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Thesis Abstract 

 Electronic devices have made people’s life easier, and in today’s modern lifestyle 

electronic devices have become one of the basic requirements of human beings. Inorganic 

material are used extensively in electronic devices but the requirement of energy efficient, 

low-cost and flexible devices can be easily fulfilled by the organic solution processable 

materials. Organic field effect transistors (OFET) will enable easy implementation of large 

scale and flexible applications. Organic materials also have the advantage of easy tunability 

of the optoelectronic properties. OFETs have numerous applications like various sensors, 

smart card, e-skin etc. Some of the organic electronic devices like OLED, solar cell is already 

available in market, but low mobility and stability is a road block for organic transistors to be 

commercialized in high end applications.  

 Considering todays need for solution processed, flexible and energy efficient organic 

electronic devices, methods to understand the dielectric/semiconductor interfacial defects 

introduced due to solution processing and techniques to improve the device properties is 

covered in this thesis. This thesis is divided into three parts, the first part (Chapter 2) is about 

the understanding the interfacial defects arising due to complete solution processing of the 

dielectric and semiconductor. Second part (Chapter 3 and 4) consists of solvent engineering 

technique to improve the device mobility and stability. A ~5-fold increment in device 

mobility and also improvement in device stability in dark and under illumination is attained 

by solvent engineering. Third part (chapter 5) is the application of the improved device in 

various opto-electronic applications thereby, NOT and NOR logic are demonstrated by 

applying light and voltage input simultaneously.  

The efforts made in this thesis highlights the usefulness of various device engineering 

to develop OFET to regulate the morphology and crystallization of the photo-active 

semiconductor layer to achieve highly efficient, stable and repeatable OFETs and its 

application as phototransistor, and logic gates. The thesis provides the basis for facilitating 

the commercialization of OFET in the near future. 
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Abstract  

 The electronic industry has grown massively and today electronic devices are 

counted in the basic necessity for human beings. Even though most of the electronic devices 

presently use inorganic materials there is a growing demand of environment friendly, low 

cost, flexible, energy efficient devices. Hence, the need for organic field effect transistors 

(OFETs) based electronic circuits is ever increasing. In this introduction chapter, the 

importance of OFET followed by a brief history of transistors, four basic architectures and 

working principle of OFET are discussed. Thereafter, various parameters required for 

understanding the performance of any OFET is explained. Then the various interfaces 

present in OFET, choice of dielectric, solution processing of organic materials for the 

flexible OFETs, charge transport properties and factors affecting charge transport in OFET 

followed by a brief discussion on the applications in phototransistor, and in digital 

electronic circuits as opto-inverter are discussed. Lastly, a thesis overview is presented, at 

the end of the chapters.  

  

TH-2930_176153007



Introduction    Chapter 1 

 

4 

1.1 Overview 

 Transistors are the basic building blocks of electronics, the development of which 

has revolutionized the field of electronic circuits. The invention of organic materials for 

transistors has added a new dimension to transistors and other electronic devices by paving 

the way for low cost, solution-processable, and flexible electronics. Polymers have been 

present in our daily life for ages and also in electronic devices as insulating materials. 

However, it was only in the late nineties that the outstanding discovery of oxidation 

enhanced conductivity of polyacetylene opened up a new avenue of organic electronics. 

Since then, intense research and tremendous progress have been achieved by developing 

various organic materials, synthesis techniques, and device engineering approaches. 

Transistors based on polymer materials have now reported mobility >10 cm2 V-1 s-1,1, 2 

which is higher than amorphous silicon. The optoelectronic properties of the organic 

materials can also be utilized to fabricate organic phototransistors, opto logic gates, image 

sensors. Many organic electronic devices are already available in the market and become 

ubiquitous in our society. Tremendous research is carried out on increasing the mobility 

and stability of OFETs. However, the basic circuits in smart tags, driving matrix of flexible 

displays, radio frequency identification tags (RFID), etc., demand the use of low cost, large 

area, printed OFET based circuits.3-5 Research is already in progress for OFET-based 

integrated circuits paving the way for the energy-efficient fabrication of electronic circuits. 

 For futuristic electronics and the commercialization of OFETs-based electronic 

circuits, the two main hurdles are the stability and mobility of the OFETs. The transport 

properties and mechanism need to be better understood to achieve high mobility and better 

stability. Improvement in charge transport in OFET can be achieved by improving the 

dielectric/semiconductor (d/s) interface and semiconductor morphology. Most 

semiconductors are insoluble, including organic oligomers, until they are carefully 

functionalized to be soluble. However, this functionalization may hamper their carrier 

mobility. Organic polymers are typically more soluble and have better film-forming 

capability by solution processing techniques than small molecules. Still, they can be 

modulated and improved by various methods. The fabrication or coating technique is 

crucial in forming a defect-free morphology and interfaces for solution-processed polymer 

thin films. These defects will lead to the device’s instability and hamper the charge 

transport properties. Therefore, considering the current demand for flexible and energy-
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efficient electronic devices, improving mobility and stability has become one of the most 

important research topic as these are indispensable properties for implemention of OFETs 

in different flexible circuit designs. 

1.2 Organic Field Effect Transistor (OFET) 

 Organic Field Effect Transistor (OFET) is like a conventional transistor, a three-

terminal device in which the current flow between the two terminals, i.e., source and drain, 

can be modulated by the voltage applied in the third terminal. i.e., the gate. The 

semiconductor or the dielectric needs to be organic for a transistor to be classified as an 

OFET. 

1.2.1 History of transistor 

 The field-effect transistor was proposed in 1925 by Lilienfeld Julius Edgar and 

patented the idea in 1930.6 However, the first working transistor was demonstrated at Bell 

laboratory by William Shockley, John Bardeen, and Walter Brattain in 1947, and they were 

honoured in 1956 with the Nobel prize in physics. This invention revolutionized the 

electronic industry and replaced vacuum tube-based devices with solid-state electronics. 

Inorganic semiconductor materials like Si and Ge dominated the electronics industry. 

Nevertheless, a new electronic revolution started with the development of OSCs. Though 

OSCs are not new, even in the early 20th century, there were studies on the dark and 

photoconductivity of anthracene crystals.7 However, in 1976, with the discovery on 

conducting polymers by Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa, the 

research and development of organic electronic devices started.8 They were jointly awarded 

the Nobel Prize in Chemistry in 2000 for this breakthrough discovery.9 The first OFET was 

reported by Tsumura et al. in 1986 and used polythiophene film as the active layer.10 Owing 

to the extensive efforts of academic and industrial research over the last two decades, OFET 

has achieved mobility higher than amorphous silicon (a-Si). Already organic light-emitting 

diode (OLED) based displays have achieved commercialization. In the near future, OFET 

based applications like logic circuits, image sensors, displays, etc. will also follow. 

 1.2.2 Working principle 

 The conduction mechanism in organic materials is quite different than the inorganic 

counterparts. The organic molecules do not have any intrinsic conductivity; excess carriers 

need to be injected to start the conduction. Hence OFETs mostly work in the accumulation 

TH-2930_176153007
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mode rather than in depletion or inversion mode because of the low density of carriers in 

the OSC. The gate electrode is electrically isolated from the rest of the device by the 

dielectric. The charge transport takes place only in a thin layer of the semiconductor, close 

to the d/s interface, i.e., the bulk semiconductor is not affected by the gate field. On 

application of negative bias to the gate and drain of a p-type OFET, a linear current regime 

is observed for 𝑉𝐷𝑆<𝑉𝐺𝑆. As 𝑉𝐷𝑆 becomes increasingly negative, the density of accumulated 

charges decreases from the source to the drain, and the current 𝐼𝐷𝑆 increases linearly. When 

the potential of the drain becomes more negative than that of the gate, a zone of depletion 

appears close to the drain (pinching of the channel), and the current tends to saturate. The 

output characteristic of a FET is the series of 𝐼𝐷𝑆 versus 𝑉𝐷𝑆 curves with a fixed 𝑉𝐺𝑆. The 

transfer characteristic is the series of 𝐼𝐷𝑆 versus 𝑉𝐺𝑆 curves with a fixed 𝑉𝐷𝑆 These 

measurements can give the same information, as long as a sufficient number of gate 

voltages (drain voltages) are scanned as output (transfer) characteristics. Transfer 

characteristics are typically taken at two fixed 𝑉𝐷𝑆: one is set as small as possible; much 

smaller than the maximum scanning gate voltage and the second 𝑉𝐷𝑆 is set larger than the 

maximum scanning 𝑉𝐺𝑆. These two regimes are known as the linear and saturation regime, 

respectively. From the transfer characteristics of the OFET, we can extract various 

parameters such as the field-effect mobility (µ𝐹𝐸𝑇) of the linear field and saturation field, 

the threshold voltage, and the on/off ratio. 

 

Figure 1.1: Cross sections views of OFETs geometries: a) bottom gate top contact b) bottom gate bottom 

contact c) top gate bottom contact d) top gate top contact configurations. 

         

Gate Electrode

Gate Dielectric

Semiconductor

Source Drain

(a)

Substrate

              

Gate Dielectric

Semiconductor
Source Drain

(b)

Substrate

Semiconductor

               

Gate Electrode

Source Drain

(c)

Substrate

Semiconductor

Gate Electrode

               
Source Drain

(d)

TH-2930_176153007



Chapter 1   Introduction 

7 
 

1.2.3 Structures of OFET 

An OFET typically has three electrodes, gate, source, and drain. Depending on whether 

the position of the gate, source-drain is above or below the dielectric, semiconductor 

respectively, the OFET structure can be classified into four types (Figure 1.1): a) top gate 

bottom contact (TGBC) b) bottom-gate top contact (BGTC), OFET characterization 

parameters are extracted b) top gate top contact (TGTC) b) bottom gate bottom contact 

(BGBC). 

1.3 Parameters to define OFET performance  

 

Figure 1.2: a) Output characteristic and b) transfer characteristic of OFET. 

There are several analytical models11-14 for current-voltage characterization of 

OFETs. The parameters for OFET characterization are extracted however from expression 

of drain current derived from traditional inorganic MOSFET model. The regions of 

operation are determined by the values of applied voltages, 𝑉𝐷𝑆 and 𝑉𝐺𝑆 as shown in Figure 

1.2. The device is operated in the linear regime for |𝑉𝐷𝑆| ≤ |𝑉𝐺𝑆 − 𝑉𝑡|. In linear regime the 

current 𝐼𝐷𝑆 varies linearly with 𝑉𝐷𝑆 and is given by:  

𝐼𝐷𝑆 =
𝑊

𝐿
𝐶𝑜𝑥µ(𝑉𝐺𝑆−𝑉𝑡)𝑉𝐷𝑆     (1.1) 

and in saturation regime for |𝑉𝐷𝑆| ≥ |𝑉𝐺𝑆 − 𝑉𝑡|, 𝐼𝐷𝑆 becomes independent of  𝑉𝐷𝑆 and varies 

as square of 𝑉𝐺𝑆. In saturation regime 𝐼𝐷𝑆 is given by: 

𝐼𝐷𝑆 =
𝑊

𝐿
𝐶𝑜𝑥µ(𝑉𝐺𝑆−𝑉𝑡)2     (1.2) 

(a) (b)
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Here, 𝐶𝑜𝑥 is the capacitance of the insulator, µ is field-effect carrier mobility and 𝑉𝐺𝑆, 𝑉𝐷𝑆 

and 𝑉𝑡 are the gate-source, drain-source and threshold voltages respectively. W (width) and 

L (length) are the dimensions of the semiconductor channel defined by the source and drain 

electrodes.  

Field-Effect Mobility  

 The carrier field-effect mobility in the linear regime can be extracted from the 

transconductance, 𝑔𝑚 which is the change of 𝐼𝐷𝑆  with 𝑉𝐺𝑆 for a small drain voltage, 𝑉𝐷𝑆. 

From Equation (1.1), 𝑔𝑚 is given by  

𝑔𝑚 =-
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆  
|

𝑉𝐷𝑆=𝑠𝑚𝑎𝑙𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
 =

𝑊𝜇𝐶𝑜𝑥

𝐿
𝑉𝐷𝑆        (1.3)  

Therefore, the linear mobility solved from Equation (1.1) is given as:  

µ=𝑔𝑚
𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
|

𝑉𝐷𝑆=𝑠𝑚𝑎𝑙𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
   (1.4) 

 The field-effect mobility in the saturation regime is also extracted from the transfer 

characteristics (𝐼𝐷𝑆 vs. 𝑉𝐺𝑆). Equation (1.2) shows that the square root of the saturation 

current is linearly dependent on the gate voltage. The field-effect mobility can be extracted 

from the slope of the curve which plots the square root of the saturation current as a function 

of gate voltage 𝑉𝐺𝑆, as shown in Figure 1.2. The mobility can be calculated from Equation 

(1.2) and is given as: 

µ=2
𝐿

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
(

𝜕√𝐼𝐷𝑆

𝜕𝑉𝐺𝑆  
)2     (1.5) 

Threshold Voltage 

 The threshold voltage can be defined as the gate voltage at which the conduction 

channel starts to form. 𝑉𝑡 can be extracted by plotting. 𝐼𝐷𝑆 vs 𝑉𝐺𝑆 and extrapolating to 

𝐼𝐷𝑆=0. For many applications, low 𝑉𝑡 are required to keep the drive voltage low. 

Current On/Off ratio 

 Ion/Ioff is the ratio of the maximum 𝐼𝐷𝑆 (“on” current) value to the minimum 𝐼𝐷𝑆  

(“off” current) value, obtained from transfer characteristics plotted on a logarithmic scale.  

The ratio characterizes the ability of the device to switch a signal from “on” to “off”. 
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Subthreshold Swing 

 Subthreshold slope ‘S’ is defined as the rate at which 𝐼𝐷𝑆 varies (in decades) with 

𝑉𝐺𝑆  

for device operation in the subthreshold region. It describes the turn-on characteristics of  

the device and is given as:  

S= 
𝑑𝑉𝐺𝑆

𝑑𝑙𝑜𝑔𝐼𝐷𝑆
    (1.6) 

‘S’ can be extracted by fitting a line to the steepest part in the subthreshold region  

and calculating its inverse. 

The trap density, Ntrap can be calculated from SS.  

     (1.7)   

Contact Resistance:  

 The contact resistance (RC) in organic transistors, as well as channel resistance 

(Rch), has a significant effect on device performance. The total resistance of the device 

(𝑅𝑜𝑛) is:  

𝑅𝑜𝑛=𝑅𝑐ℎ+ 𝑅𝑐    (1.8) 

While 𝑅𝑐=𝑅𝑠𝑜𝑢𝑟𝑐𝑒+ 𝑅𝑑𝑟𝑎𝑖𝑛  (1.9)  

where Rsource and Rdrain are the source and drain contact resistances respectively 

 The contact resistance depends on the structure of the transistor and the nature of 

the electrodes, e.g., its work function. It also decreases with increasing gate voltage. This 

can be explained by the increased density of charge carriers in the channel and close to the 

contacts that would have a similar effect as doping the contacts.15, 16 Contact resistance are 

often higher in the bottom-contact structure and depend on the drain voltage. The 

differences existing in bottom-contact and top-contact devices can have various origins. 

One reason can be the larger injection surface in a top-contact structure or non-uniform and 

disturbed growth of organic material by triple interfaces in bottom-contact structures. 16, 17 

1.4 Interfaces in OFET 

 The most important parameter to define an OFET performance is the field-effect 

mobility (µFET). Higher mobility ensures wider applications of the OFET. The mobility 

N
trap

=(
𝑆𝑆 𝑥 𝑞 𝑥 𝑙𝑜𝑔𝑒

𝐾𝑇
-1)

𝐶
𝑂

𝑞
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depends on charge transport which is profoundly regulated by the interfaces in the OFET. 

The four basic interfaces in a bottom gate top contact OFET are, the metal/dielectric, 

OSC/atmosphere, dielectric/OSC and metal/OSC interface. A schematic representation of 

all the four interfaces affecting the OFET performance is shown in Figure 1.3. The 

interface roughness of the gate electrode and dielectric is important for the devices with 

ultra-thin dielectrics in which with the increase in roughness, there is an increase in the 

leakage current.18 The OSC/atmosphere interface affects the device performance as the 

atmospheric oxygen and moisture may induce undesirable charge carrier trapping in the 

OSC. This interface becomes more important for sensor applications as the output depends 

on the adsorption of the analyte. By strategic material design, we can make the OSC 

environmentally robust. For an OFET the two interfaces are critical: the interface between 

the semiconductor and metal electrodes, where the charge injection takes place and the 

other is the interface between the dielectric and OSC, where the charge transport takes 

place.  

 

Figure 1.3: Schematic illustration of the four crucial interfaces in a bottom gate top contact OFET. 

