5.17(a) and 5.17(c) show the time decay of ID(t) normalized to its initial 

value ID(0) under continuous bias stress for increasing stress times ranging from 102 s to 104 

s. In between each plot, the device was illuminated under short-circuit conditions to return 

VT to its initial value, as described above.   Since the plots do not follow the same trajectory, 

it is possible that recovering the initial VT does not recover exactly to the initial interface 

conditions of the devices for each run. This suggest that relaxation to the initial state in the 
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dark or when illuminated may not necessarily be the result of detrapping but due to interface 

trapping of counter charges.  

In the following, we concentrate therefore on the 10,000 s decay curves (Figures 5.16(b), 

5.17(b) and 5.17(d)). The stretched-exponential description for ∆VT in equation (5.2) can be 

extended to derive the dependence of ID with time [86]. In the linear regime, in the presence 

of a threshold voltage shift ∆VT, ID is described by:  

𝐼𝐷(𝑡) = 𝐾[𝑉𝐺 − (𝑉𝑇(0) + ∆𝑉𝑇(𝑡))]𝑉𝐷 

here 𝐾 = 𝜇𝑙𝑖𝑛𝐶𝑖𝑛𝑠
𝑊

𝐿
 and upon substituting from equation (5.2)  

𝐼𝐷(𝑡)  = 𝐾 [𝑉𝐺 − 𝑉𝑇(0) − ∆𝑉𝑇(∞) + ∆𝑉𝑇(∞)𝑒
−(
𝑡
𝜏
)
𝛽

] 𝑉𝐷 

(5.3) 

 

 

(5.4) 

where ∆𝑉𝑇(∞) = 𝑉𝑇(∞) − 𝑉𝑇(0) . Then after normalizing ID(t) to its initial value ID(0), 

equation (5.4) becomes 

𝐼𝐷(𝑡)

𝐼𝐷(0)
=

[𝑉𝐺 − 𝑉𝑇(0) − ∆𝑉𝑇(∞) + ∆𝑉𝑇(∞)𝑒
−(
𝑡
𝜏
)
𝛽

]

𝑉𝐺 − 𝑉𝑇(0)
 

which simplifies to 

    
𝐼𝐷(𝑡)

𝐼𝐷(0)
    = (1 −

∆𝑉𝑇(∞)

𝑉𝐺 − 𝑉𝑇(0)
) +

∆𝑉𝑇(∞)

𝑉𝐺 − 𝑉𝑇(0)
𝑒−(

𝑡
𝜏
)
𝛽

. 

or 

𝐼𝐷(𝑡)

𝐼𝐷(0)
= 𝐴 + 𝐵𝑒−(

𝑡
𝜏
)
𝛽

∙ 

 

(5.5) 

 

 

 

 

(5.6) 

In the saturation regime, ∆VT over time is defined by the square-law equation for ID(t): 

𝐼𝐷(𝑡) =
𝐾

2
[𝑉𝐺 − (𝑉𝑇(0) + ∆𝑉𝑇(𝑡))]

2
 

which after substituting from equation (5.2) becomes 

𝐼𝐷(𝑡) =
𝐾

2
[𝑉𝐺 − 𝑉𝑇(0) − ∆𝑉𝑇(∞) + ∆𝑉𝑇(∞)𝑒

−(
𝑡
𝜏
)
𝛽

]

2

. 

(5.7) 

 

 

(5.8) 
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After normalization, to the initial value, the degradation of ID(t) over time in the saturation 

regime is given by: 

𝐼𝐷(𝑡)

𝐼𝐷(0)
=

{
 
 

 
 [𝑉𝐺 − 𝑉𝑇(0) − ∆𝑉𝑇(∞) + ∆𝑉𝑇(∞)𝑒

−(
𝑡
𝜏
)
𝛽

]

𝑉𝐺 − 𝑉𝑇(0)

}
 
 

 
 
2

 

which reduces to 

       
𝐼𝐷(𝑡)

𝐼𝐷(0)
 = {(1 −

∆𝑉𝑇(∞)

𝑉𝐺 − 𝑉𝑇(0)
) +

∆𝑉𝑇(∞)

𝑉𝐺 − 𝑉𝑇(0)
𝑒
−(
𝑡
𝜏
)
𝛽

}

2

 

= [𝐴 + 𝐵𝑒−(
𝑡
𝜏
)
𝛽

]

2

 

 

 

(5.9) 

 

 

 

 

(5.10) 

 

with A = 1-B. Equations (5.13) and (5.17) described 𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  in the linear and saturation 

regimes respectively. Zhang et al [86] developed this model based on the current in the 

saturation regime but the square term seems to be missing from the entire equation which 

may be an editorial error. Most authors described the extended model of the stretched 

exponential function based on drain current decay in the form of 𝐼𝐷(𝑡) 𝐼𝐷(0)⁄ = 𝑒𝑥𝑝 (−
𝑡

𝜏
)
𝛽

, 

which presumes that  , ∆𝑉𝑇(∞) = (𝑉𝐺 − 𝑉𝑇(0)), [19, 86-88] which is clearly not the case 

here as discussed above. This was implicitly accepted also by Padma et al  [109], whose 

results indicate a drain current asymptoting to a finite value rather than zero at infinite time, 

which will indeed be the case if ∆VT(∞) < (VG –VG(0)).  

The 10,000 s 𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  decay in Figure 5.16(b) corresponding to VD in linear was fitted 

with equation (5.6) while Figures 5.17(b) and 5.17(d) were fitted with equation (5.10) 

corresponding to VD in saturation regime respectively. By adjusting parameter values, 

excellent fits (dashed lines) can obtained to each of the experimental plots using the values 

listed in Table 5.3. The experimental plot is also fitted with the predicted values (solid lines) 

by substituting the relevant parameter values from Table 5.1 into equations (5.6) and (5.10) 

respectively.  
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Table 5.3 Parameters for the fits of equation (5.6) in the linear and equation (5.10) in 

saturation regimes to the normalized current decay ID(t) /ID(0) data in Figure 5.17(b), 5.18(b) 

and 5.18(d). 

VD (V) τ (s) β VT (0) (V) │∆VT(∞)│ (V) R2 

Linear 

-5 

 

2050 

 

0.75 

 

-21 

 

3.08 

 

0.99141 

Saturation 

-30 

 

2395 

 

0.58 

 

-19 

 

2.47 

 

0.9993 

-40 4247 0.54 -19 4.09 0.99867 
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Figure 5.16 (a) Time-dependence of ID(t) /ID(0) with VG= -40 V and VD =-5 V over various 

times ranging from 100 s to 10,000 s. In (b) the 10,000 s data is replotted together with fits 

based on equation (5.6).  The solid line is fit of the data using values from Table 5.1 while 

the dashed line represents the best fits using fitting parameters as listed in Table 5.3.  

 

The predicted curve (solid lines) under VD = -5 V (Figure 5.16(b)) and VD=-30 V (5.17(b)) 

do not fit well with the experimental data but it is likely to be lying in the middle of 

𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  under continuous bias stress for different times. While for VD=-40 V, the 

predicted curve appears to envelope all curves as shown in Figure 5.17(d). It is found that 

both equations (5.13) and (5.17) are very sensitive to the value of VT(0). So any possible 

ambiguity related to the extraction of the threshold voltage, VT from the transfer-curves could 

affect the fitting.   
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Figure 5.17 Time-dependence of ID(t) /ID(0) with VG = -40 V and  (a) VD = -30 Vand (c) VD 

= -40 V over various times ranging from 100 s to 10,000 s. In (b) and (d) the 10,000 s data is 

replotted together with fits based on equation (5.10). The solid line is fit of the data using 

values from Table 5.1 while the dashed line represents the best fits using fitting parameters 

as listed in Table 5.3 

 

The effect of bias stress on PS-DNTT was also studied by investigating their density of state, 

DoS distribution using Grünewald model.  Figure 5.18(a) to 5.18(f) show the DoS plotted as 

a function of E-EV. Under all bias stress conditions, the initial DoS distribution decreases 

from 1 x 1020 cm-3eV-1 to 1 x 1017 cm-3eV-1 following a double-exponential decay (solid lines 

in Figure 5.18). As can be seen that the effect of bias stress is minimal with the plots obtained 

before and after bias stress coalescing to a single curve with weak features superimposed at 

deeper energies.  
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Figure 5.18 Density of states plotted as a function of E-EV  for a constant gate voltage, 

following bias stress with  VG = -40 V and VD of   (a) 0 V, (b) -5 V, (c) -10 V, (d) -20 V, (e) 

-30 V and (f) -40 V. Each inset shows a magnified view of the density of state distribution 

from 0.2 eV to 0.4 eV above EV. 
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5.2.4 Effect of Long Term Stress  

Figure 5.19(a) shows the transfer characteristics in the linear regime both before and after 

subjecting an OTFT to gate voltage stress VG = -40 V at a drain voltage of VD = 0 V for 12 

hours. As can be seen, the transfer characteristics display a similar pattern i.e. a simple 

translation along the VG axis as seen in the section 5.2.1 and 5.2.3. The threshold voltage, VT, 

shifts from -20 V to -25 V and turn-on voltage, VON from 8 V to 1 V. The maximum linear 

mobility, µlin, as estimated from equation (2.11) appears to be slightly reduced from 1.03 

cm2/V.s to 0.99 cm2/V.s as shown in Figure 5.19(b). This indicate that long term bias stress 

has little effect on mobility, as reported for several other OTFT structures and material 

combinations [11,15,43]. 
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Figure 5.19  (a) Transfer characteristics in forward sweep obtained at VD = -1 V and (b) Gate-

voltage-dependent mobility after 12 hrs stress at VG =-40 V and VD = 0 V.  

 

However simply shifting the post-stress curve by VON = 8.0 V to fit the subthreshold region 

(semi-log transfer plot) and VT = 6.5 V above threshold (linear transfer plot), reproduces the 

initial curve (dashed line) with no indication of change of shape in the transfer characteristic 

(Figure 5.20(a)). As discussed later, such a difference may be explained either by detrapping 

during acquisition of the transfer plot or as a result of changes in the DoS of DNTT. The 

extracted subthreshold slope, SS (3.89 to 3.91 V/decade) remains almost unchanged while 

the on-off ratio, ION/IOFF extracted from the plots is ~2.4 x105. Figure 5.20(b) shows that the 
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DoS after stress is similar to the initial DoS confirming that no new electronic states are 

created within the band gap of DNTT.  
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Figure 5.20 (a) Transfer characteristics before and after 12 hours bias stress. The dashed line 

show that shifting the post-stress plots along the voltage axis by 8.0 V (semi-log plot) and 

6.5 V (linear plot) reproduces the pre-stress plots.  (b) The DoS distribution as a function of 

of E-EV before and after 12 hrs stress at VG =-40 V and VD = 0 V. 

 

5.2.5 Influence of the Relative Humidity on Negative Bias-Stress Instability. 

Since moisture may be implicated in bias stress effects [42, 110], in this section, the influence 

of relative humidity (RH%) on negative bias stress instability is investigated. First, the initial 

transfer characteristic was measured at T = 20 ºC and RH= 20%. Prior to each measurement, 

the test device was held at the set conditions for 30 min to come into equilibrium. Then the 

same device was subjected to bias stresses of VG = -40 V, VD = 0 V and VD = VG = -40 V, for 

1600 s which were measured sequentially at 20, 40 and 60% RH at 20 ºC. Between the 

consecutive measurements, the device was illuminated for a few seconds to fully recover VT 

to the initial state. Figures 5.21(a) and 5.21(b) show the transfer characteristics of the TFT 

exposed to different relative humidity. It can be seen that the bias stress causes a negative 

shift of the transfer characteristics even at 20%RH. As RH increases, larger shifts in the 

transfer characteristics were observed for VG = -40 V, VD = 0 V while for VD = VG = -40 V 

bias, the shifts were very small.  Figure 5.22 shows that the field-effect mobilities were nearly 

unchanged.  
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Figure 5.21 Dependence of the bias stress effect on RH. The stress conditions are (a) VG = -

40 V, VD = 0 V and (b) VD = VG = -40 V.  
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Figure 5.22 Gate-voltage-dependent mobility for stress conditions of (a) VG = -40V, VD = 0 

V and (b) VD = VG = -40V obtained at relative humidity 20%, 40% and 60%. 