1.4.1 OSC/dielectric 

 The OSC/dielectric interface is the most crucial as the charge transport takes place 

at the dielectric surface and within a few nanometers of the interface. Since in BGTC the 

O2
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dielectric/metal interface semiconductor/dielectric 
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semiconductor is deposited directly on the dielectric surface, the interfacial properties 

determine the morphology and the molecular structure of the OSC thin film. The trap states 

at the dielectric surface and the bulk of semiconductor will lead to non-idealities in the 

device. For polymer dielectric containing functional groups like -OH, -NH2, -COOH the 

surface energy is high and are the main origin of traps. 19 There are many dielectric 

modification techniques reported to reduce the interfacial traps like the use of self-

assembled monolayer (SAM), using bilayer dielectric system, crosslinking of dielectrics.20-

25  

1.4.2 OSC/metal  

 The OSC/metal interface is important because the charge injection from 

source/drain electrodes to the semiconductor bulk takes place here. The contact resistance 

is decided by the quality of this interface. For an ideal OFET characteristics, the 

source/drain contacts should be ohmic, i.e., the contact resistance should be negligible 

compared to the channel resistance. Though high potential barrier exists in most metal/OSC 

interfaces, however ohmic contact is possible. As charge injection is mostly field emission 

or defect assisted instead of thermionic. The device architecture also influences the 

OSC/metal interface depending on the difference of fabrication step and contact area of 

top-contact and bottom-contact configurations. In top-contact the semiconductor is grown 

on the dielectric and defects may arise at the metal/OSC contact by deposition of hot metal 

on the semiconductor, the area of contact is less compared to bottom contact. In case of 

bottom-contact, the semiconductor film is deposited on the metal and many researchers 

have reported that the morphology of the semiconductor in the vicinity of the metal is non-

ideal mostly due to heterogeneous nucleation process. Hence pretreatment processes are 

also reported for contact modification in both top-contact and bottom-contact 

configurations.18, 26 For better injection properties, chemical modifications by thiols, 

disulfides are commonly used to tune the work function, also deposition of wide band gap 

compounds like MoOX before metal deposition is another widely adopted interfacial 

engineering technique. 

1.5 Choice of dielectric 

 The choice of gate insulator or the dielectric plays a crucial role in determining the 

performance of Organic Field Effect Transistor (OFET). The performance defining 

parameters of OFET like threshold voltage, mobility, sub-threshold swing, and ION/IOFF 
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ratio, hysteresis can be controlled with proper selection of the dielectric layer. The 

interaction of the semiconductor with the dielectric not only affects semiconductor layer 

morphology but also changes the Density of States (DoS) due to the effect of local 

polarization at the interface.27-29 The dielectric constant has been another point of debate as 

issues like gate leakage current and power consumption can be reduced by using high-K 

dielectrics, which in turn will increase the energy disorder caused by randomly oriented 

dipoles, attributing to poor semiconductor-dielectric interface resulting in poor 

performance of high-k dielectric. However there are reports that low-k polymer dielectric 

CYTOP, PMMA offers better interface for charge transport which results in higher mobility 

and on/off ratio when compared with high-k dielectric P(VDF-TrFE-CTFE).30 High K 

dielectrics have high surface energy which negatively impacts mobility. Nevertheless, there 

are reports on surface energy match of the dielectric with the semiconductor resulting in 

obtaining maximum mobility.31, 32 The good dielectric material will possess a smooth 

dielectric surface, large energy band gap, high dielectric constant, and less surface energy. 

To achieve these, techniques like, crosslinking of High-K polymer dielectric, surface 

treatments by using Self Assembled Monolayers (SAMs) and bilayer dielectric system has 

been reported as a solution to Interfacial trap states.33-35 Incomplete crosslinking may 

generate interfacial states at the d/s interface as a result of leftover reagents or unsatisfied 

bonds. The polar groups of the interfacial dielectric or the SAM layer influence the 

transistor parameters.36 For example, the presence of electron-withdrawing groups like -F 

will attract electrons from the semiconductor film and will result in a positive shift in p-

type OFET, on the contrary for electron-donating groups like -NH2 will result in a negative 

VTH shift.37-39 Presence of moisture is another factor affecting the OFET performance by 

inducing hysteresis and then degrading the device. Hydroxyl groups in polymer dielectric 

can attract moisture, there are reports on the reduction of hydroxyl group concentration.40 

Not drying the dielectric properly before deposition of the semiconductor layer can also 

induce high hysteresis.19 

1.6 Solution processing for flexible OFET  

 Solution processability offers perks like ease of processing, low-cost, low-

temperature processing attributed to the nature of weak Vander Waals intermolecular 

interactions. With just π-π conjugation the organic compounds are insoluble, and side 

chains are incorporated to increase the solubility. There are several methods for solution 

processing like the spin coating, drop casting, inkjet printing, screen printing, doctor 
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blading. Spin coating results in fast evaporation of solvent, allowing lesser time for 

molecular ordering but forms more homogeneous film. The study of the growth mechanism 

is crucial to understand and control the charge transport properties. The factors affecting 

the polymer growth during solution processing are the volatility of the solvent, solubility 

of the polymer, nature of the substrate, surface growth, solvent evaporation rate, molecular 

weight, π conjugation of backbone, side chain. 

 1.7 Charge transport in OFET  

 Understanding the charge transport mechanism is important for designing a high 

mobility OFET. Especially the charge transport in Donor-Acceptor (D-A) π-conjugated 

polymers is critical and still not clear. Mobility greater than a-Si has been reported till date 

for D-A polymer based FET.20  

1.7.1 Transport Models 

 Various models have been suggested to understand the charge transport, like the 

multiple trap release (MTR) model and mobility edge model, which applies to crystalline 

ordered semiconductors, for example, single crystals and polycrystalline thermally 

deposited small molecule thin films. For amorphous and disordered materials, variable 

range hopping (VRH) model,41 and percolation models are mostly applied. However, in 

solution-processed conjugated polymer thin film the small polaron model is applied 

typically as in solution-processed thin films, delocalization degrees are lower and energetic 

disorders are higher compared to the vacuum-deposited film. 

1.7.2 Traps in organic semiconductor  

 There are several sources of trap sites in organic solution processed semiconductors: 

• The presence of chemical impurities having energy levels in between the 

HOMO/LUMO of the semiconductor material will act as trap 

• Structural defects in the polymer structure will act as trap. As the HOMO/LUMO 

is also affected by the electronic polarization of the surrounding of the material. The 

HOMO/LUMO of the material is determined by the effective conjugation length. These 

traps arising from structural imperfections can be shallow traps or even deep traps like that 

arising from huge grain boundaries. 
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• Self-trapping can be induced by formation of polarons as excess carrier lead to 

molecular deformation. Especially in some polymers like polythiophene, these excess 

charge carriers forms a self-trap. 

1.7.3 Polymer thin film morphology 

 The polymer thin film morphology plays a huge rule in determining the charge 

transport and hence the OFET performance. Charge transport is affected by the local 

structural disorder of the polymer chain in nano level, crystallinity, size of the grains and 

grain boundaries in macro level. The grains are the regions where the arrangement of the 

molecule is ordered hence forms crystalline domains and charge transport easily occurs, 

where the grain boundaries molecule is disordered and there is a high potential drop bet 

ween the grains resulting in hampered charge transport. Solution processed films shows 

various types of morphologies ranging from amorphous texture to nanofibrils depending 

on 1) coating surface 2) solvent used 3) processing technique 4) molecular weight. 

Characterization techniques like the Atomic Force Microscopy (AFM), Field emission 

scanning electron microscopy (FESEM), X-ray diffraction (XRD), Ultraviolet–visible 

(UV-vis) spectroscopy are utilized to study the morphology and crystallinity of the thin 

film. Solution state UV-Vis is also employed to understand the solvent and additive-induced 

changes in the polymer chain. Different processing techniques are reported to control the 

thin film morphology which includes applying strain, rubbing, using additives and 

templates for obtaining the required edge-on or face-on orientation polymer chain 

orientation.42, 43 Though  edge-on orientation is favorable for in-plane charge transport, 

however face-on orientation is also reported in some cases to improve the charge transport 

properties. 

1.7.3 Role of solvent additives 

 Inclusion of solvent additive is a strategy to modulate the solution processed thin 

film. Various mechanisms for explaining the effect of solvent additive on thin morphology 

is reported. Another reported mechanism to explain the role of additives is the varying 

solubility of molecules helps in obtaining the required molecular ordering of morphology, 

other is the varying volatility of the binary solvents. Solvent additives are also reported to 

help fill in the grain boundaries and reduce traps. This method is well established to 

improve the morphology in the bulk-heterojunction solar cell by promoting phase 

separation of the donor and acceptor depending on the difference in solubility. However, 
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this technique is not much explored for transistors and the transport mechanism in OFETs 

is completely different from solar cell. Because of this change in charge transport 

mechanism, the solvent additives are much more effective for OFET than solar-cell. 

1.8 Applications in Optoelectronic Integrated circuit  

 The use of OFET in integrated circuit was limited because of the low mobility. 

However, with slight improvement in mobility, the OFET based circuits can be easily 

implemented in low-end applications like as basic circuits component in RFID, sensors, 

memory, driving circuit in displays and e-paper, where low cost, easy processing and, 

flexibility are more important than high speed operation. Depending on the properties of 

the active material, the OFET can have applications in different types of sensors. For 

example, photoactive materials can help to implement photo-transistors, which can be 

implemented in different dual input logic gates. 

 

Figure 1.4: (a) Circuit diagram (b) voltage transfer characteristic (VTC) of a basic resistive load inverter. 

1.8.1 Phototransistor 

 A phototransistor (PT) converts the light signal to detectable electrical signal and 

also amplifies it. Hence, compared to other photodetectors, it provides better 

functionality.44 The first organic phototransistor (OPT) was reported in 2001 which used 

polymer poly-3-octylthiophene-2,5-diyl (P3OT) as the active material,45 This was followed 

by a lot of other reports on OPT and a tremendous improvement in properties was 

observed.46-49 The increased photocurrent to dark current ratio obtained was higher than 

that in amorphous silicon based PT.50 The active material can be chosen according to the 

required working wavelength. Organic materials offer advantage of easily tunable band gap 
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and hence can have a wide range of absorptions. When the light wavelength matches the 

semiconductor’s band gap, it is absorbed which produces excitons that further contributes 

to the charge transport. All the regions of the spectrum have various applications like the 

phototransistor working in UV region can be employed in communication, security and the 

one working in IR and NIR can have application in biomedical devices. Hence owing to 

their high-cost production and structural rigidity, inorganic semiconductors are not suitable 

for applications requiring structural flexibility, lightweight, low cost and large-scale 

production. The parameters that determine the phototransistor performance are 

photocurrent (Iph), responsivity (R) and detectivity (D*). 

𝑅 =
(𝐼𝑝ℎ −𝐼𝐷)

𝑃𝑖𝑛 𝑥 𝑆
    (1.10) 

D* = R x S1/2(2e𝐼𝐷)−1/2   (1.11) 

where 𝐼𝑝ℎ  represents the source-to-drain current under illumination;  𝐼𝐷 is the source–drain 

current under dark; and Pin represents the power of the incident light per unit area, 

respectively. e is the charge of an electron. S is the effective sensing area of the device. 

1.8.2 OFET for Logic gates 

 A logic gate is the fundamental decision-making component of any digital circuit. 

It performs Boolean functions based on a one or more inputs, to generate a single output. 

Logic gates are implemented with transistors. There are different ways of constructing a 

logic gate. It can be implemented with combination of only transistors (TTL) or 

combination of diode transistor (DTL) or resistor transistor (RTL) etc. The most 

fundamental logic gate is the NOT gate or inverter which inverts the single input variable. 

A simple resistive load inverter circuit is shown in Figure 1.4a. The inverter circuit is the 

basis of logic circuit as utilizing the same design and analysis principles, other complex 

logic gates like the NOR, OR, NAND gates can be implemented. The performance 

determining parameters for inverter that can be extracted from the voltage transfer 

characteristic (VTC) (Figure 1.4b) are: gain, noise margin, static power dissipation. 

 The steady-state behavior of the inverter is determined by the five critical voltage 

levels labeled in the VTC (Figure1.4b):  
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1) VOH is the output high voltage, which is the maximum output voltage when the output 

level is logic ‘1’ that can be obtained from inverter. When the input voltage (VIN) is low, 

the output voltage, VOUT = VDD.  

2) VOL is the minimum output voltage when the output is logic ‘0’. When VIN is high i.e., 

VIN=VDD, the transistor is operating in the linear region and the output will be at low state 

having value between 0 and VDD. 

3) VIL is the low input value at which the VTC slope becomes equal to -1 (dVOUT/dVIN=-

1). At VIL the output voltage, VOUT is slightly lower than VOH. 

4) VIH is the high input voltage and a transition point at which dVOUT/dVIN=-1 but VIH is 

the larger between the two input transition points. It can be observed from Figure 1.4b that 

at VIH the VOUT is slightly higher than VOL 

5) Vth is threshold voltage of the inverter at which the transition occurs and in VTC, VIN 

becomes equal to VOUT. 

 The two noise margins (NM) are the noise margin for low level (NML) and the noise 

margin for high level (NMH). 

NML = VIL-VOL    (1.12) 

NMH = VOH-VIH    (1.13) 

 The gain of the inverter is defined as dVOUT/dVIN, and the Static power dissipation 

is given by: PD= VDD x ID    (1.14) 

1.8.2 Opto-logic gates 

 Opto logic gate is a circuit which deploys a phototransistor in a logic gate circuit. It 

is a more advanced optoelectronic application beyond a basic unit phototransistor. This can 

be implemented in any circuit requiring a photodetector and a logic gate to reduce the 

number of components and complexity. An opto logic gate can operate with both light and 

electrical input and hence different logics can be implemented with this bifunctional circuit. 

1.9 Thesis Overview 
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 Considering the need for high performance, lowcost and flexible OFET for 

advancement of organic electronics, the inspiration of this thesis was the development of 

solution processing techniques for OFETs and their application in integrated circuit. The 

working chapters of this thesis can be divided into three parts. The first part is concentrated 

on understanding charge transport and the role of traps. The second part is an effort to 

improve the charge transport and the third part is the implementation of the improved 

devices in Logic gates. The results obtained during the course of this thesis work are divided 

into four chapters and in conclusion, thesis summary and future prospects are discussed. A 

brief overview of the chapters is given below:  

 Chapter 2 focuses on understanding the d/s interface. Specially in solution 

processed, the d/s interfacial defects and traps plays a crucial role in determining the charge 

transport and hence the device performance. Three devices with different interfacial 

dielectric are fabricated and characterized. Impedance spectroscopy is utilized to 

investigate the interface and find the reason for variation in device performance with the 

change in the interfacial dielectric. Thereafter a flexible solution processed OFET was 

fabricated with the optimized parameters. The device showed mechanical stability and was 

able withstand a strain of ~2.5%. 

 Chapter 3 deals with improvement of the semiconductor thin film morphology for 

efficient utilization of the device in phototransistor. Two solvent additives 1,8-diiodooctane 

(DIO) and 1,8-dibromooctane (DBrO) are employed to study the effect of solvent additive 

in controlling the semiconductor morphology. The OFET showed a ~3 folds improvement 

in mobility from 0.08 to 0.22 cm2 V-1 s-1 with the inclusion of DBrO as solvent additive. 

The device showed improvement in bias stress stability in dark and under illumination.  

 Chapter 4 studies the effect of a series of aromatic (naphthalene) based solvent 

additives in determining the performance of the solution processed OFET. Three additives 

namely, 1-Chloronaphthalene (CN), 1-Bromonaphthalene (BN), 1-Iodonaphthalene (IN), 

are studied, and a significant improvement in OFET performances have been demonstrated. 

Morphological, photophysical and electrical characterization was conducted to support 

these findings. Visible change in the semiconductor morphology with the incorporation of 

solvent additives leading to thin-film packing crystallinity improvement was observed. An 

optimum condition has been achieved as the film formation time can be modulated with 

the use of additives. The stability of the device also improved as the traps related to the 
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disordered film are reduced improving the charge transport. As a result, a significant 

improvement in the mobility of the PTB7-Th based OFET has been observed from a 

mobility of 0.9 cm2 V-1 s-1 obtained for the control device to a mobility of 0.5 cm2 V-1 s-1 

for the BN modified device. 