 

Figures 5.23(a) and 5.23(b) show the changes ∆VT and ∆VON respectively, plotted as a 

function of RH. Also shown are the corresponding values obtained from the same device in 

the absence of bias stress. It can be observed that RH increases both ∆VT. In the presence of 

bias stress at VG = VD = -40 V, ∆VT almost independent of RH while with VG = -40V and VD 

= 0 V, ∆VT increases with RH. Interestingly, the shifts ∆VON in the onset voltage are larger 

but again appear to be superimposed on an underlying shift arising simply from the increase 

in RH. These results suggest that the traps responding to bias stress may be different to those 

responding to changes in RH. It is worth noting that ∆VT and ∆VON were significantly 
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suppressed by applying VG = VD = -40 V, in contrast to the grounded VD. This phenomenon 

has been explained previously in section 5.3.1, as a result of the decrease in carrier 

concentration at the drain end of the channel in saturation compared to that in the linear 

regime.   

 

20 30 40 50 60

0

1

2

3

4

5(a)


V

T
 
(V

)

relative humidity, RH (%)

 no bias

 VG = -40 V, VD = 0 V

 VG = VD = -40 V

20 30 40 50 60

0

1

2

3

4

5

6


V

O
N
 
(V

)
relative humidity, RH (%)

 no bias

 VG = -40 V, VD = 0 V

 VG = VD = -40 V

(b)

 

Figure 5.23 Dependence of (a) ∆VT and (b) ∆VON on RH% without bias and with bias stress 

of VG = VD = -40 V and VG = -40 V, VD = 0 V over 1600s. 

 

Figure 5.24(a) shows the normalized time-dependent decay of drain current, 𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  

under VG = VD = -40 V bias stress over 1600 s at various RH.  𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  shows 15%, 19% 

and 22% decay at 20%, 40% and 60% RH respectively. The solid lines show that  

𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  at various RH are well fitted to equation (5.10) with the parameters listed in 

Table 5.4. The dependences of the extracted characteristic time, τ, and β on RH are shown in 

Figure 5.24(b) where τ decreases with increasing RH while β increases slightly. The 

stretching parameter β obtained from the fits, is between 0.41 and 0.53, and is comparable to 

those values obtained from pentacene with PS as the dielectric which are around 0.41-0.43 

[86] and 0.55-0.63 [81]. It is also worth noting that the trapping time, τ, values are 

significantly lower than those previously reported by the same approach for a TFT based on 

pentacene with a PS/Al2O3 dielectric (1.5 x 108 s) [86]  and a PS-SiO2 dielectric (3.2 x 105 s 

to 21.0 x 106 s) [81].  However, these authors fitted their data using a stretched exponential 

equation of the form  𝐼𝐷(𝑡) 𝐼𝐷(0)⁄ = 𝑒𝑥𝑝 (−
𝑡

𝜏
)
𝛽

. By applying a similar approach to fit our 
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data, the trapping time, τ ranges from 104 s to 105 s. In other words, the stretched exponential 

based on the assumption that 𝑉𝑇(∞) = 𝑉𝐺 , can easily overestimate the value of the trapping 

time, τ.   
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Figure 5.24 (a) Evolution of the drain current during bias stress at VD = VG = -40 V over 

1600 s for different relative humidity. The solid lines in (a) represent the fits made to the data 

using equation (5.10) with the parameters listed in Table 5.4. (b) Plots of τ and β as a function 

of RH%. 

 

Table 5.4 Parameters fits of equation (5.10) to the normalized current decay ID(t) /ID(0) data 

in Figure 5.24(a) under bias stress of VG = VD = -40 V and with ∆VT(∞) assumed equal to 4.09 

V   

RH% τ ( s) β VT (0) (V) │∆VT(∞)│ (V) R2 

20 32 080 0.39 -26 4.09 0.99722 

40 10 750 0.47 -26 4.09 0.99956 

60 6169 0.48 -26 4.09 0.99919 

 

We had showed previously [37]  that the effect of RH on the DoS was minimal with the plots 

obtained for all relative humidities coalescing to a single curve over most of the range. In the 

present results, (Figures 5.25(a) and 5.25(b)) weak features were observed in the deeper states 

at all RH similar to the DoS obtained with bias stress measured in lab environment (50%-

70% RH). This indicates that removing moisture during the bias stress does not change the 

behavior of the DoS in the DNTT film.  
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Figure 5.25 DoS as a function of E-EV before and after stress conditions of (a) VG = -40V, 

VD = 0 V and (b) VD = VG = -40V obtained at relative humidity 20%, 40% and 60%. 

 

5.2.6 Effect of Temperature on Bias Stress Induced Instability 

It has been shown already [37] that temperature strongly influences the threshold voltage, VT, 

and mobility, µ. Here the combination of bias stress and temperature is investigated. 

Measurements were performed in a climatic chamber, at a constant relative humidity of 20 

% with temperature varying from 20 ºC to 60 ºC in 10 ºC step. Prior to each measurement, 

the test device was held at the set conditions for 30 min to come into equilibrium with the 

test environment. The initial transfer characteristic was measured at T = 20 ºC and RH = 

20%. Then, the device was subjected to bias stresses of VG = -40 V, VD = 0 V and VD = VG = 

-40V, over the temperature range 20 ºC to 60 ºC for 1600 s. Between consecutive 

measurements, the device was illuminated for a few seconds to fully recover VT to the initial 

state. The transfer characteristics were measured at the end of stressing. Figures 5.26(a) and 

5.26(b) show the evolution of the transfer characteristics measured with VD = -1 V, as 

temperature increased. It is observed that the transfer curves under negative gate bias shift 

negatively with increasing temperature.  
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Figure 5.26 Transfer characteristics for stress conditions of (a) VG = -40 V, VD = 0 V and (b) 

VD = VG = -40 V at temperature ranging from of 20 ºC to 60 ºC.  

 

Figure 5.27(a) and 5.27(b) show the shifts in threshold voltage, ∆VT and turn-on voltage, 

∆VON as a function of stress temperature. It can be observed that bias stress has a greater 

effect on ∆VON than on ∆VT  which only show a slight increase at all temperatures. Unlike the 

humidity the case, the effect of drain voltage was minimal.  
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Figure 5.27 Dependence of (a) ∆VT and (b) ∆VON on temperature without bias and under bias 

stress of VG = VD = -40 V and VG = -40 V, VD = 0 V over 1600s. 

 

Figures 5.28(a) and 5.28(b) show the gate-voltage-dependent mobility plotted at different 

temperatures. It is observed that the maximum mobility increases with increasing 
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temperature. A similar dependency of mobility with temperature was also observed in the 

absence of bias stress as seen in the inset of Figure 5.28(a). However, in the absence of bias 

stress, the initial rate of rise is similar at all temperatures while under bias stress the plot 

shifted to more negative VG, which is consistent with the shift in flat-band voltage.   
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Figure 5.28 Gate-voltage-dependent mobility for stress conditions of (a) VG = -40 V, VD = 0 

V and (b) VD = VG = -40 V obtained at temperature ranging from 20 ºC to 60 ºC. The inset 

shows the mobility without bias stress. (c) Arrhenius plot of mobility plotted in as a function 

of temperature and (d) as a function of T-1/3. The solid lines in (c) are fits according to 

equation (5.18) while in (d) are fits to the 2-dimensional hopping conduction model.  

 

Plots of ln µ as a function of reciprocal temperature, 1000/T are shown in Figure 5.28(c) for 

the different stress conditions. It can be seen that under bias stress, the mobility exhibited an 

Arrhenius behaviour in the tested range of temperature given by [111] i.e.  



75 

 

𝜇 = 𝜇0𝑒𝑥𝑝 (
−𝐸𝑎
𝑘𝑇

) 
(5.11) 

 

where Ea is the activation energy. From the slopes of the curves, the activation energy, Ea is 

calculated to be between 21.5 meV and 13.8 meV and is significantly lower than reported by  

Guo for pentacene which is around  83-350 meV [111]. Our data are also consistent with a 

2-D hopping conduction model of the form 𝜇 = 𝜇0𝑒𝑥𝑝[−(𝑇0 𝑇⁄ )1 3⁄ ] as shown in Figure 

5.28(d). However the extracted, T0 were very low (T0=155 K for VG = -40 V, VD = 0 V and 

T0 = 40 K VD = VG = -40 V) compared to T0 = 280 K presented in reference [37] and in Chapter 

4.   

To further explore the effect of temperature on the bias stress effect, the time dependence of 

the decay of drain current, ID was tested under the bias stress condition VD = VG = -40 V. 

Figure 5.29(a) shows that the values of the normalized drain current, 𝐼𝐷(𝑡) 𝐼𝐷(0)⁄  decreases 

as temperature increases. The solid lines in Figure 5.29(b) indicate that  𝐼𝐷(𝑡) 𝐼𝐷(0)⁄   at 20 

ºC to 60 ºC are well fitted to equation (5.10) with the parameter listed in Table 5.5.  Unlike 

the situation for changing RH, the good fits here could only be obtained by adjusting ∆VT(∞) 

from 4.09 V to 7.29 V and decreasing τ  by more than an order of magnitude over the 

temperature range from 20 oC to 60 oC.   This suggests that, (a) the density of interfacial hole 

traps almost doubles over the temperature range, with little or no change in the distribution 

factor β, and (b) holes in the channel equilibrate faster with interface states at higher 

temperatures.  

 

Table 5.5 Parameters fits of equation (5.10) to the normalized current decay ID(t) /ID(0) data 

in Figure 5.29(a) under bias stress of VG = VD = -40 V. 

C(º) τ ( s) β VT (0) (V) ∆VT(∞) (V) R2 

20 29954 0.47 -24 4.09 0.99939 

30 11220 0.45 -24 4.85 0.9997 

40 5604 0.48 -24 5.64 0.99992 

50 3750 0.47 -24 6.45 0.99903 

60 3187 0.45 -24 7.29 0.9997 
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The magnitude of the trapping time, τ is significantly reduced as stress temperature increases 

from 20 ºC to 60 ºC suggesting that excitation from traps is an activated process is thermally 

activated i.e.  

𝜏 = 𝜏0𝑒𝑥𝑝 (
𝐸𝜏
𝑘𝑇
) 

(5.12) 

where τ0 is a characteristic trapping time and Eτ = 0.48 eV (Figure 5.29(b)) is the trapping 

activation energy. This value is slightly lower than literature values for organic TFTs based 

on SiO2, which are usually in the range of 0.51-0.62 eV [80, 112]. These and our results 

suggest, unexpectedly perhaps, that a higher proportion of traps are empty at higher 

temperatures so that the mean time to trapping, which is inversely proportional to the density 

of available interface traps, decreases. This could be considered as being equivalent to, but 

difficult to separate from, a trap creation process. 
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Figure 5.29 (a) Time-dependent normalised drain current decay for different temperatures 

with the stress condition of VG = VD = −40 V. The solid lines represent the fits made to the 

data using equation (5.10) with the parameter listed in Table 5.5. (b) Plots of τ and β as a 

function of temperature.  

 

Figure 5.30(a) and 5.30(b) show the DoS as a function of E-EV. The degradation of the 

subthreshold slope from 3.52 to 4.18 V/decade as temperature increases results in an increase 

in magnitude of the weak features and a shift to deeper energies. In addition, the distribution 



77 

 

of shallow states within ~100 meV of the mobility edge also changes. The fitted lines shown 

as the insets in Figure 5.30(a) and 5.30(b) are well described by the single exponential 

function as equation (5.1). The fit parameters are listed in Table 5.6. It can be seen that as 

temperature increases, the total trap density, Nt, appears to decrease slightly. This is 

consistent with the observation that at higher temperature more holes filled the trap state 

which in turn reduced the total trap density and thereby caused the hole mobility to increase 

slightly as shown in Figures 5.28(a) and (b).  
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Figure 5.30 DoS as a function of E-EV before and after stress conditions of (a) VG = -40 V, 

VD = 0 V and (b) VD = VG = -40 V under taken at temperatures ranging from 20 ºC to 60 ºC. 

The inset shows the shallow trap distribution on a linear scale. The solid lines represent an 

exponential fit made to the data using equation (5.1).  

 

The characteristic slope exhibits a slight increase from Et ~ 26.4 meV to Et ~
 30.4 meV as 

temperature increases. These values are slightly lower than the characteristic energy Et ~ 37 

meV reported for pentacene-based field-effect transistors in the literature [103]. At higher 

temperature, the DoS also shows a slight increase in the energy range lying between 0.3 eV 

to 0.4 eV above Ev. This observation is related to the increase in subthreshold slope which 

showed an increase from 3.52 V/decade to 4.18 V/decade and from 3.73 V/decade to 4.25 

V/decade under bias stress of VG = -40 V, VD = 0 V and VG = VD = -40 V respectively as the 

temperature increases.  
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In our previous report, [37] we had shown that at higher temperature, under short-circuit 

conditions, a slight increase in deeper states appeared between ~0.25 and ~0.35 eV above EV. 

Similar features were also observed in the present results. In the shallow trap distribution, the 

bias stress increases slightly the characteristic energy Et compared with just the effect of 

temperature as shown Figure 5.31(a), while decreasing slightly in the total trap density, Nt 

(Figure 5.31(b)). This suggests that bias stress has a minimal effect compared with effects 

related to temperature alone. 

 

Table 5.6 Extracted total trap density, Nt and characteristic energy decay of the distribution, 

Et  

T  

(ºC) 

Nt (x 1018 cm-3) Et (meV) 

VD=0V,VG=-40V VD=VG=-40V VD=0V,VG =-40V VD=VG=-40V 

20 4.25 4.18 26.42 26.43 

30 4.08 4.15 27.37 27.09 

40 3.83 3.87 28.14 29.39 

50 3.95 3.97 29.23 29.21 

60 3.68 3.77 30.43 30.40 
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Figure 5.31 Dependence of (a) Et and (b) Nt on temperature without bias and under bias 

stress of VG =VD = -40 V and VG = -40 V, VD = 0 V over 1600s. 
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5.3 Positive Bias Stress Instability in PS-DNTT 

The effect of positive bias stress on the electrical performance of a PS-DNTT TFT was 

investigated by measuring the transfer characteristics in the dark before and after stressing. 

In this case, the initial state was achieved by applying negative bias stress to fully recover to 

the initial state from the previous stressing. Figure 5.32(a), shows the evolution of the transfer 

characteristics as a function of stress time. The extracted parameters are listed in Table 5.7.  

The application of positive bias stress of VG = 30 V and VD = 0 V for 2500 s shifted the curves 

toward more positive voltage. It is observed throughout the stress period, that the 

subthreshold region continues to shift positively while the subthreshold slope degrades. 

However, at higher currents, i.e. above threshold voltage no further shift occurred as seen in 

the linear characteristics in Figure 5.32(a). The gate-voltage dependent mobility remained 

unchanged by positive voltage stressing as shown in Figure 5.32(b).   
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Figure 5.32 (a)Transfer characteristics and (b) gate-voltage dependent mobility after bias 

stress at VG = +30 V and VD = 0 V for stress times up to 2500 s. The inset in (b) shows the 

change in the maximum mobility as bias stress time increases. 

 

The shift of threshold voltage ∆VT is shown as a function of stress time in Figure 5.33(a). 

∆VT is only slightly affected by the stress which is caused by electrons trapping at the 

interface between semiconductor and insulator. The red line in Figure 5.33(a) indicates that 

the time dependence of ∆VT can be described by the stretched-exponential function given by 

equation (5.2). The positive bias stress is found to significantly reduce the threshold voltage 
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shift for times approaching infinity. Now ∆VT(∞)=1.76 V. which is significantly lower than 

for negative bias stress. The characteristic trapping time, τ at 0.52 x103 s is also significantly 

reduced compared to the value obtained with negative bias stress under ambient conditions.  

As seen in Figure 5.33(b), the shift in turn-on voltage ∆VON is much greater than for ∆VT with 

increasing stress time. The red line in Figure 5.33(b) indicates that the time dependence of 

∆VON is also well fitted by a stretched exponential function. Interestingly, the maximum shift 

in turn-on voltage shift expected for times approaching infinity was significantly higher 

∆VON(∞)= 6.0 V, than the threshold voltage ∆VT(∞). This may be explained by the fact that 

trapped electrons were neutralized when the gate voltage sweeps towards negative voltage as 

more holes were induced in the channel, thus suppressing ∆VT above the subthreshold region. 

 

Table 5.7 Device parameters extracted from the transfer characteristics after stress conditions 

of VG = +30 V and VD= 0 V in the dark. Characteristics were obtained with VD = -1 V, at T = 

20oC and 10% RH.  

Time  VT (V) VON (V) µlin  (cm2/V.s) SS (V/decade) ION/IOFF 

Initial  -16.8 11 1.00 4.19 3.80 x 105 

100 s -16.4 14 0.99 5.43 3.79 x 105 

250 s -16.1 16 0.99 5.51 2.46 x 105 

400 s  -15.8 16 0.99 5.54 2.48 x 105 

630 s -15.5 16 0.99 5.54 2.49 x 105 

1000 s -15.2 17 0.99 5.57 2.43 x 105 

1600 s -15.1 17 0.99 5.60 2.40 x 105 

2500 s -15.0 17 0.99 5.60 2.42 x 105 

 

The increase of subthreshold slope is shown as a function of stress time in Figure 5.33(c) and 

is reflected in the systematic increase in the density of the deeper states in the range 0.15 ≤ 

(E-EV) ≤ 0.4 eV as shown in Figure 5.33(d). Kalb et al [103] have described the degradation 

in subthreshold slope as being due to the deep traps, which is reflected in a broad peak in the 

of DoS plot, and  cause a reduction in the field-effect mobility. However there is no change 

in mobility observed in our case. Therefore, it is unlikely that the change in the subthreshold 

slope is due to the creation of deep trap states in the band gap of DNTT.  
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Figure 5.33 (a) Shift of threshold voltage, (b) turn-on voltage and (c) subthreshold slope as 

a function of stress time. (d) The DoS distribution as a function of E-EV before and after stress 

conditions of VG = +30 V and VD = 0 V. 

 

5.4 Summary 

In this chapter, effects of bias stress in OTFTs based on PS-DNTT over a range of 

temperature and relative humidity were investigated. It has been shown that ∆VT and ∆VON 

shifted negatively under negative gate bias stress due to interface hole trapping. The greatest 

effect was observed when stressing in the linear rather than the saturation regime. This is 

because when stressing in the saturation regime, the hole concentration towards the drain end 

of the channel is decreased which leads to a reduction in the number of charge carriers 
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available for trapping towards the drain end of the channel. The time-dependence of ∆VT in 

both linear and saturation regimes are well described by a stretched exponential time-

dependence. Contrary to most previous reports, the threshold voltage at long times, VT(∞), 

asymptotes to a value that is far lower than the applied gate voltage. This suggests that the 

interface trap density in this devices is sufficiently low which limits the extent of any change 

in flat-band voltage.   

The different trajectories of the drain current decay in successive measurements indicate that 

that the initial VT does not recover exactly the initial interface conditions. This suggests that 

device relaxation may not result entirely from hole detrapping but also due to interface 

trapping of electrons. Exposure to increasing relative humidity and temperature lead to slight 

changes in both ∆VT and ∆VON.  The DoS in the DNTT film does not change upon reducing 

RH. However, a slight increase in the deeper state was observed as temperature increases.  

It has been shown that ∆VT and ∆VON shifted positively under positive gate bias stress due to 

electron trapping at the interface. However, changes in ∆VON with increasing stress time is 

much greater than for ∆VT. This is believed due to neutralization of trapped electrons as the 

gate voltage sweeps towards negative voltage. The increase in the subthreshold slope that is 

reflected in the density of state is unlikely due to the creation of deep trap states in the DNTT 

but rather due to changing occupancy of interface states, thereby changing the flat-band 

voltage. 
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6 Photo-induced Effects in PS-DNTT Thin Films Transistors  

6.1 Introduction 

In this chapter, the effect of illumination on PS-DNTT transistors is investigated and 

discussed. The response to different wavelengths is described first. The influence of electron 

or hole trapping was identified by monitoring changes in the transfer characteristics during 

and after illumination. The effect of intensity on the electrical performance was also 

investigated. Lastly, the dynamic responses under positive and negative bias stresses are 

discussed in detail.    

 

6.2 Results  

6.2.1 Effect of Monochromatic Wavelength 

The effect of monochromatic illumination on the electrical performance of a DNTT-TFT was 

investigated by measuring the transfer characteristics in the dark and then under illumination. 

From the UV-Vis spectra of DNTT, it is known that the absorption peak is in the ultraviolet 

and blue region [97, 98]. In this work, wavelengths covering the visible region were used. 

The device characteristics were obtained at 460 nm; 0.31 mW/cm2, initially, then at 520 nm; 

0.31 mW/cm2, 570 nm; 0.31 mW/cm2, 600 nm; 0.33 mW/cm2 and 630 nm; 0.35 mW/cm2. 

The response of the device to the illumination was obtained (a) under illumination and (b) in 

the dark after a 10 min light soaking during which the source, drain and gate electrodes were 

grounded.   

Figure 6.1(a), 6.1(b), 6.1(c) and 6.1(d) show the evolution of the transfer characteristics on 

linear and log scales during forward (20 V to -60 V) and reverse sweeps (-60 V to 20 V) with 

VD = -1 V recorded during illumination and in the dark after illumination . It can be observed 

that the transfer characteristics exhibit a parallel shift towards more positive voltages 

regardless of the wavelength. However, at 460 nm the shifts are much larger resulting in large 

increases in the on-current, ION, especially in the subthreshold region where significant 

changes in subthreshold slope, SS also occur.  
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The insets of Figures 6.1(a) and 6.1(c) show that, the gate-voltage-dependent mobility curves 

move in parallel. There is no significant change in in the maximum mobility observed. 

Clockwise hysteresis is observed in this device both during and after illumination as indicated 

by the arrows. The biggest hysteresis was observed under 460 nm illumination.  
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Figure 6.1 Transfer characteristics plotted on (a) linear and (b) semi-log scales for an 

illuminated device  and in the dark after 10 min illumination on (c) linear and (d) semi-log 

scales. The intensity at different wavelengths varied in the range 0.31 to 0.35 mW/cm2. Insets 

in (a) and (c) show the corresponding linear mobility as a function of gate voltage. 

 

To make comparison easier, the results for 460 nm are replotted in Figure 6.2. Figure 6.2(b) 

shows that the semi-log ID-VG characteristic under 460 nm illumination in the forward sweep 

follows the characteristic after illumination. However during the return sweep, ID under 

illumination departs from the reverse sweep post-illumination plot as the former asymptotes 



85 

 

to a higher off-current of ~ 10-10 A. The post-illumination plot returns to the original off-

current of ~ 2 x 10-11 A.  

The gate-voltage-dependent mobility obtained during and after illumination is shown in the 

inset of Figure 6.2(a). Both measurements exhibit a similar initial rate of rise in the forward 

and reverse sweeps as reflected in the linear plot of ID-VG in Figure 6.2(a). However, during 

the reverse voltage sweeps, the maximum mobility obtained at VG = -60 V was slightly higher 

than seen in the forward voltage sweep. No shift is observed between the plots obtained 

during and after illumination. 
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Figure 6.2 (a) Transfer characteristics plotted on (a) linear and (b) semi-log scales obtained 

during illumination and after illumination at wavelength 460 nm. The inset in (a) shows the 

corresponding linear mobilities as a function of gate voltage. 

 

The changes in ∆VT and ∆VON during and after illumination shown in 6.3(a) are consistent 

with interface electron trapping. In both cases, the largest changes were obtained at 460 nm. 

It is also worth noting that ∆VON was significantly higher than ∆VT. The change in the 

effective interface trapped charge density, ∆Nit can be estimated from ∆𝑁𝑖𝑡 ≈
1

𝑞
𝐶𝑖𝑛𝑠∆𝑉𝑂𝑁. 

The largest shift in ∆VON suggests an effective electron trap density of 3.30 x 1011 cm-2 

(Figure 6.3(b)). After illumination, an effective interface trap density of 3.55 x 1011 cm-2 

corresponding to ∆VON = 24 V still remains in the device. The changes in subthreshold slope, 

∆SS, during and after illumination are shown as an inset in Figure 6.3(b). The largest changes 
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obtained with 460 nm during illumination were comparable (4.1 V/decade) with the one 

obtained after illumination (3.8 V/decade). 
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Figure 6.3 (a) Shift of threshold voltage, ∆VT and turn-on voltage, ∆VON and (b) density of 

trapped charges, ∆Nit from ∆VON at the interface obtained during and after illumination. Inset 

of Figure (b) shows the change in subthreshold, ∆SS. The intensity at different wavelength 

varied from 0.31 to 0.35 mW/cm2.  