 Chapter 5 demonstrates the application of the photo-active semiconductor PTB7-

Th based solution processed phototransistor. Thereafter the phototransistor is integrated 

with a solution processed resistor to implement NOT gate. Employing the photoactive 

property of the OFET, opto inverter is demonstrated. On simultaneous application of both 

the light and electrical input signal a complete solution processed dual input logic gate 

circuit is demonstrated on ultra-flexible PI substrate. The circuit consisted of a PT with 

high mobility of 0.5 cm2 V-1 s-1 and responsivity of 688 A/W. The PT is integrated with a 

simple drop casted resistive load. This simple circuit design showed comparable 

performance with the complementary OFET based circuits. The opto-electrical inverter 

showed a Noise margin for logic low (NML) of 60% and Noise margin for logic high (NMH) 

of 98%. The delay for the voltage pulse input was 0.12 s and for light input was 0.16 s. 

Thereafter, both electrical and optical inputs were applied simultaneously and dual input 

NOR logic was demonstrated. 

 Chapter 6 illustrates the summary and the future prospects of this thesis. A concise 

discussion on the main research results is presented along with the future prospects of the 

solution processed OFET and their application in integrated circuits. 
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Abstract 

The selection of dielectric material impacts the dielectric/semiconductor (D/S) interface 

which plays a significant role in defining the device performance. Hence, investigation of the 

D/S interfacial defects and trap states is essential for improving the device performance and 

designing new semiconductor and dielectric materials for OFET. Here, the trap density of states 

(T-DOS) at the interface is investigated by impedance spectroscopy (IS). OFETs were fabricated 

with three different dielectric combinations and the highest mobility was found to be 0.12 

cm2/V-s. Detailed analysis of the semiconductor thin film and the D/S interface was performed 

by AFM, PL, TRPL and was found consistent with the DOS analysis. This work validates that IS 

can be utilized as a prospective DOS analysis method for OFET applications. Finally, for 

evaluating the potential application of the device architecture towards developing flexible 

electronic circuit components, the device was fabricated on a flexible substrate and the 

mechanical stability was examined by subjecting the device to a strain of 2.5 %. The device 

showed no significant degradation in the operation confirming its practical utility. 
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2.1 Overview 

Organic Field Effect Transistors (OFETs) are the basic building blocks of any flexible 

and low-cost electronic system like wearable sensors, e-skin, active matrix for displays.1-5 Since 

the first report of OFET in the 1980s,6 this field has attracted tremendous research interest. New 

organic semiconductor materials are being designed and advanced fabrication techniques are 

being developed for OFET.7-9 Mobility values of OFETs are now challenging the mobility of 

amorphous silicon.10-13 For further development of reliable OFET device, other parameters 

related to the dielectric layer and the D/S interface need to be extensively studied.   

 Various inorganic and organic gate dielectric materials and their modifications are 

studied to date, including self-assembled monolayers, multi-layer dielectric, dielectric cross-

linking, etc.14-16 Among diverse dielectric materials, polymer dielectrics are best suited for 

flexible OFET because of their intrinsic flexibility and compatibility with both organic 

semiconductor active layer and flexible substrates.17, 18 However, the polar side groups of 

polymer dielectric induce shallow traps at the interface and the effect of dielectric polarity on 

device characteristics was systematically studied by adopting different combinations of 

semiconductors and multi-layer dielectric systems.19 The polarization of dielectric and the effect 

of polymer dielectrics with polar groups in enhancing the sensitivity of various OFET-based 

sensors like temperature, humidity and photo transistors are reported.20, 21 Other than the choice 

of semiconductor and dielectric, D/S interface also plays a very crucial role in defining the 

performance of OFET. Although the semiconductor is the active layer, accumulation of charges 

and charge transport occurs within a few nanometers of the D/S interface. The D/S interface not 

only affects the morphology of the active layer but also defines the charge carrier transport in 

it.22-24 Over the last decade, the charge carrier mechanism and its transport in a semiconductor is 

being studied thoroughly. In contrast, understanding the effect of dielectric in defining charge 

transport is still in its infancy stage.25, 26 The charge transport can be well understood by 

determining the density of states (DOS).27 Analysis and understanding the DOS can help achieve 

better charge transport, stability and reproducibility of the device. The main factor that 

determines T-DOS in OFET with similar semiconductor morphology is the nature of dielectric.28  

Various experimental and analytical methods have been reported to estimate the DOS, which 

includes optical, electrical and thermal measurement tools.29-31 The scanning probe techniques 
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are used to study the T-DOS as the presence of trapped charges modifies the contact potential. 

Hence, this is reported as an efficient tool for determining the origin and spatial distribution of 

traps.32-35 Some other experimental methods like space charge limited current (SCLC), thermal 

admittance spectroscopy (TAS), driven level capacitance profiling (DLCP) method are also 

reported for single semiconductor layer trap study in solar cell study.36-38 These studies are done 

for the vertical charge transport whereas in transistor system which requires both vertical and 

horizontal transport, this is not yet extensively studied. Analytical methods based on temperature 

dependence conductivity of OFET were used to determine the DOS spectrum.39, 40 The 

estimation of subthreshold swing (SS) from transfer characteristics of transistor gives an overall 

idea of the trap states. However, the investigation of the energy distribution of interfacial traps is 

complex and requires assumptions and equivalent circuit modeling. Impedance Spectroscopy 

(IS) is an effective method for determining the energetic distribution of T-DOS and not yet 

explored in the study of OFET. IS has been used as a tool for determining carrier recombination 

in solar cell and hence can be a possible method for analyzing charge trapping and release in 

OFETs.41, 42 It is well known that the -OH group acts as the electron trap and the hysteresis in the 

electrical characteristics is because of the moisture related impurity, trapped by the hydrophilic 

polar dielectric material which degrades the dielectric properties and causes interfacial traps.11 

Slow polarization of hydroxyl groups is yet another reported reason for hysteresis in OFET 

devices.43 The characterizations like SS and hysteresis study give an overall idea of charge 

carrier traps. Yet, the origin of these traps is not established correctly. Hence, a more reliable and 

simple technique is essential to understand the mechanism of trapping/de-trapping and their 

position whether these traps are interfacial traps or bulk traps. The organic-organic interface is 

complicated and complex interaction takes place at the interface, which affects the transistor 

properties, and all these changes in OFET properties are carefully examined here. 

 In this work, IS has been utilized as an effective method to obtain the DOS spectrum for 

the interfacial trap study. We have shown how the interface governs the performance of the 

device. We have fabricated transistors with different dielectrics and studied how the choice of 

dielectric and D/S Interface affects DOS and plays a crucial role in controlling the transistor 

characteristics. To further verify the findings of IS, characterization techniques like AFM, PL, 

and TRPL are performed. The presence of dipolar molecules at the D/S interface also affects the 

transistor parameters. Three dielectrics with different polarity and permittivity were chosen and 
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their respective interface DOS is studied for a better understanding of the effect of dielectric 

surface polarity, surface energy and dielectric constant (k) on transistor properties. Highest 

mobility of 0.120 cm2/V-s, 0.095 cm2/V-s, and 0.050 cm2/V-s is obtained for the device having 

PVP, PMMA, and PS as the interfacial dielectric respectively. Enhanced device performance is 

observed for the device with lowest T-DOS. This work provides IS as an efficient tool for 

understanding the different characteristics of OFET. 

2.2 Experimental Section 

2.2.1 Materials  

 PTB7-Th was thermally synthesized according to the previous literature.8 Poly(methyl 

methacrylate) (average Mw ~ 996 kDa), Polystyrene (average Mw ~ 350kDa), Poly(4-

vinylphenol) (average Mw ~ 25 kDa), Molybdenum(VI) oxide, Aluminium wire (Al) and Copper 

(Cu) wire were purchased from Sigma Aldrich and PVA (average Mw ~ 115 kDa) from Loba 

Chemicals and used without further purification. FTO of 13 Ω/󠄀  purchased from Sigma Aldrich. 

2.2.2 Device Fabrication 

 IS study: For the Metal Insulator semiconductor (MIS) architecture used for IS, FTO was 

used as a substrate where the dielectric layer was first spin-coated. FTOs were cleaned by ultra-

sonication subsequently in deionized water, acetone and isopropanol followed by UV ozone 

treatment for 15 min. 30 mg/mL solution of the dielectric PMMA, PS, PVP were made in 

solvents anisole, toluene, tetrahydrofuran, respectively and spin-coated on the cleaned FTO 

substrates at 2000 rpm for 30 s to get a ~150 nm thick layer and dried at 100 oC for 30 min and 

then properly cooled down. A 10 mg/mL solution of PTB7-Th in chlorobenzene was prepared by 

stirring for 1 hour at 50 °C and then 1% of DIO was added. The solution was then cooled down 

to room temperature and was spin coated to ensure it does not hamper the underlying dielectric 

coating. DIO is reported for improving the thin film morphology. The semiconductor solution 

was then spin-coated done over the previously dielectric coated FTO substrate and antisolvent 

treatment with methanol was done. These were then annealed for 10 min at 70 °C. Thereafter Cu 

electrodes were deposited by thermal deposition. 

 OFET: The OFET was fabricated following the bottom gate top contact architecture. The 

glass substrates were cleaned by dipping the substrates in piranha solution for 1 hour. 100 nm of 
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Al was thermally deposited on the cleaned glass substrates to form the gate electrode of width 

1mm by shadow masking on a glass substrate. 100 mg/mL solution of PVA in DI water was 

prepared and coated over the gate deposited substrate and dried at 100 oC for 1 hour to form 1 

µm thick layer. PVA acts as the first dielectric in all three OFETs, over which a 100 nm (3000 

rpm 30 s) thick second dielectric layer and 60 nm thick PTB7-Th layer was coated following the 

same process as was done for the MIS structure. Finally, for the top contact 5 nm of MoOx and 

60 nm of Cu were thermally deposited using shadow masking to form a channel of length (L) 40 

µm and width (W) 0.8 mm. All the fabrication processes were done in ambient condition. The 

devices with PMMA, PS, PVP as the second and interfacial dielectric layer are termed as 

PMMA, PS and PVP, respectively throughout. For flexible devices instead of glass, PET 

substrates were used and remaining all other processes was same as the rigid device. 

 

Figure 2.1: Transfer curves, output curves of PTB7-Th based OFET for dielectric combinations (a), (d) 

PVA/PMMA, (b), (e) PVA/PS, (c), (f) PVA/PVP. 

2.2.3 Characterization 

 CH Instruments 760D was used for Electrochemical measurements. For PL 

measurements, a Horiba Fluoromax-4 spectrofluorometer was used and MicroTime 200 was 
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used for TRPL. DFT method using the Gaussian 03 package with the B3LYP hybrid functional 

and a 6-31G basis set was used for theoretical calculations. The thickness of the thin films was 

measured using Dektek 150 stylus profilometer.  The AFM images were recorded on an Agilent 

5500 AFM/SPM microscope in tapping mode to avoid tip surface interaction causing any film 

damage. All the transistor characterization was performed using a Keithley 4200 SCS parameter 

analyzer under vacuum conditions. 

2.3 Results and Discussions 

 The output and transfer characteristic graphs of the OFETs with double dielectric 

PVA/PMMA (device PMMA), PVA/PS (device PS), PVA/PVP (device PVP) are shown in 

Figure 2.1a-c and Figure 2.1d-f respectively. Because of its high dielectric constant and good 

insulation properties, PVA is chosen as the first dielectric (dielectric I) layer so that a thicker 

layer (1 µm) can be implemented and the leakage current can be reduced. It can be observed that 

the leakage current is at least two order less than IDS. Polymer dielectrics without any 

modification is known to have high leakage current.43 However, the highly polar PVA with polar 

–OH side group is reported to interact with water molecules and degrade the device faster.44  

Table 2.1: Summarized Transistor parameters extracted from transfer and output characteristics. 

Dielectric 
 

Saturation 
Mobility 

[cm2/V-s] a) 

Linear 
Mobility 

[cm2/V-s] a) 
 

VTH 

[V] a) 
 

SS 
[V/dec] 

Volume Trap 
density (from 
SS) [cm-3 eV-

1] 
a) 

ION/IOFF 
 

PMMA 
 

0.095 
(0.085±0.005) 

 

0.076 
(0.065±0.005) 

 

3.7(±0.7) 
 

0.4(±0.08) 
 

4.7x1016 
 

104 
 

PS 0.05 (0.045 
±0.005) 

 

0.03 (0.025 
±0.005) 

 

7.4(±1.5) 
 

2.1 (±1.2) 
 

2.8x1017 
 

104 
 

PVP 0.12 (0.096 
±0.006) 

 

0.08 
(0.074±0.006) 

 

2.3(±0.8) 
 

1 (±0.1) 
 

1.3x1017 
 

103 
 

a)Highest and average data for 20 devices 

   

 All the three devices were tested and the parameters were extracted from the 

characteristic graphs and shown in Table 2.1. It can be observed that all the three devices show 

distinctly different characteristics, which demands a detailed analysis to understand these 

characteristics. The D/S interface is crucial in defining the operation of the OFET device as the 
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primary charge transport takes place within a few nanometers of this interface. Hysteresis in 

OFET is one such operational parameter that is defined by the D/S interfacial traps.17 Hysteresis 

in the transfer characteristics is mainly dominated by properties of dielectric. The lower back-

sweep (LBS) is attributed to trapping of mobile holes in the dielectric whereas higher back 

sweep (HBS) current is due to slow polarization of the dielectric. 

 

Figure 2.2: Nyquist plot obtained from IS (a) PMMA/PTB7-Th (b) PS/PTB7-Th (c) PVP/PTB7-Th. 

 Output characteristics hysteresis can be related to the traps hampering charge transport 

through the channel. In all the three devices at low gate voltage (VGS) slow polarization due to 

bulk dielectric (PVA) is visible but device PS shows both LBS and HBS implying the trapping of 

holes in PS. The PS shows high hysteresis in transfer characteristics and a late saturation in the 

output characteristics. The output characteristic of PMMA does not saturate appropriately and a 

slight reduction in drain-source current (IDS) with gate-source voltage (VGS) after a point is 

observed in the forward sweep. In the case of PVP, the hysteresis in output characteristics is 
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negligible and well defined linear and saturation regions are obtained. The highest mobility is 

obtained for the PVP device despite the higher interface trap states calculated from the SS, 

suggesting traps are favoring charge transport. The dielectric constant is an essential parameter 

that decides the areal capacitance and is thus closely related to the threshold voltage. The low 

VTH of device PVP was expected because of the high polarity of PVP.  

 

Figure 2.3: Plots deduced from IS (a) Density of trap states vs Energy level comparison for the three MIS devices, 

Capacitance vs Frequency response comparison at different temperatures and at an applied bias of 0.7 V for (b) 

PMMA (c) PS (d) PVP. 

 IS was carried for the MIS structure to investigate the D/S interface charge trapping and 

releasing processes. Capacitance (CD) and resistances (RD and Rs), extracted from the Nyquist 
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plot (Figure 2.2) by fitting the circuit diagram as shown in the inset image of Figure 2.3a, can 

also be utilized to investigate defects. A bias of 0.1-0.8 V was applied and the Nyquist plots were 

measured. From the Nyquist plot, the capacitance and resistances are extracted. The DOS is 

directly proportional to the capacitance, as the capacitance is a reflex of the stored charges at the 

traps and hence the DOS versus energy level plot was derived (Figure 2.3a) using Equation 2.1:  

DOS = 6.24 x 1018 x CD / (d*A)  (2.1) 

PS based MIS structure showed the maximum trap states whereas PVP showed the minimum 

DOS till a bias of 0.4 V. From 0.4 V to 0.9 V, there is an increase in DOS for PVP, whereas 

PMMA has the least DOS at all applied bias. The increase in DOS of PVP after 0.4 eV can be 

correlated to electron trap closer to the conduction band arising from –OH side group in PVP. 

where d is the combined thickness of dielectric and semiconductor, A is the area of one cell. The 

trap states are directly proportional to the CD, as at a given bias, the CD is defined by the 

accumulated charges at the trapping sites.45-47 CF plots shown in Figure 2.3b-d are deduced 

from the IS. At a particular DC bias (0.7 V), as the AC frequency sweep of 10 Hz to 106 Hz is 

applied, the capacitance obtained is related to the depth of traps. When the AC signal time period 

is slower than the trapping and detrapping time of charges, then the capacitance associated with 

traps increases. Hence, the capacitance increases by few orders of magnitude at lower 

frequencies. The particular frequency where the capacitance starts to increase rapidly is the 

transition frequency (fci). This increase in capacitance at lower frequencies corresponds to the 

charge accumulation caused by localized traps or the deep traps, whereas the higher frequency 

response is due to an accumulation of delocalized charges or accumulation at shallow traps and 

these charges may instead favor the charge transport. In the case of PVP, the fCi is 105 Hz, and a 

trivial variation with temperature confirms the presence of delocalized charges and the absence 

of deep traps. For PS, the capacitance increase starts from 105 Hz and with increase in 

temperature a right shift in fCi is observed. For PMMA, fCi shifts towards the higher frequency 

with an increase in temperature and at room temperature fCi is 103 Hz suggesting more localized 

traps or deep traps at room temperature and with an increase in temperature, the traps are 

released and delocalized charges get accumulated. For PMMA, the capacitance in the lower 

frequency range (10-100 Hz) is almost two orders of magnitude lower than that of PS, suggesting 

comparatively lesser traps. PVP is having almost the same density of traps, but the traps are 
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shallow in nature and are assisting in transport, whereas PS has shallow and deep traps that are 

hampering the charge transport. This is consistent with the DOS study and even justifies the 

mobility order and interface traps calculated from SS for the OFETs (Table 2.1).  

 

Figure 2.4: 5X5 µm2 2D and3D AFM images of PTB7-Th coated on dual dielectric system (a) and (b) PVA/PMMA 

(c) and (d) PVA/PS (e) and (f) PVA/PVP. 

 

Figure 2.5: Contact angle measurement for (a) PMMA (b) PS and (c) PVP. 

 The morphology of PTB7-Th coated on dual dielectric thin film fabricated on a glass 

substrate is investigated by AFM as shown in Figure 2.4. The morphology of the semiconductor 

coated on dielectric is a critical factor that needs to be analyzed to understand the interfacial 

defects as these surface irregularities act as physical traps and affects the charge transport. The 
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rms roughness of PTB7-Th coated on PVA/PMMA (Figure 2.4a, b) is 3.91 nm which is highest 

among the three and that for PVA/PS is 1.63 nm (Figure 2.4c, d). PTB7-Th coated on dual 

dielectric PVA/PVP (Figure 2.4e, f), showed least rms roughness of 0.82 nm and a homogenous, 

smooth morphology with few defects is observed for PTB7-Th coated on hydrophilic –OH 

group-containing PVP. PTB7-Th coated on more hydrophobic PMMA and PS showed similar 

surface morphologies having non uniform hilly aggregates (Figure 2.4b, d) because of which the 

surface roughness increased where as in PVP the morphology is uniform. A defect-free interface 

is beneficial for the accumulation and transport of charge carriers. These physical defects act as 

deep traps that hinder the charge transport, which justifies the low fci obtained from CF analysis. 

The contact angle measurements with deionized water were recorded to confirm the surface 

hydrophobicity of PMMA, PS and PVP (Figure 2.5). PVP forms the most hydrophilic surface 

followed by PMMA and PS. 

 

Figure 2.6: (a) Time Resolved Photoluminescence intensity decay spectra and (b) Photoluminescence Spectra of 

PTB7-Th coated on PMMA (Blue), PS (Green), PVP (Red). 

 To better understand the role of traps, the PL spectra and TRPL decay spectra 

comparison are shown in Figure 2.6a, b, respectively. Both the PL and TRPL spectra show 

minor changes in the three devices, which is quite obvious as the semiconductor is same in all 

three and the only change is in the interface. The highest PL intensity is obtained for PVP 

followed by PS and the least is for PMMA. But for PS, maximum red shift is observed which 

suggest that there is a contribution of traps in the recombination process. From TRPL decay 

spectra, the radiative decay lifetime (1) and the trap assisted recombination lifetime (2) are 
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extracted by biexponential fitting and the average carrier lifetime (av) is calculated. The av 

follows the same trend as the PL intensity for all the three cases. PVP having the slowest av 

confirms that the traps are not affecting the carrier recombination for PVP, whereas in the case of 

PS, av is lower than PMMA but surprisingly 2 is faster indicating faster trap assisted 

recombination in PS. This justifies the red shift observed in PS indicating trap assisted 

recombination, and also justifies low value of 2 in the TRPL data. The radiative decay lifetime 

(1) is 0.45 ns for PMMA and 0.47 ns for PS, but the trap assisted recombination lifetime (2) is 

slower in PMMA than in PS. This justifies the red shift in PS as observed in PL spectra. The 

PVP showed slowest radiative and trap assisted recombination and hence had the highest average 

carrier lifetime and highest PL intensity as well. This suggests that the carrier recombination at 

the trapping sites is less in PVP and hence the traps are not hampering the charge transport. 

 

Figure 2.7: DFT of (a) PMMA (b) PS and (c) PVP. 

 The electron density distribution is obtained from DFT simulation (Figure 2.7). PMMA 

exhibits a strong negative charge density distribution in the electrostatic potential (ESP) profiles 

that may attract the positive charges from the bulk to the interface. As a result, these positive 

charges screen the gate voltage as can be seen from the output characteristics of PMMA (Figure 

2.1b) and as the drain-source voltage (VDS) increases further, the current starts reducing while in 

reverse sweep the charges follow a different path formed away from the interface. This explains 

the complex hysteresis in the output characteristics of PMMA. In PS, no such behavior is 

observed due to its neutral charge density distribution. PVP reveals a bipolar charge distribution 

in the ESP profile indicating more charge accumulation at the interface and negligible hysteresis 

in output characteristics. 
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Figure 2.8: (a) Schematic representation of device, (b) energy band diagram to explain the mechanism of charge 

trapping and transport, schematic illustration of oriented side groups in the polar dielectric layer (c) fully oriented 

−OH groups due to applied gate voltage in highly polar dielectric PVA/PVP in device PVP (d) oriented −CH and -

OH groups due to applied gate voltage in highly polar PVA and slightly polar PMMA in device PMMA, and (e) 

oriented -OH groups due to applied gate voltage in highly polar PVA only in device PS.  

Finally, to merge all the results of the IS based DOS study, OFET characteristics and 

other film characterizations, a schematic model as shown in Figure 2.8 has been proposed. The 

proposed schematic illustration explains the correlation of DOS with the different characteristics 

of the three devices. It explains the role of interfacial dielectric in generating distinctly different 

transfer and output characteristics of the three devices. Figure 2.8a shows the position and type 

of traps in the device architecture, whereas Figure 2.8b explains traps position and charge 

injection using energy band diagram. The surface states or the interface trap arising from the 

hydroxyl group of PVP are acceptor-like and it traps the mobile electrons in the P-type 

semiconductor, which in turn provide hoping sites for holes. From the DOS analysis (Figure 
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2.3a), it can be observed that there is DOS broadening for PVP which is consistent with reported 

results.48  

 

Figure 2.9: (a) The normalised IDS under bias stress of VDS=VGS= -40 V, successive transfer characteristics runs 

taken after bias stress at different time intervals for device (b) PMMA, (c) PS, (d) PVP. 

 These hopping sites act as shallow traps and hence the off current is higher, causing 

reduction in Ion/Ioff. The increased dipole moment at the PVP/PTB7-Th interface induces 

additional positive charges (Figure 2.8c). As a result, the side group of PVP assists the hole 

transport process, whereas in case of PMMA, there is very little polarity (Figure 2.8d) and in the 

case of PS (Figure 2.8e), there are no polar groups to trap the electrons. In device PMMA and 
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PS, the transport of holes gets hampered because of the non-uniformity of the film that can be 

seen from the AFM which causes the large hysteresis output characteristic of these devices. But 

in temperature-dependent CF, the maximum change in response with the temperature was 

observed for PMMA, which may be because of the physical traps arising from higher roughness 

of the film as confirmed from the AFM study. The maximum hole trap in the interface can be 

seen in T-DOS of PS which is in agreement with the low mobility of device PS.  

 

Figure 2.10: (a) Transfer characteristics and (b) output characteristic of the flexible device showing the comparison 

between flat device and the bend device under 2.5% strain. (c) photograph of the measurement setup of the bent 

array of OFETs (d) photograph of the Flexible OFET array. 

 To study the stability, all the three devices were subjected to bias stress (Figure 2.9). The 

PMMA device showed usual decay in current whereas in case of PS device, the current increased 

first and the decay started which may be because of charge trapping in the dielectric whereas in 

the case of PVP, slow polarization dominated.49, 50 All the three devices showed stability on 

successive operation and no significant change in VTH was observed. For PVP the current 
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increased on successive operation which also regained to original after the bias stress. The bias 

stress was applied after exposing the devices to ambient atmosphere and PMMA showed almost 

similar results as before, even after bias stress and few successive operations. Therefore, the 

PMMA device is fabricated on a PET flexible substrate to validate the applicability of the 

proposed device structure for flexible devices. This was done to manifest that the implemented 

device architecture and the obtained results are applicable irrespective of the substrate used. 

Figure 2.10 shows the flexible device fabricated on PET substrate. Because of the higher 

roughness of the substrate highest mobility obtained for the flexible device was 2x10-2 cm2/V-s. 

A bending test was performed to check the mechanical stability of the device. Even after 

subjecting the device to bending for 1hour, the device retained almost the same characteristics, 

except for a small OFF current increase. This reduction in ION/IOFF may be the effect of device 

degradation by trapping of atmospheric oxygen and moisture during the bending process as the 

bending was performed in ambient conditions, and then the measurements were done under 

vacuum. The data for 100 bending cycles is shown in Table 2.2. This type of behavior after 

ambient air exposure is reported in even rigid substrates.51 The device was repeatedly bent at a 

radius of curvature (r) of 4 mm and the thickness of the substrate (D) is 0.2 mm. 2.5% strain was 

calculated using the formula: strain (σ)= D/󠄀2r. 

Table 2.2: Stability data for the Flexible PMMA based OFET. 

No. of bending cycles Mobility (cm2/V-s) Threshold Voltage (V) 

1st 2.01x10-2 7 

After 10 1.20 x 10-2 7.5 

After 100 8 x 10-3 9 

 

2.4 Conclusions 

 In this work, IS is demonstrated as a potential method for analyzing T-DOS in MIS 

architecture. The study has been exclusively used to understand and explain different 

characteristics of the fabricated OFET devices. All the transistor parameters such as threshold 

voltage, mobility, sub-threshold swing, hysteresis, trap-density from sub-threshold swing, 

ION/IOFF are calculated and the effect of T-DOS is used as a tool to understand the variation in 

these parameters by changing the dielectric interface with respect to the semiconducting 

polymer. IS measurement at different temperatures is also done and capacitance-frequency plots 
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are extracted to understand the effect of temperature on the interfacial traps. Comparatively, 

higher mobility and lower hysteresis have been observed with the lowering of T-DOS. Further 

characterizations like AFM, TRPL, PL were also carried out and are found to be consistent with 

the DOS analysis. These results suggest that IS can be used as a convenient T-DOS analysis tool 

for understanding or predicting the OFET performance. OFETs developed till date lack sufficient 

stability and lack reproducibility of electrical parameters. Therefore, for a better understanding of 

the reason of these issues, the complex organic-organic D/S interface and mutual interaction 

between the dielectric and semiconductor material need detailed analysis. This understanding 

will also significantly help in developing new semiconductors and dielectric materials for OFET.  
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Abstract 

The application of PTB7-Th polymer as an efficient semiconductor material in photo-

transistor (PT) has been demonstrated, with a strategy to improve the hole transport and 

increase stability under dark as well as illumination conditions. The results have been 

established using two solvent additives, namely 1,8-diiodooctane (DIO) and 1,8-

dibromooctane (DBrO) which have the ability to modulate the polymer morphology. These 

additives also improve the charge transport properties and helps in achieving higher mobility 

in organic field effect transistor (OFET). The DIO and DBrO-modified devices show an 

increase in mobility (0.09 and 0.22 cm2/V-s, respectively) with respect to the pristine device 

(without any additive). Further, the device stability in dark as well as under illumination 

improves drastically for DBrO-modified device whereas photo-degradation of DIO-modified 

device is observed. The photo-physical studies, AFM, FESEM, XRD and electrical 

investigations were carried out to understand the effect of solvent additive in lowering the 

contact resistance, suppressing traps and improving morphology. With the optimized 

concentration of DBrO as solvent additive, a PTB7-Th based PT is implemented and a 

responsivity of 688 A/W is obtained.  
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3.1 Overview 

A high performing, stable and robust organic field effect transistor (OFET) is an 

essential component for various commercial electronic applications. However, achieving high-

performance OFETs faces major roadblocks like low mobility and stability which can be 

attributed to the interfacial and bulk traps. To overcome these hurdles, various approaches are 

being attempted including development of various organic semiconductor materials, source-

drain contact modification, doping of the active layer, and adopting various device 

engineering.1-7 The mobility in polymer-based FETs is mainly challenged by the 1) structural 

disorder, 2) interfacial traps, and 3) traps induced by environmental conditions like 

temperature, light, moisture, oxygen etc. However, polymer backbone alignment is a major 

deciding factor for achieving higher FET mobility.8 The alignment of the polymer is preferred 

parallel to the substrate for better charge transport from source to drain in FET.9 The alignment 

of the polymer backbone can be modified by various techniques like blade coating, nano 

grooving, annealing, additives engineering, etc.8, 10 The incorporation of molecular additives 

is known to improve the thin film morphology and reduce traps.11 Despite the utilization of 

solvent additives to modulate the device performance in photovoltaic and thermoelectric 

device is very common, its significance in polymer FETs is less explored. Solvent additives 

like 1,8-diiodooctane (DIO) and chloronaphthalene are previously used as morphology 

modifiers for achieving enhanced mobility.12-17 By introducing solvent additives of varying 

volatility, the alignment of the polymer chains is modulated and the charge transport property 

is also regulated.18-20 Less volatile solvent additives are reported to help in controlling thin film 

morphology in order to achieve better charge transport, nevertheless residuals of these solvents 

hamper the stability of the device. Even DIO is reported to form photo-acid in presence of 

light, hence, any of its residuals degrades the device performance further.21 Therefore, the 

investigation for proper solvent additive is required to attain improved active layer morphology 

for enhanced device efficiency and stability. One largely adopted method for residual additive 

solvent removal is by treating the film with an anti-solvent.22 This method can produce similar 

device results as attained by high vacuum drying or high-temperature annealing process.  

Polymer based FET device can also be utilized as photo-transistor (PT), which is an 

indispensable part for digital camera, satellite, wearable and biomedical electronics. For this 
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application, the active layer materials should be highly stable under illumination.23, 24 

Generally, materials displaying high absorption coefficient are utilized as active materials for 

PT application. Various photo-active inorganic25 and organic small molecules26-28 have been 

explored rigorously for PTs, yet the use of polymers is minimal.29  PTs based on polymer 

semiconductors possess advantages like low cost, low-temperature solution processing and 

easy implementation of flexible devices.30 PTB7-Th is a good photoactive polymer material,31-

33 yet despite having considerable mobility and high absorption coefficient, it is not yet 

explored for active material of a PT.  

Herein, the effect of solvent additive in improving the charge transport of holes in a 

PTB7-Th based FET device has been studied. Also, for the first time, PTB7-Th based photo-

active material has been demonstrated in a PT device with increased stability under dark as 

well as illumination conditions. DIO and (1,8-dibromooctane) DBrO have been used as solvent 

additives in the semiconductor layer of the FET device and their comparison has also been 

done without any solvent additive in the semiconductor layer. Both DIO and DBrO modulate 

the charge transport in transistor, however the highest mobility (0.22 cm2/V-s) and stability is 

attained by using DBrO as the additive. Therefore, DBrO is reported as a new and efficient 

solvent additive for p-type PT with the aim of improving the charge transport properties and 

hence enhancing the stability of PT as well. It has been observed that DBrO as a solvent 

additive not only improves the thin film morphology but also suppresses the charge carrier 

trapping and enhances the stability of the device in dark and under illumination. Electrical 

characterization of the device is carried out for different concentrations of solvent additives. 

Atomic force microscopy (AFM) and field emission scanning electron microscopy (FESEM) 

are employed to study the morphological variations achieved by the solvent additives. X-ray 

diffraction (XRD) is used to understand how the solvent additives change the orientation, 

crystallinity of the films and alignment of the chains. The absorption and emission are analyzed 

by studying the UV-Visible and photoluminescence (PL) spectra, while Urbach energy is 

calculated from UV-Vis spectra to understand the degree of disorder in the semiconductor thin 

films. 
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3.2 Experimental Section 

3.2.1 Materials  

PTB7-Th was thermally synthesized according to the previous literature.31 Poly(methyl 

methacrylate) (average Mw ~996 kDa), Polystyrene (average Mw ~350kDa), Poly(4-

vinylphenol) (average Mw ~25 kDa), Molybdenum(VI) oxide, Aluminium (Al) and Copper 

(Cu) wire were purchased from Sigma Aldrich and PVA (average Mw ~115 kDa) from Loba 

Chemicals and used without further purification. 

3.2.2 Device Fabrication 

The OFET was fabricated following the Bottom gate top contact architecture. The glass 

substrates were cleaned by dipping the substrates in piranha solution for 1 hour. 100 nm of Al 

was thermally deposited on the cleaned glass substrates to form the gate electrode of width 

1mm by shadow masking on a glass substrate. 100 mg/mL solution of PVA in DI water was 

prepared and spin coated with 1000 rpm for 30 s on the gate deposited substrate and dried at 

100 oC for 1 hour to form 1 µm thick layer. PVA acts as the first dielectric in all three OFETs, 

over which a 100 nm (3000 rpm 30 s) thick second dielectric layer (PMMA) is coated and 

dried at 100 oC for 1 hour and 60 nm thick polymer semiconductor layer was spin coated. 