 

In Figures 6.4(a) and (b), the post-illumination transfer characteristics for 520 nm are shifted 

by an amount equal to either ∆VON or ∆VT from the dark. It can be observed that, shifting the 

post-illumination semi-log transfer characteristics in the forward and reverse sweeps by an 

amount ∆VON, reproduced the dark characteristics with only minimal change in shape in the 

subthreshold region. Shifting the linear transfer plot by ∆VT, showed almost no change at all.   

The situation is very different for 460 nm illumination (see Figures 6.4(c) and (d)). Now, 

shifting the semi-log transfer characteristics obtained in either forward or reverse gate voltage 

sweeps by an amount equal to ∆VON does not reproduce the dark characteristic and a 

significant change occurs in the subthreshold slope. Interestingly, though, above the 

subthreshold region, the post-illumination characteristics reproduce the dark characteristics 

after shifting the plots by an amount equal to ∆VT.   
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Figure 6.4 Transfer characteristics in linear and semi-log scales recorded after illumination 

at 520 nm during (a) forward and (b) reverse gate voltage sweeps and at 460 nm during (c) 

forward and (d) reverse gate voltage sweeps. The dashed lines correspond to the illuminated 

characteristics shifted by an amount equal to the difference ∆VON and ∆VT from the dark. The 

intensity for both wavelengths is 0.31 mW/cm2.  

 

6.2.1.1 Photosensitivity and photoresponsivity  

The photosensitivity, P and photoresponsivity, R of a phototransistor are usually expressed 

as: 

𝑃 =
𝐼𝐷(𝑙𝑖𝑔ℎ𝑡) − 𝐼𝐷(𝑑𝑎𝑟𝑘)

𝐼𝐷(𝑑𝑎𝑟𝑘)
 

(6.1) 

𝑅 =
𝐼𝐷(𝑙𝑖𝑔ℎ𝑡) − 𝐼𝐷(𝑑𝑎𝑟𝑘)

𝑃𝑜𝑝𝑡. 𝐴
 

(6.2) 
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where ID(light) and ID(dark) are the drain currents obtained under illumination and in the dark 

respectively and Popt is the measured power of the incident light per unit area and A is the 

effective device area (channel width x channel length) [89, 91]. Plots of photosensitivity, P, 

versus gate voltage, VG, at different wavelength, λ, during and after illumination are shown 

in Figure 6.5(a) and 6.5(b) respectively. The highest value of ~104 occurs at 460 nm and is 

two orders of magnitude greater than at any other wavelength. On the other hand, for λ > 460 

nm only limited photoresponse is observed.  

 

20 10 0 -10 -20 -30 -40 -50 -6010
-2

10
-1

10
0

10
1

10
2

10
3

10
4

p
h

o
to

s
e
n

s
it

iv
it

y
, 
P

V
G
 (V)

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

(a)

20 10 0 -10 -20 -30 -40 -50 -6010
-2

10
-1

10
0

10
1

10
2

10
3

10
4

p
h

o
to

s
e

n
s

it
iv

it
y

, 
P

V
G
 (V)

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

(b)

20 0 -20 -40 -60
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40(c)

 

 

p
h

o
to

re
s

p
o

n
s

iv
it

y
, 

R
 (

A
/W

)

VG (V)

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

20 0 -20 -40 -60
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

p
h

o
to

re
s
p

o
n

s
iv

it
y
, 
R

 (
A

/W
)

V
G
 (V)

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

(d)

 

Figure 6.5 Photosensitivity, P, of PS-DNTT OTFT as a function of VG obtained (a) during 

illumination and (b) after illumination. Photoresponsivity, R, of PS-DNTT OTFT obtained 

(c) during illumination and (d) after illumination. 

 

It is also observed that at all wavelengths, a maximum occurs in the photosensitivity at  VG  

= -3.0 V close to the turn-on voltage, VON, of the non-illuminated device. As VG sweeps to 
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more negative voltages, P is reduced due to a comparable number of photogenerated and 

field-induced charge carriers in the channel. A plot of photoresponsivity, R, versus gate 

voltage for different wavelengths (Figure 6.5(c) and 6.5(d)) shows that R increases rapidly to 

a maximum value of 0.35 A/W when the transistor is fully turned on.  

Figures 6.6(a) and 6.6(b) compare values of P and R obtained at 460 nm during the forward 

gate voltage sweep (VG = 20 V to -60 V) with corresponding values from the reverse gate 

voltage sweep (VG = -60 V to 20 V) in. The maximum P obtained in the forward sweep is 

slightly higher than in the reverse sweep. For voltages more positive than 15 V, the magnitude 

of P, in the reverse sweep, during illumination was enhanced. This is consistent with the 

increase in the off-state drain current (Figure 6.2 (b)) and arises from the photoconduction 

effect. The photoresponsivity, R, in the reverse sweep for both cases decreases from the 

maximum value yielding lower values at all gate voltages.  
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Figure 6.6 (a) Photosensitivity, P and (b) photoresponsivity, R of PS-DNTT OTFT in the 

forward gate voltage sweeps (VG = 20 V to -60 V) and reverse gate voltage sweeps (VG = -

60 V to 20 V) obtained during and after 460 nm illumination.  

 

6.2.1.2 Density of States 

Changes observed in the subthreshold region of the transfer characteristics indicates the 

possibility that illumination has created new band gap states in the DNTT. To investigate this 

possibility, the DoS in the illuminated PS-DNTT TFT was extracted by applying the 

Grünewald model to transfer plots obtained in the linear regime. Figures 6.7(a) and (b) 
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display the DoS for different wavelengths. For λ > 460 nm the plots show almost identical 

distribution with only a slight increase in the deeper states between ~0.10 and ~0.35 eV above 

EV. The DoS distribution obtained during 460 nm illumination exhibits a clear increase in 

deep trap states between  ~0.15 eV and ~0.35 eV above EV, reflecting the changes in 

subthreshold slopes in Figure 6.4(c) Similar DoS distributions were also observed after 

illumination.  
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Figure 6.7 DoS distribution obtained (a) during illumination and (b) in the dark after a 10 

min illumination. Comparison of DoS in the forward and reverse gate voltage sweeps 

obtained (c) during illumination and (d) after illumination. 

 

A comparison of DoS between forward and reverse sweep obtained during 460 nm 

illumination is shown in Figure 6.7(c). It can be seen that there is a discontinuity in the DoS 

in the reverse sweep which arose because of the uncertainty in determining the exact value 
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of VON as shown in figure 6.2(b). However, the post-illumination DoS during the reverse 

sweep slowly decreases and almost returns to its initial dark distribution (Figure 6.7(d)).  

 

6.2.2 Effect of Monochromatic Light Intensity 

In this section, the effects of illumination intensity for fixed wavelength ranging from 460 

nm to 630 nm are presented. Here we only focus on the device characteristics obtained in the 

dark after 10 mins of exposure to illumination. The intensity at each wavelength was adjusted 

by controlling the exit slit of the monochromator, which slightly broadened the spectrum 

falling on the device. The irradiance power at each wavelength was varied from 0.05 mW/cm2 

to 0.49 mW/cm2.  

Figure 6.8 shows the transfer characteristics obtained in forward sweeps (VG = 40 V to -60 

V) plotted in (a) linear and (b) semilog scales respectively. As the intensity increased, the 

transfer characteristics shifted to more positive voltage regardless of the wavelength. This 

suggests that electron-hole pair generation and subsequent interface electron trapping occurs 

even at wavelengths corresponding to weak absorption in DNTT i.e for λ>500 nm. Not 

surprisingly, the largest shift occurred at λ = 460 nm corresponding to the peak absorption in 

DNTT.   

Figures 6.9 show that the shifts, (a) ∆VT in threshold voltage, (b) ∆VON in turn-on voltage and 

(c) ∆SS in subthreshold slope, increased with increasing intensity. At 460 nm, ∆VT, ∆VON, and 

∆SS increased much more rapidly than at longer wavelengths, but tended to saturate at higher 

intensities. For all wavelengths, the maximum mobility barely changed as shown in Figure 

6.9(d) suggesting that neither the morphology nor the structure of the DNTT is affected even 

at the highest light intensity. 
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Figure 6.8 Effect of different light intensities on the forward transfer characteristics 

measured in the dark after a 10 min illumination during which the source, drain and gate 

electrodes were grounded. Transfer characteristics were recorded with gate voltage sweep 

from 20V to -60V and are plotted on both (a) linear and (b) semilogarithmic scales. 
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Figure 6.9 Changes in (a) threshold voltage, ∆VT, (b) turn-on voltage, ∆VON, (c) subthreshold 

slope, ∆SS and (d) maximum mobility, ∆µ as a function of illumination intensity. All 

characteristics were obtained in the dark after illumination. 

 

6.2.2.1 Photosensitivity and photoresponsivity  

In Figure 6.10(a) the maximum photosensitivity, PMAX, is seen to increase with illumination 

intensity while in Figure 6.10(b) maximum photoresponsivity, RMAX, seems to saturate at 

higher intensity. The values at 0.35 W/cm2   are consistent with those in Figure 6.6(b). As 

before, the highest values of PMAX obtained at 460 nm correspond to the peak absorption in 

DNTT. A plot of 1/RMAX (inset Figure 6.10(b)) for  = 460 nm is directly proportional to the 

light intensity which, according to equation (6.2), shows that ID (light) - ID (dark) = constant 

for the range of light intensities studied. However, this is not true at other wavelengths. 
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Figure 6.10 Maximum (a) photosensitivity, PMAX, and (b) photoresponsivity, RMAX, of PS-

DNTT OTFT as a function of intensity obtained in the dark after 10 min illumination. Inset 

of Figure 6.10(b) shows 1/R as a function of intensity indicating that ID (light) - ID (dark) = 

constant according to equation 6.2. 

 

6.2.2.2 Density of States 

Figures 6.11(a) and (b) give the DoS for different intensities of 520 nm and 460 nm light 

respectively. For λ = 520 nm the plots show almost identical distributions regardless of the 

intensity.  On the other hand, for λ = 460 nm, features appear at EV ≥ 0.1 eV which are 

consistent with the presence of deep trap states as in Figure 6.7(b).   
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Figure 6.11 The DoS distribution as a function of E-EV with illumination at wavelength (a) 

λ = 520 nm and (b) λ = 460 nm at different intensities.  
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6.2.3 Dynamic Photoresponse to Light Pulses 

The dynamic photoresponse of PS/DNTT TFTs was investigated by switching the incident 

light on and off alternately with equal intervals of 100 s for 1600 s and noting the changes in 

source-drain current, ID. Figure 6.12(a) shows the photoresponse when illuminated with 630, 

520 and 460 nm light pulses under positive bias stress of VG = 5 V, VD = -1V. Almost no 

photoresponse was observed for 520 nm and 630 nm light exposure. 
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Figure 6.12 Time response for periodic illumination with 630, 520 and 460 nm pulses with 

(a) VG = 5V, VD = -1V and (b) VG = -40V, VD = -1V. 

 

For 460 nm illumination, during each on(off) period, ID shows a rapid increase(decrease) 

followed by a slower increase(decrease). In successive pulses the response increased but on 

a steadily increasing background. The 100 s dark period was insufficient to return the device 

to the initial condition. This is an example of persistent photoconductivity reported by several 

others workers. The response to light pulses of wavelength 630 and 520 nm with negative 

bias stress (VG = -40 V, VD = -1 V) is relatively slow and of small amplitude (Figure 6.12(b)). 

For 460 nm, the response was entirely different.  ID increased rapidly on turning on the light 
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but decayed more slowly on turning off the light. Furthermore, the response for successive 

pulses now decreased on a decreasing background.   

 

6.3 Discussion 

It is known that, the UV-Vis spectrum of DNTT shows strong absorption in the ultraviolet 

and blue region [97, 98]. Therefore, the greatest effect on ∆VON and ∆VT would be expected 

when illuminating with 460 nm light as seen in Figure 6.3(a). Maxima in photosensitivity, 

PMAX and photoresponsivity, RMAX also occur at 460 nm (Figure 6.5) which correlates well 

with the notion that P and R arises from photoexcitation in the DNTT [97]. PMAX is found to 

increase with increasing intensity from 0.05 mW/cm2 to 0.49 mW/cm2, as shown in 6.10(a). 