Finally, for the top contact 5 nm of MoOx and 60 nm of Cu were thermally deposited using 

shadow masking to form a channel of length (L) 40 µm and width (W) 0.8 mm. All the 

fabrication processes were done in ambient condition. The device architecture is depicted in 

Figure 3.1 a.  

 For the semiconductor, a solution of 10 mg/ml of PTB7-Th in chlorobenzene was 

prepared by continuously stirring for 1 hour at 50 oC. After 1 hour of stirring the solvent 

additive (DIO and DBrO) was added and kept on stirring for 10 min more. The devices were 

optimized for different concentrations (0% or control device, 0.5% v/v, 1% v/v, 1.5% v/v, 2% 

v/v) of the solvent additives. Then the solution was coated by following a 2 step spin coating 

process. In first step, PTB7-Th was dynamically spin coated at 2500 rpm for 45 s, and in the 

second step, methanol was used for antisolvent washing at 4000 rpm for 40 s. Finally, the 

substrates were dried at 70 oC for 10 min to form a film of ~ 60 nm thickness. 
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Figure 3.1: (a) Device architecture, molecular structure of PTB7-Th and solvent additives (DIO and DBrO), 

output curves of PTB7-Th based OFET with (b) no solvent additive, (c) DIO as solvent additive, and (d) DBRO 

as solvent additive. 

3.2.3 Characterization 

CH Instruments 760D was used for Electrochemical measurements. For PL 

measurements, a Horiba Fluoromax-4 spectrofluorometer was used and MicroTime 200 was 

used for TRPL. DFT method using the Gaussian 03 package with the B3LYP hybrid functional 

and a 6-31G basis set was used for theoretical calculations. The thickness of the thin films was 

measured using Dektek 150 stylus profiler.  The AFM images were recorded on an Agilent 

5500 AFM/SPM microscope in tapping mode to avoid tip surface interaction causing any film 

damage. All the transistor characterization was performed by using a Keithley 4200 SCS 

parameter analyser under vacuum conditions. For UV-VIS, a Shimadzu UV 2600 UV-VIS 

spectrophotometer and for XRD a Rigaku X-Ray diffractometer was used. 

3.3 Results and Discussions 

 Bottom-gate-top-contact OFET devices were fabricated using PTB7-Th polymer as the 

semiconductor active layer. Three variants of devices were fabricated based on the solvent 

used: (i) the control device in which chlorobenzene (CB) is used as processing solvent without 

Source

Drain

Solvent additives(a)

0 -5 -10 -15 -20 -25 -30 -35 -40
0.0

-0.4

-0.8

-1.2

-1.6

-2.0

VDS (V)

VDS(V)VDS(V)VDS(V)

I D
S

 (
m

A
)

VGS = -40 V

VGS = -30 V

VGS = -20 V

VGS = -10 V

0 -5 -10 -15 -20 -25 -30 -35 -40

0.0

-0.5

-1.0

-1.5

-2.0

-2.5

-3.0

I D
S

 (
m

A
)

VDS (V)

VGS = -40 V

VGS = -30 V

VGS = -20 V

VGS = -10 V

0 -5 -10 -15 -20 -25 -30 -35 -40

0.0

-0.8

-1.6

-2.4

-3.2

-4.0

VGS = -10 V

VGS = -20 V

VGS = -30 V

I D
S

 (
m

A
)

VDS (V)

VGS = -40 V
(d)(c)(b)

R= 2-ethylhexyl

TH-2930_176153007



 

Chapter 3                                                            Additive-Assisted Semiconductor Morphology 

52 

 

any additive, (ii) DIO-modified device in which varying concentrations of DIO is used along 

with CB as processing solvent, and (iii) DBrO-modified device in which varying 

concentrations of DBrO is used along with CB as processing solvent. The device architecture 

of the OFET, materials used as semiconductor layer and solvent additives are presented in 

Figure 3.1 a.  

 

Figure 3.2. Transfer curves of PTB7-Th based OFET with (a) no solvent additive (control), (b) DIO as solvent 

additive, and (c) DBrO as solvent additive, (d) error bar diagram showing the comparison of saturation mobility 

of the OFETs for different concentration of DIO and DBrO devices, (e) comparison of linear and saturation 

mobility of control, DIO, DBrO modified devices, and (f) linear mobility as a function of VGS-VTH. 

Table 3.1: Summarized OFET parameters.  

Device Saturation 

Mobility (µsat), 

cm2/V-s 

Linear Mobility 

(µlin), cm2/V-s 

VTH, V SS, 

V/dec 

Trap density 

(from SS),  

cm-2 eV-1 

ION/IOFF 

Control 0.080 

(0.075±0.005) 

0.075 

(0.070±0.005) 

0.7±0.3 1.3 4.4x1011 104 

 DIO (1.5 %) 0.090  

(0.08 ±0.01) 

0.080        

(0.075 ±0.005) 

1.5±1 1.2  3.9x1011 104 

DBRO (1.5 %) 0.22  

(0.21 ±0.01) 

0.17 (0.15 ±0.02) 2.0±1 0.9  3x1011 105 

#Highest and average value of 20 devices 

 A bilayer polymer dielectric system (PVA+PMMA) is adopted to achieve optimum 

accumulation of charges at the interface and reduced interfacial traps. The output characteristic 
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graphs obtained for the three devices with optimum processing conditions are shown in Figure 

3.1 b-d. From the output curves it can be perceived that least hysteresis and highest IDS is 

obtained for DBrO-modified device, suggesting lesser density of trap states and better charge 

transport compared to both DIO-modified and control devices. Transfer curves for the three 

devices are obtained simultaneously and shown in Figure 3.2 a-c. All the performance defining 

parameters such as linear mobility (µlin) and saturation mobility (µsat), threshold voltage (VTH), 

subthreshold swing (SS), trap density (NTrap) of the three devices are extracted and presented 

in Table 3.1. A low threshold voltage of < 1V is obtained for control device which increased 

slightly for the modified devices. This slight increase in VTH in the modified devices is because 

of the residual solvent additive as these additives act as insulator, as a result higher voltage is 

required to switch on the device.  Next to confirm the trap density, subthreshold swing (SS) is 

calculated and is found to be 1.3, 1.2 and 0.9 V/dec for control, DIO and DBrO-modified 

devices, respectively. Furthermore, the trap density is calculated from the SS values and is 

estimated to be 4.4 x 1011, 3.9 x 1011 and 3.0 x 1011 cm-2 eV-1 for control, DIO and DBrO-

modified devices, respectively. The reduced trap density for DBrO-modified device leads to 

mitigated hysteresis and higher ION/IOFF. High back sweep current hysteresis in transfer 

characteristics can be observed at low VGS, which can be attributed to the slow polarization 

effect induced by the first dielectric PVA.34-36 However at higher VGS, hysteresis is negligible 

in both DIO and DBrO modified devices, low back sweep hysteresis arising due to higher 

density of traps can be observed in the control device. All the observations suggest that the trap 

density reduces with inclusion of solvent additive and the least trap density is obtained for 

DBrO-modified device. Considering the significant improvement of the device performance 

with solvent additives, an analysis on the effect of solvent additive concentration on the 

mobility of OFETs is carried out. Figure 3.2 d shows the comparison of µSat for different 

concentration of solvent additives. A rise in µSat has been observed with increase in 

concentration of solvent additive from 0.5-1.5 % v/v. A ~3-fold enhancement in mobility (0.22 

cm2/V-s) was observed for 1.5 % v/v addition of DBrO compared to the control device (0.08 

cm2/V-s). The mobility of the DBrO device has improved significantly from the previous 

PTB7-Th based OFET reports.31, 37-39  
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Figure 3.3: X-ray diffraction pattern (XRD) (a) 2theta scan, (b) omega scan (for 010 plane), (c) UV-Vis, and (d) 

photoluminescence spectra of PTB7-Th thin film. 

 However, at 2% of additive, the device repeatability and mobility reduced. This may 

be because of residual solvent additive at higher additive concentration resulting in increased 

traps states.41 Increase in both µlin and µsat is realized for DBrO device compared to the control 

and DIO (Figure 3.2 e) due to least trap density. The µsat which is supposed to be injection 

limited is higher than µlin indicating that the mobility is not injection limited in the all three 

devices especially in DBrO-modified. The gate voltage dependent mobility plot demonstrates 

increased dependency of mobility on VGS for DBrO (Figure 3.2 f). The increase in mobility 

with VGS in the linear region is attributed to the rise in carrier concentration in the channel.35 

This confirms that the interfacial traps are less in DBrO as the mobility linearly increases with 

VGS suggesting better accumulation even at higher VGS. From the characteristic graphs it can 
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be analyzed that the charge transport is improved with the incorporation of solvent additives 

and the best results are obtained for the DBrO-modified device.  

 

Figure 3.4: AFM, FESEM images of PTB7-Th coated on dielectric PMMA with (a), (b) no solvent additive, (c), 

(d) DIO as solvent additive, and (e), (f) DBrO as solvent additive. 

 The effect of solvent additive on the orientation, crystallinity and order of the polymer 

thin films were investigated by XRD and UV-Vis study. To understand the orientation of the 

polymer films in the direction parallel (∥) and perpendicular (⊥) to the substrate, 2θ (Figure 

3.3 a) and grazing incidence angle scan (ω) (Figure 3.3 b) were recorded, respectively. ∥ is the 

direction of charge transport and ⊥ is the direction of charge injection for the OFET 

architecture adopted here.35 Hence highly ordered film in both the directions is essential for 

realizing high performance of the device. In the 2θ XRD measurement, the peak for the 010 

plane at 22.6˚ corresponds to the π-π stacking with d spacing of 3.9 Å. The peak intensity 

increased for the modified films compared to the control film and the highest intensity is 

obtained for DBrO-modified film. The ω scan gives the arrangement of the film in the ⊥ 

direction and the highest intensity is obtained for DBrO. The increased diffraction peak 

intensity of the DBrO-modified film in both 2θ and ω scans suggests increased crystallinity 

and higher ordered film of DBrO in both the ⊥ and ∥ vertical direction. This ensures better 
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injection of the charges in the semiconductor as well as its transport in the channel which is 

consistent with the mobility values extracted for the OFET devices. To better understand the 

degree of disorder present in the film, UV-Vis and PL spectroscopy are studied (Figure 3.3 c, 

d). As seen in the UV-Vis absorption spectra, the solvent additive modified films illustrate 

higher vibronic peak intensity 640 and 700 nm.31 The shoulder peak at shorter wavelength of 

500 nm also increased for DBrO modified film indicating easy high energy electronic state 

transition which is almost absent in the control and DIO films. The Urbach energy (𝐸𝑢), another 

quantification of film disorder, is also extracted from the UV spectra using Equation 3.1:40-42
  

 = 0 exp (
𝐸

𝐸𝑢
),    (3.1) 

where α is the absorption coefficient, α0 is a constant, and E is the photon energy. Eu can be 

extracted from inverse slope of the ln vs E plot. The localized states near the band edge create 

shallow traps and Urbach energy can be directly correlated with these localized defect states 

or the tail states.42, 43 The minimum value of 20 meV is found for DBrO-modified film. The 

DIO incorporated film has slight higher Urbach energy of 50 meV indicating disordered film 

which is also consistent with the XRD study whereas, control film showed the highest Urbach 

energy of 140 meV, hence the highest disorderness which is most likely due to utmost trap 

density.  The photoluminescence (PL) also confirms better ordering in the DBrO film as the 

PL intensity follows the same order DBrO > DIO > control. All these observations are in 

agreement with the charge carrier mobility obtained for the OFETs. Further to investigate the 

impact of solvent additives in defining the morphology and crystallinity of the microstructures 

of the semiconductor thin film, AFM and FESEM characterizations were performed. The AFM 

images of the films coated on the interfacial dielectric are shown in Figure 3.4 a-c and the 

FESEM images are presented in Figure 3.4 d-f. In the control film, no specific structures or 

domains are observed (Figure 3.4 a), however, at higher resolution and magnification of 

FESEM, small domains could also be observed (Figure 3.4 d). In the DIO-modified film, huge 

aggregations separated by large distance are observed in AFM image (Figure 3.4 b). This sort 

of morphology of DIO modified PTB7-Th film has been previously obtained as well.39 Similar 

aggregation is seen in FESEM image (Figure 3.4 e) as well, however in FESEM, the domains 

can be visualized and increase in domain sizes compared with the control film is observed. 

These large nano-aggregates likely hinder the charge transport which restricts the mobility 
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improvement and decreases the device repeatability. The DBrO-modified film showed distinct, 

homogeneous domains which are closely packed (Figure 3.4 c). The FESEM image (Figure 

3.4 f) shows the compact and larger domains of the DBrO modified film. This further validates 

the higher crystallinity perceived from the 2θ XRD pattern (Figure 3.3 a) of DBrO-modified 

film which might be a reason for higher mobility of OFET.43 

 

Figure 3.5: (a) Channel width normalised channel and contact resistance vs channel length plot to find the channel 

resistance following TLM method and the inset is showing the contact resistance of the three devices at channel 

length (L=0), and (b) bias stress measurement for 1hr (30 min in dark +30 min in light) of the PTB7-Th based 

transistor with DIO and DBrO as solvent additive and for the control device is shown in the inset. 

 Thereafter, to understand the influence of morphology in charge injection, the contact 

resistance is extracted (Figure 3.5 a) from the output curves at VGS= -40 V. The transmission 

line method (TLM) used to calculate the contact resistance indicate that the DBrO-modified 

device had least contact resistance which explains the higher peak intensity of DBrO modified 

film in the ω scan (Figure 3.3 b) confirming better charge injection compared to DIO-based 

and control devices. The channel resistance (at L > 0 µm) also follows the same sequence 

indicating better charge transport in DBrO.  Next, the stability of the device is tested to 

understand the effect of traps and defects in deteriorating device conditions. The bias stress 

measurement for the devices in dark and under illumination are measured for 1 hour (30 min 

in dark + 30 min in light) (Figure 3.5 b). The DBrO device showed sluggish decay and the 

device retained 60% of the initial current value in dark and 78% in illumination.  
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Figure 3.6: (a) Output characteristics and (b) transfer characteristics of PTB7-Th based PT at different light 

intensities, IDS response as a function of (c) pulsed VGS (0.2 Hz) and (d) pulsed light input (0.2 Hz), Rise time and 

fall time of IDS vs. time for (e) VGS input, (f) light input. 

 The DIO-modified device retained 58% in dark and reduced to 25% of initial IDS under 

illumination. The control device degrades to 20 % of the initial IDS in dark (Figure 3.5 b inset) 

and to ~50% under light. Though in dark both DIO and DBrO devices show comparable 

stability but under illumination DIO device degrades significantly.  The reduced stability of 

DIO device compared to DBrO is because of residual DIO forming photo-acid in presence of 

light.21 Iodine readily dissociates in presence of light to form HI which is a strong acid and its 
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presence in the semiconductor film degrades the device properties, whereas, DBrO does not 

readily dissociate, hence formation of photo-acid is hindered.44 Owing to higher 

electronegativity of bromine compared to iodine, bromine is a better electron acceptor as well. 

As a result, it helps in improving the charge transport of holes.44 Thus, by introducing DBrO 

as solvent additive, a significant enhancement of device stability is realized which suggests 

that infusing DBrO reduces the interfacial and bulk trap states significantly and contributes to 

improving the OFET-based device performance and increases its stability. On obtaining the 

best device performance and stability for DBrO-modified OFET device, its photo response 

behavior is studied using a light source having a band-pass wavelength of 500-800 nm. Output 

and transfer characteristic showing the photoresponse at different light intensities are obtained 

for the same device architecture and shown in Figure 3.6 a, b respectively and the values are 

listed in Table 3.2. Maximum photo responsivity of 688 A/W and Detectivity of 1.2 x 1011 is 

obtained at a light intensity of 0.05 W/m2. The Responsivity (R) and Detectivity (D*) are 

calculated using Equations 3.2 and 3.3 respectively: 

R = (ILight - IDark)/(Pin x S)  (3.2) 

D* = R x S1/2(2eIDark)
-1/2    (3.3) 

Table 3.2: Photo response characteristics of the DBrO PT 

Power, W/m2 Responsivity, A/W Detectivity 

0.37 209 3.6 x 1010 

0.10 460 9.2 x 1010 

0.05 688 1.2 x 1011 

 

where ILight represents the source-to-drain current under illumination, IDark is the source–drain 

current under dark, and Pin represents the power of the incident light per unit area, e is the 

charge of an electron, S (=3.2 x 10-4 cm2) is the effective sensing area of the device. Finally, 

the electro-optical response of the DBrO device is tested by employing a combination of light 

and electrical signal. The change in output current (IOUT/IDS) with the two inputs, optical 

(Lightin) and electrical (gate voltage, VGS) are shown in Figure 3.6 c, e. This can be presented 

as an OR gate with light and gate voltage as the two inputs as a high output current i.e., a drain 

current (IDS) will be obtained if either of the two inputs are high. Figure 3.6 c, e demonstrates 

the OR gate function of the OFET. The rise time (τr) and fall time (τf) are shown in Figure 3.6 

d, f and a total response time (τr + τf) of 1.6 s is obtained for light switching at VGS = -40 V. 
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3.4 Conclusions 

 In summary, enhanced device performance of p-type PTB7-Th based FET is 

demonstrated utilizing a solvent additive incorporation strategy. Two solvent additives, namely 

DIO and DBrO, are used and their effects on the device parameters are carefully investigated. 

The morphology of the semiconductor thin film can be regulated via fine tuning the 

functionalization of the solvent additives. The concentration of the additives is also optimized 

strategically and it is found that the device with optimal DBrO concentration reveals highest 

mobility of 0.22 cm2/V-s which is almost 3 times higher than that of the control device. The 

stability of the DBrO modified device also significantly improves under dark and under 

illumination where it retains ~78% of the device properties after 1 hour of bias stress. This 

notable device performance is attributed to the improved film morphology and reduced traps. 

After confirming the best device performance and stability under illumination, PT was 

fabricated with the DBrO modified device. A responsivity of 688 A/W is obtained for an 

applied optical power of 0.05 W/m2. This facile additive engineering approach provides deep 

insights into the morphology driven correlation with FET device parameters and their 

application in PTs. 
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Abstract 

Solution processable organic field-effect transistors (OFETs) are at the forefront of the 

future of electronic circuits. They have the potential for low-cost, large-scale fabrication on a 

variety of substrates. However, their application in electronic circuits is challenged by the 

unforeseen presence of defects leading to lower mobility. This contribution demonstrates the 

application of a photo-active polymer-based phototransistor (PT) in a digital electronic circuit. 

Initially, solvent additive engineering strategy is adopted to tune the thin film morphology and 

reduce morphology related defects, resulting in improved device performance. The 

incorporation of 1-bromonaphthalene improves the mobility from 0.09 to 0.50 cm2 V-1 s-1 with 

enhancement in both photo-absorption and photo-stability. The results are well supported with 

electrical characterization, photo-physical and morphological studies. Thereafter a novel and 

unique architecture of opto-inverter is presented using the PT. In this work, opto-electronic 

logic NOT gate is also fabricated by utilizing a simple resistive load circuit. This circuit 

demonstrated the combined functionality of a logic gate and a transducer. Further, this 

technique can be easily implemented for minimizing the circuit components and complexity 

by replacing a photodetector and a NOT gate with a single opto-inverter in application 

requiring both 
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4.1 Overview 

 Over the last few years, solution processable organic field effect transistors (OFETs) 

based integrated circuits (ICs) like basic logic gates have seen a surge in research interest.1-4 

This is because of the enormous advantages such as low cost and easy processing, band 

tunability, and the possibility to be fabricated on a variety of substrates like plastic, cloth, 

paper, etc.5-7 But the morphological defects are more challenging in thin films formed by 

solution processing rather than vacuum deposition. Even though transistors are known to be 

the basic building block for any IC, the OFETs have found their applications primarily in 

switches and are being extended to biological, chemical, and gas sensors.8-11 Utilizing OFETs 

for designing various other circuits needs more exploration to realize potentially efficient 

devices and applications. One of the fundamental hurdles for OFETs to be employed in IC is 

its low mobility, limiting its use primarily to sensors, where the requisite is only the 

amplification of the output signal and not high mobility of the OFET. The key factors 

contributing in restricting the mobility are morphological disorder, interfacial traps, and traps 

contributed from environmental conditions like moisture, temperature, and light. Several 

materials have been developed and simple device engineering strategies have been utilized till 

date to improve the mobility and performance of the device.12-14 The strategy of incorporating 

solvent additive is one such technique to modulate the morphology of the polymer thin film 

and enhance the device performance.15, 16 There are numerous reports confirming the usage of 

solvent additives as morphology modifier for solar cell applications and they have the ability 

to tune OFET device performance,17, 18 however, this is relatively new for transistor 

applications. Thus, the choice of solvent additive can open up newer avenues for OFET 

application beyond sensors. The mobility obtained in this work is highest for all OFET based 

devices with PTB7-Th including our previous works.7, 15, 19, 20 The molecular structure and 

bandgap of organic semiconductors induce photoelectric properties in OFETs which have 

allowed them to be utilized as phototransistors (PT), light-emitting transistors, optical memory 

devices, and photo synaptic transistors.21-25 Recently, OFETs have also been investigated for 

fabrication of integrated circuits (ICs) and various logic gates.1, 2 However, most of the reports 

have explored the ambipolar nature of the semiconducting organic layer for transistors with 

TH-2930_176153007



 

Halonaphthalene Additive Modified Opto-Inverter      Chapter 4 

 

69 

 

 

only electrical input and output. Further, IC fabrication for inverter application utilizing n-type 

and p-type OFETs (complementary OFETs) on the same substrate has been also attempted.26, 

27 Nevertheless, these type of inverters involve complex fabrication steps as two separate 

transistors with different channel dimensions and electrodes are required on the same substrate. 

1, 2, 26, 28 This requires separate optimization of channel dimensions and charge transport 

properties of the two different transistors. Whereas, resistive load inverters (RLIs) in which 

one of the transistors is replaced with a resistance reducing the overall fabrication complexity. 

However, this technology has been less explored in the scientific community due to the 

requirement of extra layout space and additional component. Utilizing PT in of RLIs will allow 

easy implementation of opto-inverters which will facilitate the use of both electrical and optical 

inputs and eliminate any extra fabrication cost.  

 It has been generally observed that an external component is integrated with a transistor 

for fabrication of a conventional RLIs. For the removal of that external component a resistive 

load opto-inverter has been fabricated by integrating a simple resistive component (drop-casted 

PEDOT:PSS) with PTB7-Th based PT in this work. In this simple IC, combined function of a 

transducer converting the light input to electrical output and a logic NOT gate to invert the 

input signal is availed. Unlike a simple photodetector, here the need for a separate driving 

circuit is eliminated, lowering the circuit complexity and improving the overall circuit 

compactness. For implementing the opto-inverter, the resistor was fabricated simultaneously 

along with the OFET on the same substrate. At first the solvent additive technique is utilized 

to improve the PTB7-Th based OFET. A series of naphthalene-based solvent additives, namely 

1-Chloronaphthalene (CN), 1-Bromonaphthalene (BN), 1-Iodonaphthalene (IN), were studied, 

and their effect on OFET characteristic parameters are compared with the device without any 

solvent additive. All three additives have shown modulation of the device properties. However, 

the highest mobility of 0.50 cm2 V-1 s-1 is obtained for the BN modified device. Further, the 

photo response of the PTB7-Th based PT is examined by analyzing various parameters such 

as responsivity, detectivity, and their stability under light and in the dark. After examining the 

light response and stability of the variants of the device, the opto-inverter circuit is fabricated 

and characterized to invert the electrical output to validate the function as logic NOT gate. 
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4.2 Experimental Section 

4.2.1 Materials  

PTB7-Th was thermally synthesized according to the previous literature.20 Poly(methyl 

methacrylate) (average Mw ~ 996 kDa), Molybdenum(VI) oxide, and Aluminium and Copper 

wire were purchased from Sigma Aldrich, Poly(3,4-ethylene dioxythiophene)-poly(styrene 

sulfonate) (PEDOT:PSS, PVP AI 4083) was bought from Clevios and PVA (average Mw ~ 

115 kDa) from Loba Chemicals and used without further purification.  

 

Figure 4.1: (a) Schematic of PTB7-Th thin-film coating; output characteristics of (b) Control, (c) CN (d) BN (e) 

IN modified OFETs. 

4.2.2 Device Fabrication 

OFET: The OFET fabrication technique and OFET parameter calculation formulae used 

are similar to our previous work.15 For semiconductor layer spin coating, solvent additives 
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(CN, BN, IN) was added and kept on stirring for 10 min more. The devices were optimized for 

different concentrations (0% or control device, 0.5% v/v, 1% v/v, 1.5% v/v, 2% v/v) of the 

solvent additives.  

Opto-Inverter Circuit: For the resistive load, the drain electrode was extended, and a 

channel of 100 µm was made by shadow masking simultaneously during the source-drain 

deposition. After deposition of the metal electrode, PEDOT:PSS was drop cast on the Channel 

and vacuum dried for 10 hours before starting measurement.  

4.2.3 Characterization 

 The thickness of the thin films was measured using Dektek 150 stylus profiler. The 

AFM images were recorded in tapping mode on an Agilent 5500 AFM/SPM microscope to 

avoid tip surface interaction causing any film damage. All electrical characterizations were 

performed using a Keithley 4200 SCS parameter analyzer under vacuum conditions. For the 

phototransistor and opto-inverter measurements, an Oriel DC regulated illuminator of 0.37 W 

m-2 power and wavelength in the range of 550-800 nm was used.  For UV-VIS, a Shimadzu 

UV 2600 UV-VIS spectrophotometer, for PL measurements, a Horiba Fluoromax-4 

spectrofluorometer was used, and for XRD, a Rigaku X-ray diffractometer was used. 

4.3 Results and Discussions 

 One of the many challenges of fabricating an OFET is obtaining optimum morphology 

of a solution-processed semiconductor layer. Four variants of OFET (one control and three 

additive modified) are fabricated with the bottom-gate-top contact architecture, where PTB7-

Th is used as the photosensitive semiconductor layer, to investigate the role of solvent additive 

as morphology modifier in modulating transistor performance. Three types of morphology 

modifier (CN, BN and IN) is utilized to fabricate devices along with chlorobenzene (CB) as 

the primary processing solvent. For comparison, a control device is fabricated with only CB 

as the processing solvent The schematic representation of the PTB7-Th thin film formation for 

OFET is shown in Figure 4.1 a. Figure 4.1 b-e shows the output characteristic graphs of all 

the where it can be observed that the BN-modified device has demonstrated the highest current 

and no hysteresis. 
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Figure 4.2: Comparison of transfer characteristics at different concentrations of solvent additives (a) CN (b) BN 

(c) IN modified OFETs, (d) comparison of the  √IDS vs. VGS for the four variants of OFET; (e) error bar 

diagram showing the change in mobility of the OFETs with different concentrations of solvent additives; (f) 

Channel width normalized channel resistance vs channel length plot to find the contact resistance following the 

TLM method. 

The comparison of transfer characteristics (Figure 4.2 a-c) with various 

concentrations of the solvent additives is also recorded. Figure 4.2 d comprises of the 

transfer characteristic curves for the best concentration of device (1.5% v/v) for each 

solvent additive. The optimum device properties in terms of mobility are defined by 

1.5% v/v of solvent additive as depicted in the error bar diagram (Figure 4.2 e). On 

increasing the additive concentration above 1.5% v/v, the device properties degrade, 

and a huge variation is observed in the mobility value which might be due to the residual 

additive as already obtained in one of our previous works.15 Transmission line method 

has been utilized to evaluate the contact resistance for all the devices (Figure 4.2 f). 

The resistances are extracted from the output characteristic graph of the device 

fabricated with different channel lengths (40 µm, 60 µm, 100 µm). The obtained contact 
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resistances for the control device is ~129 KΩ-cm, as well as CN, BN and IN modified 

device are ~13 KΩ-cm, ~7 KΩ-cm, and ~21 KΩ-cm respectively. Hence it can be 

observed that the contact resistance reduces with the inclusion of solvent additive, and 

the lowest contact resistance is observed for the BN modified device. This suggests that 

the inclusion of the solvent additive not only improves the charge transport but also 

enhances the charge injection in the semiconductor layer. 

Table 4.1. Summarized OFET parameters. 

Device Linear Mobility 
(µ), 

[cm2
2

V-1 s-1] a) 

VTH, [V]a) SS, 
V dec-1 

Trap density 
(from SS),  
cm-2

 

eV-1
--11

 

ION/IOFF
OFF

 

Control 0.09 
(0.08±0.01) 

1.9±1 1.26 4.4x10
11

 104 

CN (1.5 %) 0.42 (0.39 
±0.03) 

3.0±1 0.91  3.9x10
11

 105
5

 

BN (1.5 %) 0.50 (0.47 
±0.03) 

3.3±1 0.88  3.1x10
11

 105 

IN (1.5 %) 0.30 (0.29 
±0.01) 

2±1 0.83 2.0x10
11

 105
5

 

a) Standard deviation of 20 devices   

 

Figure 4.3: AFM, FESEM images of PTB7-Th coated on dielectric PMMA with (a), (e) no solvent additive, (b), 

(f) CN as solvent additive, (c), (g) BN as solvent additive and (d), (h) IN as solvent additive respectively. 

 To better understand the device properties, a comparison of all the device 

parameters was performed and listed in Table 4.1. The control device exhibits mobility 

of 0.09 cm2 V-1 s-1 which improves to 0.30 cm2 V-1 s-1 after adding an optimal amount 

(1.5% v/v) of IN as solvent additive, which further enhanced to 0.42 cm2 V-1 s-1 with 
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CN as a solvent additive in the same concentration as the processing solvent CB. 

However, the highest mobility of 0.50 cm2 V-1 s-1 is obtained from the BN modified 

device, which is the best value reported till date for PTB7-Th based OFETs. 7, 15, 19, 29, 30 

A slight increase in threshold voltage is noticed in the modified devices (3.3 V) 

compared to the control device (1.9 V). This increase in threshold voltage may be due 

to the residues of the high boiling point solvent additives as they are insulators in nature, 

acting as traps. Hence higher voltage is required for sufficient accumulation of charges 

to turn on the device. The sub-threshold swing also improved for the modified devices, 

while almost similar ION/IOFF is obtained for all the devices.    

 

Figure 4.4: (a) Domain size distribution measured from FESEM;(b) XRD spectra; (c) comparison of the domain 

size obtained from FESEM and the crystal size calculated from XRD of the control, CN, BN, IN modified 

films. 

 Further, to understand the mechanism behind the improvement in the device 

properties, the semiconductor morphology is examined utilizing AFM and FESEM 

analyses. It can be observed from the AFM images (Figure 4.3 a-d) that the root mean 

square roughness (σrms) of all the modified films has reduced compared with the control 

film. The least roughness is obtained for the BN-modified film. This is in agreement 
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with the enhanced charge transport and hence high charge carrier mobility of the BN-

modified device.31 The change in morphology and variation in domain size of the 

semiconductor film with the inclusion of solvent additive is easily distinguishable from 

the FESEM images (Figure 4.3 e-h). It can be well observed that the shape of the 

domains also changes with the inclusion of various additives. The control film (Figure 

4.3 e) shows the smallest and spherical shaped domains, whereas with the incorporation 

of solvent additives the domains become more fibrillar and the average size also 

increases. BN-modified film displayed largest grain size (Figure 4.4 a). The larger size 

of the domains can be linked with higher mobility values as the highly ordered and 

interconnected fibrillar structure are reported to improve the charge transport.32, 33 To 

consider the bulk crystallinity, XRD spectra is recorded as shown in (Figure 4.4 b) from 

where full width half maxima (FWHM) and crystal size are also estimated (Figure 4.4 

c). FWHM was the least for BN-modified film which also confirms its largest crystallite 

size. This follows a same trend as that of the domain size obtained from the FESEM 

results. A clear correlation between the bulk crystallinity and the surface morphology 

is drawn and is in good agreement with the mobility values obtained for the OFET 

devices. 

 

Figure 4.5: UV-Vis absorption of the PTB7-Th solution with different concentrations of the additives (a) CN, 

(b) BN, and (c) IN.  

 In order to get an insight of the effect of the solvent additives in modifying the 

light sensing property, UV-vis absorption spectra of the polymer solution with different 

solvent additive loading is collected. The crystallization process can be determined from 

the aggregation formed in the polymer solution prior to the spin-coating. 
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Predetermination of the growth and nucleation of the thin film from the UV-vis of the 

polymer solution has been previously reported17, 34, 35 No significant change in 

absorption spectra is observed on gradually increasing the loading of CN and IN from 

0.1% to 1.5% v/v. However, on increasing the loading of BN from 0.1% to 1.5% v/v, a 

significant enhancement in the absorbance occurs (Figure 4.5) indicating that BN helps 

in improving the absorption of PTB7-Th which was absent in the case of CN and IN 

loading. 