However, ∆VT, ∆VON, ∆SS and RMAX eventually saturate at higher intensities as shown in 

Figures 6.9(a), 6.9(b) and 6.9(c) and 6.10(b) respectively 

Figure 6.13(a) summarizes three possible underlying mechanisms that were proposed to 

explain the effect of illumination in the organic phototransistor in the off-state. Basically, 

electron-hole pairs are generated in the film when photons with energy within the absorption 

range of DNTT are absorbed. Then, (i) photogenerated electrons move towards the source 

electrode while photogenerated holes will move away from source towards the drain via the 

bulk of DNTT or (ii) near the surface of DNTT and PS yielding a photocurrent element to 

the drain current. Also, (iii) the photogenerated electrons will drift towards, and are trapped 

in, interface traps. As shown in the band diagram of Figure 6.13(b), interface trapped 

electrons lying below the Fermi energy, EF,will induce a positive shift in in the flatband-

voltage, VFB = -Qit/Ci, adding to the drain current via the photovoltaic effect.  

When the transistor is in the on-state, (VG < 0), the valence band, EV, bends upwards, 

increasing the interface hole  concentration and lowering the Fermi level, EF, at the 

semiconductor/insulator interface thus increasing the drain current. This is the normal field 

effect current. Under illumination, a photocurrent will be generated in the bulk DNTT as 

before. Figure 6.14(a) indicates four possible mechanisms when the transistor is in the on-

state, (VG < 0). (i)  Photogenerated electrons will flow to the source possibly enhancing hole 

injection there whereas some photogenerated holes will be attracted to the drain thereby 
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adding to the drain current. (ii) Some of the photogenerated electrons will be trapped at the 

interface. However, most of the photogenerated holes will be attracted to the interface by the 

gate field, where some will either become (iii) trapped in interface states or (iv) will 

neutralize/deeply trapped trapped electrons at the interface. In both cases, this will cause a 

negative shift in VFB which reduces the drain current. As shown in the band diagram of Figure 

6.14(b), the Fermi level, EF, moving down in the gap will cause electron detrapping from 

some interfacial traps while increasing the possibility of hole trapping. These ideas are now 

used to explain the results presented above.  

  

 

Figure 6.13 (a) Cross-section diagram PS-DNTT TFT illustrates three possible mechanisms 

of photogenerated carrier under illumination in the off-state including; (i) electrons move 

towards source while holes move towards the drain via the bulk or (ii) near DNTT-PS surface 

and (iii) electrons trapping at the interface. (b) The corresponding band diagram at the 

interface between insulator and semiconductor.  

 

For λ ≥ 520 nm, the idea of a simple flat-band voltage shift, ∆VFB, works well. Reducing  the 

gate voltage, VG, by an amount equal to ∆VON, regardless of the direction of gate voltage 

sweeps, produced the dark characteristics with only minimal change in the shape of the 
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subthreshold region as shown in  Figure 6.4(a) and 6.4(b). Moreover, there is no significant 

change in the DoS plots (Figures 6.7(a) and 6.7(b)) nor in the field-effect mobility (inset of 

Figures 6.1(a) and 6.1(c)). This confirms that when λ ≥ 520 nm, a flat-band voltage shift 

caused by electron trapping at the interface is the dominant mechanism induced by light in a 

PS-DNTT TFT.  

 

 

Figure 6.14 (a) Cross-section diagram PS-DNTT TFT illustrates four possible mechanisms 

for photogenerated carriers in a transistor under illumination in the on-state. (i) Electrons 

move towards source while holes move towards the drain. (ii) Electrons within a diffusion 

length of the interface will be trapped there. Most holes will be attracted to the interface by 

the gate field, where some will either become (iii) trapped in interface states or (iv) will 

neutralize interface trapped electrons. (b) The corresponding band diagram at the interface 

between insulator and semiconductor showing electron neutralization/detrapping in the 

subthreshold region. 

 

In contrast to the longer wavelength cases, the semi-log plot of the post 460 nm illumination 
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illumination with 460 nm light shows significant changes. Strangely, however, there is no 

significant change observed in the mobility as seen in Figure 6.9(d). Furthermore, Figure 

6.11(b) shows that the DoS changes are apparently almost independent of intensity. It was 

argued earlier in section 6.2.1 that VON and VT were caused by electron trapping at the 

insulator/semiconductor interface or in the insulator itself. It was further argued that the 

change in ∆SS was due to de-trapping or neutralization of these electrons resulting in an 

unstable VFB and a change in ∆SS. Therefore, features in the DoS in the subthreshold region 

may reflect the changing VFB rather than the creation of new hole states in DNTT. 

Clockwise hysteresis observed in Figure 6.2(b) in both irradiated device and post irradiation 

suggests that in the forward sweep, electrons detrap or are neutralized by recombination with 

holes or by interface hole trapping as illustrated by the band diagrams in 6.14(b) and 6.15(a). 

Virtually no hysteresis is seen in the initial dark transfer characteristic. This indicates that the 

photo-induced charges dictate the observed hysteresis by changing the interface trap 

occupancy during gate voltage sweep. The forward sweeps under illumination and post-

illumination are identical as are the above subthreshold regions of the return sweeps (Figure 

6.2(b)). There is no indication of a photocurrent. However, the drain current, ID, under 

illumination asymptotes to higher off-current in the return sweep. The increased drain current 

in the off-state could be due to several possible reasons. Firstly, it is likely to be related to 

accumulation of more trapped electrons in the subthreshold region while in reverse sweep. 

This is because band bending slowly decreases which in turn increases the Fermi level, EF, 

in the gap causing detrapping of trapped holes above EF. Another possible reason is due to 

the accumulation of electrons in DNTT near the source contact as suggested earlier. These 

accumulated electrons will effectively reduce the potential barrier to holes between the 

source and the DNTT channel resulting in positive shift in ∆VT and a significant increase in 

the drain current, ID.  

However, post-illumination, the off-current in the return sweep returns to the low value seen 

at start of the forward sweep as shown in Figure 6.2(b). This suggests that most of the photo-

induced charges are probably trapped in shallow bulk traps since these carriers could detrap 

rapidly as pointed out by Salleo et al [54]. The effect of light on the electron quasi Fermi 

level (QFL) should be considered as well. Under illumination, quasi-Fermi levels, QFL for 
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holes and electrons are introduced to characterize the non-equilbrium state. As the light 

intensity is increased, the electron QFL will move closer to the lowest unoccupied molecular 

orbital (LUMO) so that more interface electron traps become available for trapping electrons 

This in turn reduces the band-bending for a particular gate bias [91, 113]. As a consequence 

the drain current, ID, increases rapidly as interface trap states are immediately filled by 

electrons, and emptying as soon as the light is terminated. This is evidenced by the identical 

off-current at the start of post-illumination sweep (Figure 6.2(b)). This concept is briefly 

illustrated in the band diagram in Figure 6.15(b). 

 

 

Figure 6.15 Schematics of energy band diagram showing (a) electrons traps neutralized by 

recombination with holes or by interface hole trapping in the subthreshold region and (b) 

effect of light on the quasi-Fermi level, QFL. 

 

It is also worth mentioning that Hamilton [91] used the idea of the electron QFL as an 

alternative explanation for the larger subthreshold slope observed in a F8T2 [poly(9, 9-

dioctylfluorene-co-bithiophene)] illuminated TFT. However, how the QFL affected the 

subthreshold slope was not clearly explained. Watson et al [113] also used the idea of the 

electron QFL to explain one of their results based on photocapacitance response with metal-

insulator- semiconductor MIS structures based of poly(3-hexylthiophene)/ poly (amide-

imide) (P3HT/PAI) bilayer. Their capacitance-voltage measurements are not complicated by 

channel currents as in the transistor so that interface trapping effects are more readily 

identified. They found that, under illumination the QFL mechanism could activate interface 
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traps for photo-generated electrons, while allowing rapid de-trapping, and the device 

returning to its pre-irradiation state after terminating the illumination. 

This is likely also to be the case for the fast transient behavior of drain current response to 

460 nm illumination pulses under positive bias stress of VG = 5 V, VD = -1 V (Figure 6.12(a)). 

The drain current, ID, increases rapidly as interface trap states are immediately filled by 

electrons during illumination and emptying as soon as the light is terminated. However, ID 

post-illumination does not return to its pre-irradiation state suggesting that not all electrons 

were rapidly de-trapped or neutralized. Some of the electrons may become deeply trapped at 

the interface.  Residual electrons remained in the trap states at the start of the subsequent 

illumination period and caused the response to increase on a steadily increasing background. 

Another possible explanation for the fast dynamic response is electron accumulation in 

DNTT near the source contact as suggested above. That could improve source hole injection 

and further enhance the photocurrent element to the drain current. The dynamic response 

under illumination also comprised a slow transient that continued during the light-off period. 

This slow transient behavior is again consistent with interface electron trapping during 

illumination and de-trapping/neutralization as soon as the light is terminated. The process 

would induce shifts in ∆VON and ∆VT.    

Similarly, ID increases when illuminated under negative bias stress (VG = -40 V, VD = -1 V) 

and decreases as the light is terminated Figure 6.12(b). Unlike positive bias stress, the 

response for successive pulses decreased with a decreasing background. As proposed above, 

biasing the device into strong accumulation moves EF lower in the gap as a result of band-

bending. Hence, most photogenerated holes will be attracted to the interface by the gate field.   

There they will either be trapped in interface states or neutralize trapped electrons leading to 

a negative shift in VFB which reduces the drain current. Residual holes still in trap states at 

the start of the subsequent illumination period will cause a response that decreases on a 

steadily decreasing background.    

The QFL is dependent on the intensity and photogeneration efficiency of the incident 

illumination. Therefore, it is expected that the DoS will change with intensity.  However, the 

DoS at 460 nm illumination is almost independent of intensity. Moreover, it has been shown 
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in the inset of Figure 6.10(b) that 1/R is directly proportional to the light intensity for  = 460 

nm indicating that [ID (light) - ID (dark)] is constant according to equation (6.2). In such a 

case the QFL effect can be neglected. It was argued earlier that hysteresis observed under 

illumination is dictated by interface trap occupancy by photo-induced charges. As intensity 

increased this trap occupancy seems to saturate resulting in the saturation of ∆VT, ∆VON, ∆SS 

and RMAX at higher intensity as shown in Figures 6.9(a), 6.9(b) and 6.9(c) and 6.10(b) 

respectively. This is in agreement with Milvich et. al [97] and Debucquoy et al [96] who 

show that under strong illumination, ∆VT, is limited by trapping.  

 

6.4 Summary 

The effect of illumination on PS-DNTT devices was investigated with results obtained over 

a range of wavelengths and intensities. Both VT and VON shifted positively regardless of the 

wavelength, with the greatest shifts being observed at 460 nm. For λ ≥ 520 nm, there are no 

significant changes in either the DoS spectrum or the gate-voltage dependence of the field 

effect mobility suggesting the flat-band voltage shift, ∆VFB, caused by electron trapping at 

the interface. For λ = 460, the profile of the deeper states in the DoS spectrum reflecting the 

significant change in the subthreshold slope. As there is no change in the gate-voltage 

dependence of the field effect mobility, it is unlikely that the observed changes in the DoS 

are due to creation deep trap states in the band gap of DNTT. Rather the effect is explained 

due to (i) trapping of photogenerated electrons, (ii) an unstable shift in the light-induced flat-

band ∆VFB, caused by detrapping or neutralization of electrons as the transistor is turned on 

so that ∆VT < ∆VON, (iii) accumulation of electrons in DNTT near to source contact or (iv) 

the effect of the electron quasi Fermi level, QFL.  

It has been shown that the dynamic photoresponse at 460 nm under positive and negative 

bias stresses consisted of fast and slow components. During on period, ID increased rapidly 

due to the effect of the electron QFL and also electron accumulation in DNTT near the source 

contact. The slow transient behavior of the ID under illumination and during the light-off 

period arises from de-trapping/neutralized of trapped electrons. However, the post 

illumination ID does not return to its pre- irradiation state when the light is turned off and the 

response for successive pulses increased but on a steadily increasing background under 
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positive gate bias stress. On the other hand, the response for successive pulses decreased on 

a decreasing background under negative gate bias stress.
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7 Effect of Illumination and Bias Stress PS-DNTT Thin Films Transistors  

7.1 Introduction 

It had be showed in chapter 6, that the effect of illumination on PS-DNTT transistors with λ 

≥ 520 nm, VT and VON shift positively due to the flat-band voltage shift, VFB, caused by 

electron trapping at the interface. The greatest effects were observed at 460 nm with a 

significant change in the subthreshold slope were unlikely to be due to the creation of deep 

trap states in the DNTT. This chapter focusses on the combined effect of bias and illumination 

on the DNTT TFTs is investigated and discussed.  In particular, the additional effect of bias 

stress on the TFT photo-response to different wavelength, intensity and time are analyzed.  