 

Figure 4.6: (a) Normalized drain current behaviour under bias stress of VGS = VDS= -40 V and (b) capacitance vs 

voltage characteristic curve comparison for the CN, BN, IN modified devices at 10 kHz frequency for the 

control, CN, BN, IN modified devices. 

 Next, to understand the effect of incorporating high boiling point solvent additive in 

charge trapping and transport properties of the devices, an important criterion that needs to be 

analyzed is the stability of the device. The device stability is tested through a bias stress 

measurement, in which a constant voltage of VDS = VGS = - 40 V for 30 min is applied. It was 

suspected that the residuals of solvent additive might hamper device stability in the long run. 

However, surprisingly, the device's stability has improved with the incorporation of solvent 

additives which is most likely due to the improved crystalline morphology. This resulted in 

lower traps than control, thereby improving the device stability.36 Figure 4.6 a shows the 

normalized decay of drain current. The control device degrades to 25% of its initial current 

value after 30 min of bias stress. However, the IN modified device retained 37% of its initial 

properties, and the CN modified device retained 45%, and BN retained 60%. In addition to 
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this, the presence of traps can also be observed from the capacitance-voltage (CV) 

measurement (Figure 4.6 b) The total capacitance can be modelled as the semiconductor 

capacitance (CS) in series with the combination of interfacial capacitance (Cit) and the dielectric 

capacitance (Cox) in parallel. The dielectric capacitance, which is Cox=εA/d, (where ε is the 

equivalent dielectric constant, A is the area and d is the width of the dielectrics) remains 

constant throughout the voltage sweep (-30 V to 30 V). In the accumulation region (negative 

voltage sweep region) charges are accumulated at the dielectric-semiconductor interface and 

the equivalent capacitance reduces to a parallel combination of Cox and Cit only (inset of Figure 

4.6 b).  

 

Figure 4.7: Transfer characteristic of the (a) Control and (b) BN modified PTB7-Th based PT in the dark and 

under illumination. 

  However, during the positive voltage sweep, the device enters the depletion region and 

the semiconductor is depleted of mobile charges, leading to CS in series with the parallel 

combination Cox and Cit (inset of Figure 4.6 b). Hence, in the presence of a high trap density, 

the depletion capacitance will be very high compared to Cox. Thus, the equivalent capacitance 

will not reduce, even in the positive voltage sweep.37 As can be observed from Figure 4.6 b, 

the change of capacitance for BN modified device is highest with voltage sweep compared to 

IN and CN based devices. Hence the CV analysis further proves that least trap density is 

present in BN-modified device.  
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Figure 4.8: Current Vs. voltage curve of PEDOT:PSS. 

    

 

Figure 4.9: (a) Schematic showing the measurement of the opto-inverter circuit; (b) symbolic representation of 

the inverter circuit, NOT gate symbol and the truth table; (c) The change of the output voltage in response to the 

light pulse as a function of time; (d) rise time delay. 

BN modified OFET is further utilized in studying the light sensitivity and its 

application as a PT (Figure 4.7) after confirming its optimum morphology, molecular ordering, 

stability, charge transport and trapping.  The BN modified device was observed to show better 

light sensitivity of 3x103 compared to 1x103 control device which is also in agreement with 

the increased UV-Vis absorbance spectra. The improved absorbance can be related to the better 
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sensitivity to light or increased formation of light generated excitons and hence increased 

availability of charges resulting in increase in current.38 Thereafter, to utilize the full potential 

and to check the viability of the PT as an electronic circuit component a simple resistive load 

opto-inverter is fabricated. To establish the inverter logic, the resistive load fabricated by drop 

casting PEDOT:PSS (current vs. voltage for calculating resistance of PEDOT:PSS is given in 

Figure 4.8) is connected with the PT as shown in Figure 4.9 a. The circuit design and the 

schematic representation of the working mechanism of the opto-electronic inverter are shown 

in Figure 4.9 b. The main drawback of a conventional resistive load logic gate circuit is the 

requirement of extra space and fabrication complexity of integrating an external resistor with 

the transistor.39, 40 This complexity has been completely eliminated by this simple strategy of 

circuit design. The complete circuit, combination of OFET and PEDOT:PSS based resistive 

load, is solution processed and fabricated on the same substrate simultaneously. When a bias 

of VDD = -10V is applied, the VOUT can be shown as VOUT = VDD - IR1, (where R1 is the 

impedance across Resistive load and I is the circuit current).  When the device is not 

illuminated i.e., the light input is LOW, the transistor is in OFF state and the resistance of the 

driving transistor (R2) is high compared to the impedance of the load resistor (R1). So, the 

voltage drop across the load resistor is ZERO, and the output voltage (VOUT) is equivalent to 

VDD (as IR1 ~0). Next, when the device is illuminated, i.e., light input is HIGH, the charge 

accumulation starts and driver transistor will start conducting a non-zero current. This brings 

the transistor to ON state, and hence making the resistance of the transistor negligible 

compared to load resistor (R2<<R1). As a result, voltage drop across the load resistor increases 

pulling VOUT to LOW state. Thus an inversion of the input in both cases is demonstrated, i.e., 

when light input is LOW, VOUT is high, and when light input is HIGH, VOUT is LOW. The truth 

table is shown in Figure 4.9 b and the results obtained are shown in Figure 4.9 c. The fall time 

is negligible as the VOUT became LOW as soon as the light is turned on, however there is a 

delay observed during the rise of VOUT. It took a delay of 1.1 s for the VOUT to attain a HIGH 

state after the light is turned OFF as the light induced charges needs time to be swept out and 

completely turn off the transistor (Figure 4.9 d). 
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4.4 Conclusion 

In summary, significant improvements in OFET performances have been 

demonstrated using the solvent additive technique leading to the application of a photo-

active polymer-based phototransistor in a digital electronic circuit and as an opto-

inverter. The comprehensive investigation of the effect of a series of aromatic 

(halonaphthalene) solvent reveals an improved active layer morphology with better 

crystallinity. The stability of the device also improves as the traps related to the 

disordered film were reduced. As a result, a significant improvement in the mobility of 

the PTB7-Th based OFET was observed. The present strategy of using solvent additives 

can also be extended to other solution-processed polymers as the working mechanism 

of additives is to improve the active layer morphology by optimizing the evaporation 

rate and controlling the arrangement of the polymer chain as well the crystallinity. 

Thereafter, BN-modified PT was used as an opto-inverter. These electronic circuit 

components can be further explored and implemented in light sensor arrays and in any 

electronic circuit which demands the use of a combination of logic gate and photo-

transistor. This can reduce the number of components in a circuit thereby leading to 

compact designs. Hence this method of additive engineering and incorporation of RLIs 

will be very advantageous in terms of the implementation of the OFET based digital 

circuits. 
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Abstract 

 Dual input inverter and the NOR logic are demonstrated utilizing a simple circuit 

design which consists of two components, a phototransistor and a resistor. Both the 

components are solution-processed and fabricated simultaneously on a flexible polyimide 

substrate. An optimized PTB7-Th p-type OFET with high mobility of 0.45 cm2 V-1 s-1 and a 

very low threshold voltage of 2 V along with PEDOT:PSS as the drop-casted resistor helped 

to attain the efficient logic gates. A high noise immunity upto ~98% and a gain of 12.5 are 

obtained for the inverter. The resistive load inverter operation is established with both light 

and voltage as input signal and then a single transistor NOR gate is also demonstrated on 

simultaneous application of both inputs. 
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5.1 Overview 

Polymers are a promising class of materials for electronic and optoelectronic devices 

as they offer invaluable advantages like low cost, low temperature, solution processing. 

Considering the current demand for flexible, wearable, and large-area electronic devices, the 

solution processable polymers has been one of the best choices.1-4 However, the mobility of 

solution processed thin films is limiting its usage in commercial applications requiring high 

frequency operation.5-9 But for the basic circuits in optical communication, smart tags, 

flexible display sensors, disposable memories, the flexible, solution processed logic gates are 

a perfect fit.10,11 Though polymer OFET based logic gates have recently gained attention and 

several research groups have reported the use of flexible circuits, yet reports on opto logic 

gates, image sensors are very rare and no reports on simultaneous dual input (both electrical 

and optical) logic gates are known.12-14 Also the focus was on developing complementary 

OFETs for logic circuits and the simple resistive load circuit design which was neglected as 

it possess many demerits like the requirement of extra space, integration complexity, 

requirement of external component and power loss.15-17 As a result the resistive load design 

remains less explored overlooking the ease of fabrication that the circuit provides. For a 

complementary circuit two different transistors need to be optimized and fabricated which is 

quite difficult and complicated.18,19 Also, for applications that require combined functionality 

of light dependent decision making or switching, a resistive load opto logic gate can simplify 

the circuit further by reducing the number of components. Thus, for advanced applications 

requiring more than a unit photodetector device, the opto logic gate provides a simple and 

low cost alternative. 

In this work, a completely solution processed phototransistor (PT) is fabricated, and is 

utilized to demonstrate various flexible logic gates. PTB7-Th is used as the active layer 

because of its high photo response and the ability to form superior thin film morphology by 

solution processing. The OFET used is highly optimized and showed a mobility of 0.45 cm2 

V-1 s-1 and a low threshold of ~2V. PEDOT:PSS was drop casted to obtain a resistance of 100 

MΩ. By using the optimized PT and the resistor, high performance resistive load inverters 

were then fabricated without the use of any external circuit component. Further, the dual 

input i.e., electrical and light input functionality of the inverter was demonstrated. The opto-

inverter showed a slight propagation delay of ~0.06 s. Finally, a single transistor NOR gate 
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was also successfully demonstrated by simultaneous use of both light and electrical input 

signals. 

 

Figure 5.1:  (a) Device architecture. (b) Output characteristics at VGS = 0 to -40 V, (c) transfer characteristics at 

VDS = -10 V and transfer characteristic showing (d) the light response. 

5.2 Experimental Section 

5.2.1 Materials  

 PTB7-Th was thermally synthesized according to the previous literature.20  

Poly(methyl methacrylate) (PMMA) (average Mw ~996 kDa), 1-bromonaphthalene (BN), 

Molybdenum(VI) oxide, and Aluminium (Al) and Copper (Cu) wire were purchased from 

Sigma Aldrich, Poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS, 
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PVP AI 4083) was bought from Clevios and polyvinyl alcohol (PVA) (average Mw ~ 115 

kDa) from Loba Chemicals and used without further purification.  

5.2.2 Device Fabrication 

 Polyimide (PI) substrates were cleaned in ultrasonic bath in isopropanol, acetone, de-

ionized water successively for 15 min each and dried before depositing the Al gate. 100 

mg/mL solution of PVA in DI water was prepared and spin coated with 1000 rpm for 30 secs 

on the gate deposited substrate and dried at 100 oC for 1 hour to form 1 µm thick layer. PVA 

acts as the first dielectric in all three OFETs, over which a 100 nm (3000 rpm 30 sec) thick 

second dielectric layer (PMMA) is coated and dried at 100 oC for 1 hour and 60 nm thick 

polymer semiconductor layer was spin coated. Finally, for the top contact 5 nm of MoOx and 

60 nm of Copper were thermally deposited using shadow masking to form a channel of 

length (L) 40 µm and width (W) 0.8 mm. All the fabrication processes were done in ambient 

condition. For semiconductor layer spin coating, an optimized concentration of 1.5% v/v of 

the solvent additive, BN was added and kept on stirring for 10 min more. Similar device 

fabrication and optimization in details is given in our previous publication. 21, 22 

 For the resistive load, the drain electrode was extended, and a channel of 100 µm was 

made by shadow masking simultaneously during the source-drain deposition. After 

deposition of the metal electrode, PEDOT:PSS was drop cast on the 100 µm channel and 

vacuum dried for 10 hours before starting measurement. A Tektronix arbitrary function 

generator AFG1062 was used to generate the pulses for voltage input. 

5.2.3 Characterization 

 The thickness of the thin films was measured using Dektek 150 stylus profiler. The 

AFM images were recorded in tapping mode on an Agilent 5500 AFM/SPM microscope to 

avoid tip surface interaction causing any film damage. All electrical characterizations were 

performed using a Keithley 4200 SCS parameter analyzer under vacuum conditions. For the 

phototransistor and opto-inverter measurements, an Oriel DC regulated illuminator of 0.37 W 

m-2 power and wavelength in the range of 550-800 nm was used.  For UV-Vis, a Shimadzu 

UV 2600 UV-Vis spectrophotometer, for PL measurements, a Horiba Fluoromax-4 

spectrofluorometer was used, and for XRD, a Rigaku X-ray diffractometer was used. 
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Figure 5.2: The effect of bending in (a) the transfer characteristic and (b) the calculated mobility and threshold 

voltage. 

5.3 Results and Discussions 

 The device architecture is shown in the inset of Figure 5.1 a. A bilayer dielectric 

system is used where first dielectric (D1) is PVA and second dielectric (D2) is PMMA. The 

optimization for the presented architecture is done our previous work.21,22 The output and 

transfer characteristics of the OFET (Figure 5.1 b, c) do not show any hysteresis indicating 

completely optimized devices. 

 

Figure 5.3: (a) Voltage transfer characteristics (VTC) at VDD =-2 to, -10 V and the corresponding gains and (b) 

noise margin calculated from the VTC at VDD= -10V for the device before subjecting to any strain.  

 A mobility of 0.45 cm2 V-1 s-1, VTH of ~2 V and ION/IOFF of 105 was obtained. The 

photo response was measured and the PTB7-Th based PT showed a high photo-response of 

688 A/W (Figure 5.2 a). Thereafter the flexibility of the devices was tested by applying 
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mechanical strain. The change in the transistor properties with varying strain levels is 

recorded (Figure 5.3 a). A small change in threshold voltage from 2 V to 2.5 V and mobility 

reduction from 0.45 cm2 V-1 s-1 to 0.30 cm2 V-1 s-1 is observed. The voltage transfer 

characteristics (VTCs) of the flexible resistive load inverter at different VDD and the 

corresponding gain are plotted in Figure 5.3 a. A very high gain of 12.5 is obtained at VDD= 

-10 V. A noise margin of NMH 98% and NML 60% is obtained at VDD = -10 V (Figure 5.3 

b).  

 

Figure 5.4: (a) Images of the flexible devices fabricated on PI substrate. (b) VTC at VDD =-2 to, -10 V and the 

corresponding gains, (c) VTC at different recorded after applying different strains and the corresponding gains.  

 The photograph of the flexible device are shown in Figure 5.4 a. After 100 bending 

cycles at strain of 3%, a slight increase in the threshold voltage is observed, however with 

further increase in strain from 4% to 10% negligible change in threshold voltage and mobility 

is observed as obtained from Figure 5.2 b. The gain also reduced to ~3.5 after strain of 3% 

for 100 cycles (Figure 5.4 b). The inversion voltage (Vinv) changed slightly from 4.5 V to 5 

V which is attributed to the increase in threshold with the application of strain. However, 

when the strain was further increased, there was negligible increase in Vinv and a similar gain 

0 -4 -8
0

-4

-8

   10%

   4 %

   5 %

VIN (V)

V
O

U
T
 (

V
)

0

-2

-4

|g
a

in
| 
(V

/V
)

0 -4 -8
0

-4

-8

  2V

  4V

  6V

  8V

  10V

0

-2

-4
10 V

8 V

6 V

4 V

VIN (V)

V
O

U
T
 (

V
)

|g
a

in
| 
(V

/V
)

2 V

(a)

(b) (c)

TH-2930_176153007



 

OFET based Flexible Logic Gate       Chapter 5 

93 

 

of ~3.5 is obtained even at a high stress of 10 % as shown in Figure 5.4 c  

 

Figure 5.5: (a) The schematic of the working and circuit of flexible opto-electronic logic gates and the circuit 

symbol of the NOT and NOR logic gates. The voltage output in response to input (b) voltage pulse and (c) light 

pulse with respect to time. (d) The voltage output of NOR gate with simultaneous application of both light input 

and voltage input signals. 

After confirming the high performance and mechanical stability of the resistive load 

flexible inverter, the working of the opto-inverter was established by applying a light pulse as 

the input signal. The schematic showing the operation of the opto-electronic inverter is 

shown in (Figure 5.5 a). The inverter was first characterized by applying input voltage pulse 

and a small delay of 0.06 s was observed (Figure 5.5 b). Then a light pulse at 1 Hz frequency 

was applied and for the opto inverter a minimal delay of 0.06 s in rise time and 0.1 s in fall 

time are obtained (Figure 5.5 c). The PT recovery time is a bit higher than its response time 

and hence the inverters rise time > fall time. For demonstrating a two input NOR logic, both 

the electrical and optical inputs are applied simultaneously. In case if any of the inputs is 

high, the PT starts conducting and the output voltage obtained is low. The output voltage is 

high only when both the inputs are low, resulting in the demonstration of the NOR logic 
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(Figure 5.5 d). For establishing the NOR logic -10 V is treated as the logic ‘1’ and below -5 

V is treated as the logic ‘0’ for the output. Since the delay in the phototransistor recovery has 

a bit higher, logic ‘0’ shifted from 0 V to -5 V for an operational frequency of 1 Hz. This can 

be further improved by reducing recovery time of the PT. 