 

7.2 Results 

7.2.1 Effect of Bias Stress Under Ambient Light  

In this section, the combined effect of bias stress and ambient light on the electrical 

performance of a PS-DNTT TFT is presented. The device characteristics were measured in 

the dark after applying a negative (NBS) and positive bias stresses (PBS) for 2500 s under 

ambient light. These experiment were conducted with the same device as that in chapter 5. 

Therefore it had previous measurement history which caused a slightly positive turn-on 

voltage, VON = -9 and threshold voltage VT = -18 V when measured in the dark.  

Figure 7.1(a) exhibits the transfer characteristics obtained at VD = -1V after stressing under 

ambient light with NBS of VG = -40 V and VD = 0 V for 2500 s. It can be observed that ∆VT 

and ∆VON shifted positively by 1 and 9 V respectively with a clockwise hysteresis. The 

magnitude of ∆VON seen after illumination with ambient light was found to be lower than in 

the previous experiments (Figure 6.1(d)) with fixed wavelength, 460 nm corresponding to 

the absorption peak in DNTT. This is not surprising since only a fraction of the ambient light 

incident on the device is absorbed. However, ∆VON for ambient illumination is much higher 

than measured for λ > 460 nm owing to the shorter wavelength component in ambient light. 

A significant change appears in the subthreshold slope, SS which increases from 4.18 

V/decade to 5.80 V/decade. Figure 7.1(b) shows that the shift in the transfer characteristic 
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after illumination is accelerated under a PBS of VG = 30 V and VD = 0 V for 2500 s. VT and 

VON shifted by 14 and 24 V respectively and SS increased from 4.01 V/decade to 5.78 

V/decade. No increase in off-current is observed under either stress condition. The gate-

voltage dependent mobility under NBS and PBS are shown in Figures 7.2(a) and 7.2(b). No 

significant change in mobility is observed suggesting that neither the morphology nor the 

structure of the DNTT is affected by ambient light.  
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Figure 7.1 Transfer characteristics in the dark and after illumination with (a) NBS of VG = -

40 V, VD= 0 V and (b) PBS of VG = 30 V, VD = 0 V for 2500 s.  
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Figure 7.2 Gate-voltage dependent mobility in the forward sweep, in the dark and after 

illumination under (a) NBS of VG = -40 V, VD= 0 V and (b) PBS of VG = 30 V, VD = 0 V for 

2500 s in both cases. 
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Figures 7.3(a) and (b) show dark and post stress characteristics under NBS and PBS 

respectively. It can be observed that, shifting the linear transfer plot by ∆VT, under NBS, 

reproduced the dark characteristics. Under PBS, a slight change appears during VG sweeps 

from -10 V to -30 V but thereafter slowly coalescing to the dark characteristics above the 

subthreshold region. The reverse sweep reproduces faithfully the dark characteristic. On the 

other hand, after shifting the semi-log transfer characteristic by an amount equal to ∆VON 

from the dark, the changes in subthreshold slope under NBS and PBS become more obvious. 

This feature is slightly enhanced in the characteristic under PBS above the subthreshold 

region.  

 

20 10 0 -10 -20 -30 -40 -50 -60
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

VT

 dark

 NBS with light

 NBS light shift

VG (V)

I D
 (


A
)

VON

(a)

-13

-12

-11

-10

-9

-8

-7

-6

 l
o

g
 (

I D
/A

)

 

40 20 0 -20 -40 -60 -80
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
 dark

 PBS with light

 PBS light shift

VG (V)

I D
 (


A
)

VT

VON

(b)

-13

-12

-11

-10

-9

-8

-7

-6

 l
o

g
 (

I D
/A

)

 

Figure 7.3 Transfer characteristics recorded in the dark and after ambient illumination, (a) 

under NBS and (b) under PBS for 2500 s. The dashed lines correspond to the illuminated 

characteristics shifted by an amount equal to the difference ∆VON and ∆VT from the dark. 

 

Changes observed in the subthreshold region of the transfer characteristics indicates the 

possibility that illumination has created new band gap states in the DNTT. To investigate this 

possibility, DoS in the illuminated PS-DNTT TFT was extracted by applying the Grünewald 

model to transfer plots obtained in the linear regime. Figure 7.4(a) displays the DoS under 

NBS and PBS. It can be seen that the shallow states remain unaffected. Under NBS, the DoS 

appears to increase for E-EV ≥ 0.15.This feature is enhanced under PBS for E-EV ≥ 0.10 eV.  

 



107 

 

0.0 0.1 0.2 0.3 0.4
10

17

10
18

10
19

10
20

10
21

D
o

S
 (

c
m

-3
e

V
-1
)

E-E
V
 (eV)

 dark

 NBS_light

 PBS_light

(b)

 

Figure 7.4 DoS distribution as a function of E-EV before and after illuminated with NBS of 

VG = -40 V, VD= 0 V and PBS of VG = 30 V, VD = 0 V for 2500 s. 

 

7.2.2 Gate Bias Stress in the Presence of Monochromatic Illumination.  

7.2.2.1 Effect of Wavelength 

In the previous section, the effect of ambient illumination was presented. Here the effect of 

monochromatic light on bias stress is presented. A fresh device but from the same fabrication 

batch as in Chapter 6 were subjected to NBS and PBS under monochromatic illumination. 

The wavelengths and intensities were as follows: 460 nm and intensities of 0.31 mW/cm2; 

520 nm, 0.31 mW/cm2; 570 nm, 0.31 mW/cm2;  600 nm, 0.33 mW/cm2 and 630 

nm, 0.35 mW/cm2, all for 600 s.  

Figure 7.5(a) shows the transfer characteristics obtained for VD = -1 V, during a forward gate 

voltage sweep (VG = 20V to -60V) following NBS (VG = -40 V, VD = 0 V) under the different 

wavelengths.  For λ > 460 nm all curves shifted negatively. Such behavior is similar to that 

induced by negative bias stress in the dark.  However when λ = 460 nm, the transfer 

characteristic shifted positively. This wavelength corresponds to a high photogeneration rate 

of electron-hole pairs in the DNTT.  
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Figure 7.5 Transfer characteristics obtained in a forward gate voltage sweep (VG = 20V to -

60V) with (a) NBS of VG = -40 V, VD= 0V and (b) PBS of VG = 30 V, VD = 0 V under various 

wavelength. The intensity for different wavelengths varied between 0.31 to 0.35 mW/cm2 

 

The effect of illumination on a PBS of VG = 30 V, VD = 0 V for 600 s at different wavelengths 

is shown in Figure 7.5(b). A noticeable positive shift was observed in the transfer 

characteristics under illumination at all wavelengths with the largest changes obtained at 460 

nm. Figures 7.6(a) and 7.6(b) show the changes in ∆VON and ∆VT respectively plotted as a 

function of wavelengths. Also shown are the corresponding values obtained from Chapter 6 

(Figure 6.3(a)) in the absence of bias stress. When λ = 460 nm, both ∆VT and ∆VON were 

enhanced under PBS while suppressed by applying NBS. The magnitude of ∆VON was also 

significantly higher than ∆VT.  The dependence of ∆SS on wavelengths is shown in Figure 

7.6(c). Under NBS, the change in the subthreshold slope, ∆SS at λ = 460 nm, is 1.0 V/decade 

while under PBS, ∆SS showed a further shift up to 4.2 V/decade. For all wavelengths, the 

maximum mobility barely changed, as shown in Figure 7.6(d) 
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Figure 7.6 Shifts of (a) turn-on voltage, ∆VON, (b) threshold voltage, ∆VT, (c) subthreshold 

slope, ∆SS and (d) maximum mobility, ∆µ without bias stress and under NBS and PBS as a 

function of wavelengths.  

 

In order to observe the effect in the subthreshold region more clearly, the semilog transfer 

characteristic obtained after bias stress and illumination was replotted by shifting the original 

data towards the initial characteristics by an amount equal to VON. It is seen that under NBS 

with λ = 520 nm, there is no change in the shape of the transfer characteristic (Figure 7.7(a)). 

Furthermore, on shifting the linear plot by ∆VT again the dark plot is reproduced.   

Following PBS under illumination with 520 nm light, a significant change is observed when 

the semilog plot is shifted towards the dark plot by an amount equal to ∆VON (Figure 7.7(b)). 

Interestingly, the departure from the dark plot is enhanced compared to the effect of 

illumination alone (Figure 6.4(a)). Nevertheless, above threshold, the linear post-illumination 

plot reproduced the dark characteristics after shifting by an amount equal to ∆VT.  Bias stress 
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with λ = 460 nm causes significant changes in the subthreshold region  for both polarities of 

stress voltages, as seen in Figures 7.7(c) and (d) after shifting the post-illumination semilog 

plots by ∆VON. Shifting the linear plots by ∆VT reproduces very well the initial dark plot for 

NBS. Under PBS, a slight change appears during VG sweeps from -10 V to -45 V but 

thereafter slowly coalescing to the dark characteristics above  VG = -50 V.   
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Figure 7.7 Transfer characteristics on linear and semi-log scales recorded during forward 

gate voltage sweeps (VG = 20 V to -60 V) in the dark and after illumination at 520 nm, under 

(a) NBS and (b) PBS and at 460 nm, under (c) NBS and (d) PBS. The dashed lines correspond 

to the illuminated characteristics shifted by an amount equal to the differences ∆VON and ∆VT 

from the dark.  

 

Figure 7.8(a) and 7.8(b) represent the gate-voltage dependence of the mobility under both 

stress conditions. Under negative bias stress, the maximum mobility, µlin remains nearly 
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constant at 1.0 cm2/V.s confirming that the morphology and structure is not affected by 

illumination (Figure 7.8(a)). Under positive bias stress, the maximum mobility appears to be 

slightly higher due to the effect of the shift in threshold voltage as demonstrated in Figure 

7.8(b).    
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Figure 7.8 Gate-voltage-dependent mobility as a function of wavelength with (a) NBS of VG 

= -40 V, VD= 0 V and (b) PBS of VG = 30 V, VD = 0 V. The intensity at different wavelength 

varied between 0.31 and 0.35 mW/cm2  

 

The effect of bias stress on the photosensitivity, P at different wavelengths is shown in Figure 

7.9(a) and 7.9(b). Under both NBS and PBS, the photosensitivity peaks at ~5 x 103 for λ = 

460 nm under both stress conditions. Over most of the voltage range, P observed for λ > 460 

nm under NBS is almost negligible. By contrast, photosensitivity, P was enhanced by PBS 

over the whole VG range reaching maximum values similar to that obtained at 460 nm in the 

previous chapter. The VG-dependence of photoresponsivity, R, for illumination under NBS is 

shown in Figure 7.9(c). Positive values of R were only obtained for λ = 460 nm. For λ > 460 

nm, the maximum photoresponsivity, RMAX, was negative. This finding shows that NBS 

suppresses the effect of illumination on the device.  Under PBS, RMAX increased significantly 

regardless of wavelength. At 460 nm, RMAX at 0.37 A/W, is only slightly higher than that 

obtained from the phototransistor measurement in Figure 6.5(d) which was ~0.34 A/W.  
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Figure 7.9 Photosensitivity, P of a PS-DNTT TFT as a function of VG after stressing with 

light of various wavelengths with (a) NBS VG = -40 V,VD = 0 V and (b) PBS VG = 30 V, VD 

= 0 V. Also shown is the photoresponsivity, R following illumination with (c) NBS VG = -40 

V, VD = 0 V and (d) PBS, VG = 30 V, VD = 0 V. The inset in (c) shows photoresponsivity, R 

for λ > 460 nm. 

 

The DoS plotted as a function of E-EV after application of NBS under illumination is shown 

in Figure 7.10(a). For λ > 460 nm, the DoS distribution is almost identical to the initial 

spectrum over the whole range of E-EV. For λ = 460 nm, however, a distinct increase is seen 

in the deep trap states between ~0.15 eV and ~0.35 eV above EV. A similar feature was also 

observed under PBS, regardless of the wavelength (Figure 7.10(b)).  

 



113 

 

0.0 0.1 0.2 0.3
10

16

10
17

10
18

10
19

10
20

10
21

V
G
= -40V, V

D
 = 0V

D
o

S
 (

c
m

-3
e

V
-1
)

E-E
V
 (eV)

 initial

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

(a)

0.0 0.1 0.2 0.3
10

16

10
17

10
18

10
19

10
20

10
21

V
G
= 30V, V

D
 = 0V

D
o

S
 (

c
m

-3
e

V
-1
)

E-E
V
 (eV)

 initial

 460 nm

 520 nm

 570 nm

 600 nm

 630 nm

(b)

 

Figure 7.10 The density of states as a function of E-EV following illumination with (a) NBS 

VG = -40 V, VD= 0 V and (b) PBS VG = 30 V, VD = 0 V at various wavelength. 

 

7.2.2.2 Effect of stress time 

From the foregoing, it is seen that the greatest optical response occurs when illuminating 

devices with band gap light i.e. λ = 460 nm. Accordingly, in this section the effect of stress 

time under negative and positive bias stress with illumination at 460 nm with intensity of 

0.31 mW/cm2 is investigated. The results for NBS and PBS in the forward gate sweeps are 

shown in Figure 7.11(a) and (b) respectively.  
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Figure 7.11 Transfer characteristics as a function of stress time with (a) NBS, VG = -40 V, 

VD = 0 V and (b) PBS, VG = 30 V, VD = 0 V illuminated at 460 nm with intensity  

0.31 mW/cm2 
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In the case of NBS, the device was stressed up to 1200 s. Under PBS, device was stressed for 

only 1000 s. This is because at 1000 s VON is already at 30 V. Stressing for longer than 1000 

s may have damaged the gate dielectric under PBS conditions. All transfer characteristics 

exhibit a positive shift with a change in the subthreshold region under both stress conditions. 

In the case of PBS, the shifts are larger than for NBS.  

Figures 7.12(a) and (b) show the time dependence of ∆VT and the time dependence of ∆VON 

under PBS and NBS. In both stress conditions, the magnitude of ∆VON was significantly 

higher than ∆VT.  The latter can be well described by the simple-exponential function: 

∆𝑉𝑇(𝑡) = |𝑉𝑇(∞) − 𝑉𝑇(0)| [1 − 𝑒
−(
𝑡
𝜏
)]   ∙ 

(7.1) 

 

where VT(∞) is the threshold voltage when time approaches infinity, VT0 is the threshold 

voltage before bias stress and τ the characteristic trapping time. The solid lines indicate the 

corresponding fitting and the extracted parameters are listed in Table 7.1.  

  

Table 7.1 Parameters obtained by fitting equation (7.1) to the measured ∆VT in Figure 

7.12(a). 

Stress conditions │VT(∞)-VT(0)│(V) τ (s) 

Negative bias stress, NBS: 

VG = -40V and VD = 0 V 
3.86 1456 

Positive bias stress, PBS: 

VG = 30V and VD = 0 V 
17.51 379 
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Figure 7.12 Shifts of (a) threshold voltage, ∆VT, (b) turn-on voltage, ∆VON, (c) subthreshold 

slope, ∆SS and (d) maximum mobility, ∆µ as a function of stress time under PBS and NBS 

for λ = 460 nm with intensity of 0.31 mW/cm2. The solid lines in figure (a) represent the data 

fitted by simple-exponential function. 

 

Interestingly the magnitude of |𝑉𝑇(∞) − 𝑉𝑇(0)| and τ under NBS are comparable to the 

values obtained in the dark as listed in Table 5.1 (3.13 V and 1470 s). This indicates that the 

addition of illumination does not substantially stimulate the rate of trapping. The trapping 

rate increases significantly under positive bias stress accompanied by a large increase in ∆VT. 

However, in the absence of illumination |𝑉𝑇(∞) − 𝑉𝑇(0)| at ~1.76 V (Figure 5.33(a)) is 

significantly lower than in the present case. This indicates that photo-generation increases 

the number of charge carriers available for trapping thus increasing the maximum threshold 

voltage shift expected for t →∞.  Figures 7.12(c) and (d) show the time dependences of ∆SS 

and ∆µ under PBS and NBS. The increase in subthreshold slope is reflected in the increase 

in the density of states deeper than 0.1 eV in Figures 7.13(a) and 7.13(b).  
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Figure 7.13 The distribution of density of state as a function of E-EV with a stress conditions 

of (a) NBS VG = -40 V, VD = 0 V and (b) PBS VG = 30 V, VD = 0 V illuminated at 460 nm 

with variation of stress time.  

 

7.2.2.3 Effect of intensity 

In the previous section, the light intensity was held constant at 0.31 mW/cm2. Here the device 

characteristics were measured in the dark after applying NBS and PBS for 600 s with 

intensity (irradiance) between 0.05 mW/cm2 and 0.49 mW/cm2. As shown in Figures 7.14(a) 

and (b), the transfer characteristics shifted to more positive voltage as the intensity increased 

and, as before, the shifts are greater for PBS.  
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Figure 7.14 Transfer characteristics with stress conditions of (a) NBS VG = -40 V, VD = 0 V 

and (b) PBS VG = 30 V, VD = 0 V illuminated with different intensities of light of 460 nm 

wavelength. 



117 

 

The dependence of ∆VON ∆VT, ∆SS and ∆µ on illumination intensity both with and without 

bias are shown in Figure 7.15. It is clear that in without bias and under PBS, ∆VON, ∆VT, and 

∆SS increased rapidly but tended to saturate at higher intensities.  Negative bias stress, 

however, suppressed the positive shifts in ∆VT and ∆VON.  Without bias stress, ∆VON and ∆VT 

lay between the values extracted for NBS and PBS in the dark. Interestingly, the reduction in  

∆VON with NBS is much greater than the increase arising from PBS. . Only a slight change is 

observed in ∆SS in the presence of PBS while ∆µ was nearly unchanged regardless the bias 

stress conditions.   
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Figure 7.15 Shifts of (a) turn-on voltage, ∆VON, (b) threshold voltage, ∆VT, (c) subthreshold 

slope, ∆SS and (d) maximum mobility, ∆µ as a function of illumination intensity without and 

with bias.  

 

Figure 7.16(a) gives the dependence of maximum photosensitivity, PMAX, on illumination 

intensity. As can be seen, PMAX increases under positive bias stress while under negative gate 
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bias stress, the response is suppressed. On the other hand, as intensity increases, the 

maximum photoresponsivity, RMAX, is found to decrease, but tended to saturate at higher 

intensities (Figure 7.16(b)). The DoS plotted as a function of E-EV for different light 

intensities is shown in Figures 7.17(a) and (b). Reflecting the change in SS, new features 

appear in the DoS suggesting the creation of new states deeper than 0.10 eV. However, the 

DoS is relatively insensitive to changes in intensity, suggesting that these are not real.   
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Figure 7.16 Maximum (a) photosensitivity, PMAX and (b) photoresponsivity, RMAX in a PS-

DNTT TFT with and without bias stress and plotted as a function of the intensity of the 460 

nm illumination. 
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Figure 7.17 The distribution of density of state as a function of E-EV with a stress conditions 

of (a) NBS VG = -40 V, VD= 0V and (b) PBS VG = 30V, VD = 0V illuminated at different 

intensities.  
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7.3 Discussion 

The combined effect of bias stress and ambient light on the electrical performance of a PS-

DNTT TFT has been investigated. For λ > 460 nm all curves shifted negatively similar to 

that induced by negative bias stress in the dark. This can be explained by the dominating 

effect of hole trapping at the PS-DNTT interface [90]. Furthermore, under the prevailing 

electrical conditions, the photogenerated electrons will move away from the interface. 

However when λ = 460 nm, the transfer characteristic shifted positively due to a high 

photogeneration rate of electron-hole pairs in the DNTT.  

Interestingly, under PBS, all the transfer characteristics exhibit a parallel shift towards more 

positive voltages, with significant change in shape in the subthreshold region, regardless of 

the wavelength.  Moreover the DoS distribution exhibited a clear increase in deep trap states 

between ~0.15 eV and ~0.35 eV above EV. Since these are almost independent of intensity 

and with no significant changes in mobility suggests that that the observed changes in the 

DoS are not real. Rather this effect is explained by changes in occupancy of traps at the 

interface due to detrapping of electrons/holes which cause an unstable flatband voltage 

resulting in ∆VT < ∆VON. The identical off-current at the start of the post-illumination sweeps 

with the dark current (Figure 7.5(b)) suggests trapping of photo-induced charges in shallow 

bulk traps since these carriers could detrap very fast.   

A similar effect has been observed previously without the presence of bias stress but only at 

460 nm. This indicates that the addition of PBS increases the rate of electron trapping 

regardless of the wavelength. As pointed out in the previous chapter the effect of the electron 

quasi Fermi level, QFL, is dependent on light intensity and can also explain the fast transient 

behavior. This is unlikely to be the case here since ∆VT, ∆VON, ∆SS and RMAX (Figures 7.15(a), 

(b) and (c), and 7.16(b)) appear to saturate at higher intensity due to trap limited effect. 

Interestingly the difference in ∆VON between PBS and no bias is smaller than ∆VT between 

PBS and no bias (Figures 7.15(a) and (b)). As shown in Figure 7.7(d), shifting the linear plots 

by ∆VT only reproduces the dark characteristics above VG = -50 V.  This suggests under PBS, 

the concentration of trapped electrons is increased thus a larger gate voltage is needed to 

detrap/neutralize electrons. 

  



120 

 

7.4 Summary 

The effect of bias stress and illumination on PS-DNTT devices was investigated with 

different wavelengths, time and intensity. Under NBS, for λ ≥ 520 nm, the phototransistor 

transfer characteristic shows a parallel shift toward more negative voltages due to the 

dominant effect of hole trapping at the PS-DNTT interface. On the other hand, for λ = 460 

nm, the phototransistor transfer characteristic shifted positively. Unlike for the NBS case, the 

phototransistor transfer characteristic shifted positively under PBS regardless of the 

wavelength. Increased time effectively increases ∆VT and ∆VON under PBS but NBS 

suppresses both parameters. Increased illumination intensity saturates trap occupancy 

resulting in the saturation of ∆VT, ∆VON, ∆SS and RMAX at higher intensity. As there is no 

change in the gate-voltage dependence of mobility, it is unlikely that the observed changes 

in the DoS are due to the creation of deep hole trap states in the band gap of DNTT. 

Furthermore, the changes seen in the DoS spectra are apparently almost independent of 

intensity. Therefore it is believed that the effect is due to changes in trap occupancy resulting 

in an unstable flat-band voltage shift. This is consistent with ∆VON > ∆VT.  The accumulation 

of holes in the channel as the device turns on neutralizes the trapped electrons, either by direct 

recombination or by interface hole trapping. Band bending is such that electron detrapping 

can also occur.    
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8 Conclusion 

8.1 Conclusion 

The work reported in this thesis is concerned with the environmental and electrical stability 

of OTFT based on DNTT as the semiconductor and PS as the dielectric. The main 

experimental technique was to analyze transfer characteristics and extract shifts in VON and 

VT under influence of humidity, temperature, bias stress and light. Using the Grünewald 

model, the density of states, spectra were derived from transfer characteristics obtained in the 

linear regime. This allowed us to identify the presence of the traps either in the bulk 

semiconductor, bulk dielectric or at the interface between semiconductor and dielectric.  

 In Chapter 4, the effect on relative humidity and temperature on the density of states in thin 

film transistors based on PS-DNTT OTFT was investigated. It was observed that VON and VT 

shifted negatively as RH% and T increased. This is believed due to hole trapping at the 

interface or in the insulator. However, mobility increased slightly with temperature from 1.00 

to 1.25 cm2/Vs and fits the model for hopping conduction in a 2-dimensional sheet with T0 = 

288 K.  It was observed that the DoS in DNTT is insensitive to the relative humidity in the 

range 20 – 80%. As temperature increases, the only change observed in the DoS was a slight 

increase in the deeper states lying more than ~0.3 eV above the mobility edge.  

In Chapter 5, it was shown that the main feature for negative gate bias stress is a negative 

shift in threshold/turn-on voltage related to hole trapping within the PS gate dielectric, and/or 

at the DNTT/PS interface. Under simultaneous gate-source and drain-source bias (VG=VD), 

slower changes are seen in ∆VT and ∆VON compared to a bias stress with zero drain voltage 

(VD = 0V). This is because of the zero potential difference between the gate and drain 

electrode which leads to a reduction in the number of charge carriers available for trapping 

towards the drain end of the channel. ∆VT and ∆VON during stressing do depend on the drain-

source bias but does not influence the trapping time, τ, extracted by fitting the stretched 

exponential function to the data. Application of the stretched exponential function to the 

threshold voltage shift ∆VT based on the assumption that ∆𝑉𝑇(∞) = 𝑉𝑇(∞) − 𝑉𝑇(0) shows 

an excellent fit to the drain current decay. Contrary to most previous reports, the threshold 

voltage at long times, VT(∞), asymptotes to a value that is far lower than the applied gate 
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voltage. This was attributed to a low interface trap density in our devices, which limits the 

extent of any change in flat-band voltage. This gives rise to a smaller VT, and a shorter time-

constant for the trapping process, although values for the parameter  are similar to those 

reported by others.  

The different trajectories of the drain current decay insuccessive measurements indicate that 

that relaxation to the initial state when illuminated was not identical for each run suggesting 

that device relaxation may not necessarily be the result of detrapping but due to interface 

trapping of counter charges.  Adding bias stress to devices under different RH% revealed a 

slight increase in both ∆VT and ∆VON. Reducing RH under bias stress does not change the 

DoS in the DNTT film. Adding bias stress to a device at high temperatures leads to slight 

changes in both ∆VT and ∆VON.  The dependence of mobility on temperature can be described 

equally well by Arrhenius and 2-D hopping conduction models. However the extracted, T0 

was lower than observed when investigating the effects related to temperature alone in 

Chapter 4. A very minimal change in the behavior of the DoS was observed in comparison 

to changes already taking place with just temperature.  

It has been shown that positive gate bias stress causes shifts in threshold voltage towards 

more positive voltage due to electron trapping at the interface. The shift in turn-on voltage 

∆VON with increasing stress time is much greater than for ∆VT suggesting that trapped 

electrons were neutralized as the gate voltage sweeps towards negative voltage. As there is 

no change in the gate-voltage dependence of mobility, it is unlikely that the change in the 

subthreshold slope is due to the creation of deep trap states in the  DNTT but rather due to an 

unstable flatband voltage so that ∆VT(∞ ) < ∆VON(∞). 

In Chapter 6, the effect of illumination on PS-DNTT devices was investigated with light of 

different wavelengths and intensities. The phototransistor characteristics shifted positively 

regardless of the wavelength, with the greatest effects being observed at 460 nm. For λ ≥ 520 

nm, the flat-band voltage shift, ∆VFB, caused by electron trapping at the interface is the 

dominant mechanism with only minimal change in the shape of the subthreshold region and 

no significant change in either the DoS spectrum or the gate-voltage dependence of the field 

effect mobility.  Illumination at λ = 460 nm did apparently change the profile of the deeper 

states in the DoS spectrum reflecting the significant change in the subthreshold slope. 
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However, it is argued that the observed changes in the DoS are not real. They are almost 

independent of intensity, though it is found later that the ∆VT, ∆VON, ∆SS and Rmax appear to 

saturate at higher intensity due to a trap limited effect. No significant changes are observed 

in mobility. Rather the effect is explained due to (i) trapping of photogenerated electrons, (ii) 

an unstable shift in the light-induced flat-band ∆VFB, caused by detrapping or neutralization 

of electrons as the transistor is turned on so that ∆VT(∞) < ∆VON(∞), (iii) accumulation of 

electrons in DNTT near to the source contact or (iv) the effect of the electron quasi Fermi 

level, QFL. It has been shown that the fast transient behaviour of the ID response to 460 nm 

illumination pulses under positive (VG = 5 V, VD = -1V) and negative bias stresses (VG = -40 

V, VD = -1 V) are consistent with the effect of the electron QFL and also electron 

accumulation in DNTT near the source contact. On the other hand, the slow dynamic 

response under illumination and during the light-off period again arises from de-

trapping/neutralization of trapped electrons as soon as the light is terminated. However, the 

post-illumination ID does not recover to its pre-irradiation state when the light is turned off. 

Under positive bias stress, it is presumed that some of the deeply trapped electrons may not 

de-trap. These residual trapped electrons increase cumulatively at the start of the successive 

illumination periods, resulting in an increased response on a steadily increasing background 

under positive bias stress. Under negative bias stress the dynamic response decreases but on 

a steadily decreasing background similar to the dark bias stress effect, suggesting the 

presence of holes either trapped in interface states or de-trapping/neutralization of electrons 

in interfacial traps.  

In Chapter 7, the effect of bias stress and illumination on PS-DNTT devices was investigated 

with different wavelengths, time and intensity. For λ ≥ 520 nm, the phototransistor transfer 

characteristic shows a parallel shift toward more negative voltages under NBS due to the 

dominant effect of hole trapping at the PS-DNTT interface. Under PBS, both ∆VT and ∆VON 

increase regardless of the wavelength. Increased time effectively increases ∆VT and ∆VON 

under PBS but NBS suppresses both parameters. Increased illumination intensity saturates 

trap occupancy resulting in the saturation of ∆VT, ∆VON, ∆SS and RMAX at the higher intensity.  

It is assumed that the observed changes in the DoS are not due to the creation of deep hole 

trap states in the band gap of DNTT because the changes seen are apparently almost 

independent of intensity with no significant changes observed in mobility.  This can be 
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explained by changes in trap occupancy resulting in an unstable flat-band voltage shift. This 

is consistent with ∆VON > ∆VT.  The accumulation of holes in the channel as the device turns 

on neutralizes the trapped electrons, either by direct recombination or by interface hole 

trapping. Band bending is such that electron detrapping can also occur.   

The results presented in this thesis demonstrate that the PS-DNTT system is stable and worth 

considering for circuit fabrication. Although the subthreshold slope is relatively high ~ 4.0 

V/decade the subthreshold slope could be reduced significantly by using much thinner 

dielectrics with much higher Ci gate dielectric for faster switching of the OTFT. Furthermore, 

a significant increase in drain current leading to photosensitivity ~104 under the blue and 

ambient light in PS-DNTT OTFT indicates that it could have promising applications in 

photosensing.  

 

8.2 Future work 

In order to gain more understanding of the trapping mechanisms and identifying the origin 

of the degradation, it would be necessary to investigate the chemical changes in the PS-DNTT 

OTFT using the techniques such as charge accumulation technique, CAS spectroscopy. 

Access to such equipment would allow changes due to the chemical interaction of the 

semiconductor with O2 and H2O to be identified [114] and compared to the results obtained 

from electrical measurements. 

Previous reports showed that DNTT with TPGDA as the dielectric and PS as the buffer layer 

exhibits excellent performance as individual transistors and in organic circuits [3, 15]. 

Therefore it would be interesting also to investigate the trapping behavior with TPGDA and 

PS as the dielectric material and to compare with TPGDA alone.  Follow up experiments can 

be undertaken to verify the trapped charge using scanning Kelvin Probe Microscopy 

(SKPM). 

In comparison to the p-type material, n-type semiconductors are less developed. Therefore it 

would be interesting to investigate n-type TFT with TPGDA/PS or other dielectrics with 

comparable mobility and VT to those in DNTT. The environmental and electrical stability of 

the n-type TFT could then be followed by fabrication of n-type organic circuits such as 
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inverter, ring oscillators and logic gates. It would also be interesting to develop 

complementary circuits with DNTT as the p-type semiconductor. However, to achieve 

continuous R2R compatible vacuum deposition, PS needs to be replaced by an evaporable 

dielectric buffer layer. One of the options is using n-octylphosphonic acid (C8PA) [15]. 

Another option is to replace TPGDA with other vacuum evaporated material.  
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APPENDIX A 

A. The form of the V0 vs VF plot for constant mobility in the linear regime of operation 

In Chapter 2, section 2.6.4, Equation (2.16) i.e.  
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(A.1)  

was derived by Grünewald et al [32] and is the starting point for the following derivation . 

When V0 is greater than a few kT the exponential term on the left side of equation (A.1) 

dominates so that, 
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(A.2)  

where 

                𝐶1 = 𝛽
𝐶𝑖𝑙

𝜀𝑠𝜀0𝐼0
. 

 

When the mobility, μ, becomes independent of gate voltage, the transfer plot becomes linear 

following equation (2.10) in Chapter 2 of section 2.6.3. Therefore,  

 

                𝐼𝐷 = 𝐾[(𝑉𝐺 − 𝑉𝑇)] = 𝐾[𝑉𝐹 + 𝑉𝑂𝑁 − 𝑉𝑇]  

with 

                𝐾 =
𝑊𝐶𝑖𝑉𝐷
𝐿

. 
 

 

Referring to Figure A1, if the transfer plot becomes linear at VFL, then equation (A.2) can be 

rewritten as  
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where C2 is a constant given by 



127 

 

               

~

0

~

2 )( F

V

F VdVIC
FL



 

 

Integrating equation (A.3) then yields 
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and can be evaluated from device parameters and the numerical integration of the transfer 

curve, I(VF), below VFL.  Equation (A.4) shows that when the mobility becomes constant, 

which we assume occurs as the Fermi level crosses the mobility/valence band edge, the plot 

of V0 vs VF will not saturate. Rather, for the device parameters relevant to this work, the plot 

will continue to rise approximately linearly over the range of gate voltage applied.  

 

 

Figure A.1 Transfer characteristics showing VON, VT, VF and VFL. 
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APPENDIX B 

B. Construction Used to Estimate the Mobility (Valence Band) Edge 

To estimate the mobility/valence band edge, the following procedure was used. Firstly, draw a 

tangent to the mobility-VG plot as shown in Figure B.1(a) to estimate the mobility edge, The 

voltage, VG, at which the tangent departs the experimental curve is noted and corrected for VON to 

give VF, i.e VF =VG -VON =-49-(-3)= -46 V. This value is then used to extract the relevant value of 

V0, Figure B.1(b). Interestingly, the tangent drawn to the linearly rising section of the V0 vs VF plot 

departs the plot at the same VF identified from the mobility plot. This value of V0 is then assumed 

to be the degree of band bending when EF crosses the mobility (valence band) edge.  
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Figure B.1 Constructions used to estimate onset of mobility edge. 
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APPENDIX C 

C. Sensitivity Analysis of DoS 

Correctly identifying the flatband condition is clearly important for properly assigning the 

DoS energy range. In this section, a sensitivity analysis is done by using the same 

experimental transfer plot - that for T = 20oC and RH = 10% in Figure 4.8(b) - and 

systematically change the values of VON (section C.2) and IOFF (section C.3) used for 

calculating the DoS.  

 

i. Effect of VON 

Here we test the sensitivity of the DoS calculations to errors in correctly identifying the 

voltage, V0N, corresponding to the flatband condition. In the results given in the main text for 

T = 20oC and RH = 10%, VON was estimated to be -3 V. In Figure S3 is shown the effect of 

changing the value over the range 1 to -6 V. As can be seen, this results in a minor shift in 

the V0 vs VF plots (a), resulting in a minimal effect on the DoS whether plotted relative to (b) 

EF  or (c) EV. The main effect is on the magnitude of the trap feature at ~0.25 eV.     

 

 

Figure C.1 Effect of VON on (a) V0 vs VF and DoS as a function of (b) V0 and (c) E-EV 
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ii. Effect of IOFF 

Here we test the sensitivity of the DoS calculations to errors in correctly identifying the 

flatband current, I0FF. If parasitic currents are present, IOFF will be overestimated. 

Accordingly, we investigated the effect of reducing IOFF from 10 pA down to 0.1 pA. 

Interestingly, plots of V0 vs VF and DoS vs V0 show systematic changes with choice of IOFF 

as shown in Figure C.2(b). However, when DoS is plotted relative to the mobility edge, all 

plots coalesce to the same DoS confirming that when plotted in this form, the extracted DoS 

is insensitive to the value chosen for IOFF. 

 

 

Figure C.2 Effect of I0FF
 on (a) the plot of V0 vs VF and on the DOS as a function of (b) V0 

and (c) E-EV. 
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