5.4 Conclusion 

 In summary, a complete solution processed dual input logic gate circuit is 

demonstrated on ultra-flexible PI substrate. The circuit consisted of a PT with high mobility 

of 0.45 cm2 V-1 s-1 and responsivity of 688 A/W. The PT is integrated with a simple drop 

casted resistive load. This simple circuit design showed comparable performance with the 

complementary OFET based circuits. The opto-electrical inverter showed a NML of 60% and 

NMH of 98%. The delay for the voltage pulse input was 0.12 s and for light input was 0.16 s. 

Thereafter, both electrical and optical inputs were applied simultaneously and dual input 

NOR logic was demonstrated. 
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6.1 Summary 

Due to the growing demand for flexible, low-cost electronic circuits, the motivation 

of the work was to develop a solution-processable organic field-effect transistor (OFET) for 

implementation in flexible circuits. The significant challenges in solution-processable OFET 

are the poor dielectric/semiconductor (d/s) interface and the quality of the semiconductor thin 

film. This thesis mainly focuses on improving the understanding of these challenges, which 

will aid enhancing the device performance. First, the d/s interface is studied which is 

followed by improving the semiconductor morphology. Once the desired semiconductor 

morphology was achieved, flexible and solution-processed integrated circuit was 

implemented. 

The first chapter of this thesis introduced the basic concept of a transistor, the need 

for energy-efficient processing techniques of electronic circuits, the basic working and 

architectures of OFET, the performance defining parameters, different interfaces present in 

the device, their importance in determining the device performance, and the choice of 

dielectric materials. The various techniques employed in this thesis to improve the device 

performance and the applications of solution-processed OFET for flexible circuits are also 

discussed. 

In the second chapter, the d/s interfacial defect states are probed by employing 

impedance spectroscopy (IS) as a tool to improve the understanding of charge transport. A 

detailed study of morphology, photophysical property, and crystallinity of the semiconductor 

thin film is conducted. Also, electrostatic potential and contact of the dielectrics are studied 

to verify the understanding obtained from IS. Thus, it has been proved that IS can be 

effective in understanding the d/s interfacial defects and hence the charge transport of OFET. 

The third chapter introduced solvent additive as a morphology modifier of the 

semiconductor. An improvement in device properties has been confirmed with the high 

quality films, and the results were established after fabricating three types of devices and 

comparing their properties. The three devices comprised of the control device (without any 

solvent additive) and the other two with the inclusion of two different solvent additives 

namely, 1,8-diiodooctane (DIO) and 1,8-dibromooctane (DBrO). It has been also observed 
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that along with mobility, the device stability improved as well in the dark and under light in 

the DBrO modified device. Hence the phototransistor properties were also studied, and high 

responsivity of 688 A/W was demonstrated. 

Chapter four described the utilization of a series of halonaphthalene-based solvent 

additives to improve the device properties further. A ~5-fold improvement in mobility was 

obtained for 1-bromonaphthalene modified device. After that, an optoelectronic inverter logic 

is demonstrated by integrating the phototransistor with a solution-processed resistor. 

In chapter five, the understanding and improvement of OFET device properties as 

obtained from the previous chapters are utilized to demonstrate an optoelectronic NOT and 

NOR logic. Not just a unit device, but a complete circuit is fabricated by solution processing. 

A very efficient, ultra-flexible opto inverter and an opto NOR logic on polyimide substrate 

were demonstrated. First, the inverter circuit parameters were defined, and then dual-gate 

measurements were presented. 

6.2 Prospects 

Understanding trap density of states (T-DOS) can help in achieving better charge 

transport and improving the stability and reproducibility of the device. Various experimental 

and analytical methods comprising optical, electrical, and thermal measurement tools have 

been reported to estimate the DOS. The impedance spectroscopy techniques used in this 

thesis for understanding the d/s interface will help to analyze poor OFET properties arising 

from d/s interfacial defects and, hence, will significantly contribute to developing new 

semiconductor and dielectric materials compatible with each other and allowing defect-free 

charge transport in OFET. 

Low mobility and stability are the two crucial factors hindering the progress of 

organic electronic circuits. In the last few years, molecular engineering has facilitated many 

organic materials to exhibit a tremendous improvement in performance. Especially, donor-

acceptor (D-A) materials have shown high mobility and enhanced stability. Basic circuits 

like sensors, memory smart tags, and driving circuits for appearing displays can be easily 

implemented. However, when it comes to high-end applications of flexible microprocessors, 

they still lag behind. By combining material engineering and device engineering, the 
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performance of these devices can be further improved, which will make their implementation 

even in high-end applications possible. As demonstrated in this thesis, the morphology 

modification by introducing solvent additive can be combined with other device engineering 

and material engineering to further improve the performance. 

The resistive load inverter circuit demonstrated in this thesis is entirely solution-

processed. Hence, printing can be easily implemented for the same circuit design, allowing 

energy-efficient printable electronic circuits to be developed. Moreover, both electrical and 

light input can be applied in the demonstrated circuit design and so this design can reduce the 

number of components used and the complexity of any circuit which requires a combined 

functionality of a photodetector and a logic gate. Demonstration of the universal NOR gate 

allows implementation of other logic gates possible through simple solution-processed and 

printing techniques.  

In summary, the research work presented in this thesis first develops an 

understanding on the solution-processed d/s interface and its impact on charge transport and 

device properties using IS as a tool. Then it improves the device properties by introducing the 

solvent additive technique and finally implements the improved device for a solution-

processed flexible integrated circuit. 
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 Transistors are the basic building block of electronics and its development has 

revolutionized the field of electronic circuits. Further, the invention of conducting organic 

materials has added a new dimension to transistors and other electronic devices by paving the 

way for low cost, solution-processable, and flexible electronics. Polymers have been present in 

our daily life for ages and also in electronic devices as insulating materials. However, it was 

only in the late nineties that the outstanding discovery of oxidation enhanced the conductivity 

of polyacetylene opened up a new avenue of organic electronics. Since then, intense research 

and tremendous progress have been achieved by developing various organic materials, 

synthesis techniques, and device engineering approaches. Transistors based on polymer 

materials have now reported mobility >10 cm2 V-1 s-1 which is higher than amorphous silicon.1-

2  The optoelectronic properties of the organic materials can also be utilized to fabricate organic 

phototransistors, opto logic gates, and image sensors. Many organic electronic devices are 

already available in the market and become ubiquitous in our society. Organic field effect 

transistors (OFETs) lack mobility and stability compared to their inorganic counterparts which 

has allowed immense research to be carried out for achieving better device properties. 

However, the basic circuits in smart tags, driving matrix of flexible displays, radio frequency 

identification tags (RFID), etc., demand the use of low cost, large area, printed OFET based 

circuits.3-5 Research is already in progress for OFET-based integrated circuits facilitating 

energy-efficient fabrication of electronic circuits. 

For advanced electronics and the commercialization of OFETs-based electronic circuits, 

the two major hurdles are stability and mobility. A thorough understanding of transport 

properties and mechanisms is crucial for achieving high mobility and better stability. 

Improvement in charge transport in OFET can be achieved by improving the 

dielectric/semiconductor interface and semiconductor morphology. Most semiconductors are 

insoluble, including organic oligomers, until they are carefully functionalized to be soluble. 

However, this functionalization may hamper their carrier mobility. It is well known that organic 

polymers are typically more soluble and have better film-forming capability by solution 

processing techniques than small molecules. However, they can be modulated and improved 

by various methods. The fabrication or coating technique is crucial in forming a defect-free 

morphology and interfaces for solution-processed polymer thin films. These defects will lead 

to the device’s instability and hamper the charge transport properties. Various experimental 

and analytical methods have been reported to estimate the DOS which includes optical, 

electrical and thermal measurement tools.6-8 The scanning probe techniques are used to study 
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the T-DOS as the presence of trapped charges modifies the contact potential. Hence, this is 

reported as an efficient tool for determining the origin and spatial distribution of traps.9-12 Some 

other experimental methods like space charge limited current (SCLC), thermal admittance 

spectroscopy (TAS), and driven level capacitance profiling (DLCP) method are also reported 

for single semiconductor layer trap study in solar cell study.13-15 Analytical methods based on 

temperature dependence conductivity of OFET were used to determine the DOS spectrum as 

well.16-17 Considering the current demand for flexible and energy-efficient electronic devices, 

improving mobility and stability has become one of the most important research topics as that 

ensures the implementation of OFET in different flexible circuit designs. The summarized 

mobility reported till date for PTB7-Th OFET are given in Table 1.  

Table 1. Summarized literature on PTB7-Th based OFET. 

Mobility, cm2 /V-

s 

Theme of the work References 

1 x 10-2 PTB7-Th molecular weight 18 

1.4 x 10-1 Effect of pendent group 19 

2 x 10-2, 1.3 x 10-1 Thermal and Microwave synthesis 20  
1.2 x 10-1 Role of dielectric 21 

2.2 x 10-1 Effect of DIO and DBrO solvent 

additive 

22 (Part of thesis) 

5.0 x 10-1 Effect of halonaphthalene based 

solvent additive 
Part of thesis 

5.0 x 10-1 Flexible opto logic gate Part of thesis 

This thesis contains methods of improving the semiconductor/dielectric interface and 

semiconductor morphology to obtain high performance OFETs both in rigid and flexible 

substrates.  Further, the OFETs have been utilized to develop photo-transistors and digital opto-

logic gates. Chapter wise synopsis of each work has been presented below. 

Chapter 1: Introduction 

The first chapter of this thesis focuses on the importance of solution-processed organic thin 

film transistors, the history of transistors, working principle structures, important performance 

defining parameters, the importance of understanding the interfaces present in OFET, and its 

influence on charge transport. Finally, this chapter also discusses the application of transistors 

in optoelectronic integrated circuits. 
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Figure 1:  Schematic showing advantages of OFET 

Chapter 2: Tailoring Trap Density of States through Impedance Analysis for Flexible 

Organic Field-Effect Transistor 

In this work, impedance spectroscopy (IS) has been utilized as an effective method to obtain 

the density of States (DOS) spectrum for the interfacial trap study. We have shown how the 

interface governs the performance of the device. We have fabricated transistors with different 

dielectrics and studied how the choice of dielectric and dielectric/semiconductor (D/S) 

interface effect DOS and plays a crucial role in controlling the transistor characteristics. To 

further verify the findings of IS, characterization techniques like AFM, PL and TRPL are 

performed. The presence of dipolar molecules at the D/S interface also affects the transistor 

parameters. Three dielectrics with different polarity and permittivity were chosen and their 

respective interface DOS is studied for a better understanding of the effect of dielectric surface 

polarity, surface energy, and dielectric constant (k) on transistor properties. Highest mobility 

of 0.12 cm2 V-1 s-1, 0.095 cm2 V-1 s-1, and 0.05 cm2 V-1 s-1 is obtained for the device having PVP, 

PMMA, PS as the interfacial dielectric respectively. Enhanced device performance is observed 

for the device with lowest trap-DOS. This work provides IS as an efficient tool for 

understanding the different characteristics of OFET. Further, for evaluating the potential 

application of the device architecture towards developing flexible electronic circuit 

components, the device was fabricated on a flexible substrate and the mechanical stability was 

examined by subjecting the device to a strain of 2.5%. The device showed no significant 

degradation. 
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Figure 2: Schematic showing conclusion obtained from the work performed in chapter 2. 

Chapter 3: Tuning Polymer Semiconductor Morphology through Additive Engineering 

for phototransistor. 

After the DOS analysis is performed in chapter 2, the non-idealities are identified and 

modified in this chapter. In this work the proposed transistor architecture is employed for the 

application of light sensors. 1,8-Diiodooctane (DIO) which is a solvent additive reported for 

PTB7-Th based solar cells is observed to have a photodegradation effect. Hence here 1,8-

Dibromooctane (DBrO) is introduced as a solvent additive for PTB7-Th based OFET and a 

comparison of transistor characteristics are done between DIO and DBrO OFET. It is observed 

that when DBrO is used as a solvent additive, the device properties including photostability of 

the device improved. The OFET mobility increased almost 3-fold compared to the control 

device and the device retained 70% of the properties even after 35 min of bias stress at a very 

high voltage of VGS= VDS= -40 V in dark and more 35 min in light while the DIO device 

degraded to 20% after the bias stress. Different concentration of DBrO is used and the optimum 

results are obtained at 1.5% of DBrO. Finally, with the optimized concentration of DBrO as a 

solvent additive, a PTB7-Th based phototransistor (PT) is implemented and responsivity of 

688 A/W is obtained. 
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Figure 3: Schematic showing the work performed in chapter 3. 

Chapter 4: Engineering Semiconductor Layer for Organic Opto-Inverter Circuit 

After exploring the phototransistor (PT) properties of the solvent additive modified 

transistor in the last chapter, the application of a photo-active polymer-based phototransistor in 

a digital electronic circuit is demonstrated in this work. Three new Halonaphthalene based 

solvent additives are studied to tune the thin film morphology and reduce morphology related 

defects, resulting in improved device performance. The incorporation of 1-bromonaphthalene 

(BN) improved the mobility from 0.09 to 0.50 cm2 V-1 s-1 with enhancement in both photo-

absorption and photo-stability. The results are well supported by electrical characterization, 

photo-physical and morphological studies. Thereafter a novel and unique architecture of opto-

inverter is presented using the PT. In this work, opto-electronic logic NOT gate is also 

fabricated by utilizing a simple resistive load circuit. This circuit is also demonstrated to 

perform the combined functionality of a logic gate and a transducer. Further, this technique can 

be easily implemented for minimizing the circuit components and complexity by replacing a 

photodetector and a NOT gate with a single opto-inverter for example in an image sensor. 
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Figure 4: Schematic showing the work performed in chapter 4. 

Chapter 5: Solution processed flexible circuit design for dual input logic gates. 

The dual input inverter and the NOR logic are demonstrated utilizing a simple circuit design 

that consists of two components, a phototransistor, and a resistor. Both the components are 

solution-processed and fabricated simultaneously on a flexible Polyimide/Kapton substrate. An 

optimized PTB7-Th p-type OFET with high mobility of 0.50 cm2 V-1 s-1 and a very low 

threshold voltage of 2 V along with PEDOT: PSS as the drop-casted resistor helped to attain 

the high performing logic gates. A high noise immunity up to ~98% and a gain of 12.5 are 

obtained for the inverter. The resistive load inverter is demonstrated to operate with both light 

and voltage as input signal along with the single transistor NOR gate. 

 

Figure 5: Schematic showing the work performed in chapter 5. 
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Chapter 6: Summary and future prospects. 

This chapter focuses on the conclusion of all the research work done in this thesis and their 

future prospect. A concise discussion of the main research results is presented along with the 

future prospects of the solution-processed OFET and their application in integrated circuits. 
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Thesis Abstract 

 Electronic devices have made people’s life easier, and in today’s modern lifestyle 

electronic devices have become one of the basic requirements of human beings. Inorganic 

material are used extensively in electronic devices but the requirement of energy efficient, 

low-cost and flexible devices can be easily fulfilled by the organic solution processable 

materials. Organic field effect transistors (OFET) will enable easy implementation of large 

scale and flexible applications. Organic materials also have the advantage of easy tunability 

of the optoelectronic properties. OFETs have numerous applications like various sensors, 

smart card, e-skin etc. Some of the organic electronic devices like OLED, solar cell is already 

available in market, but low mobility and stability is a road block for organic transistors to be 

commercialized in high end applications.  

 Considering todays need for solution processed, flexible and energy efficient organic 

electronic devices, methods to understand the dielectric/semiconductor interfacial defects 

introduced due to solution processing and techniques to improve the device properties is 

covered in this thesis. This thesis is divided into three parts, the first part (Chapter 2) is about 

the understanding the interfacial defects arising due to complete solution processing of the 

dielectric and semiconductor. Second part (Chapter 3 and 4) consists of solvent engineering 

technique to improve the device mobility and stability. A ~5-fold increment in device 

mobility and also improvement in device stability in dark and under illumination is attained 

by solvent engineering. Third part (chapter 5) is the application of the improved device in 

various opto-electronic applications thereby, NOT and NOR logic are demonstrated by 

applying light and voltage input simultaneously.  

The efforts made in this thesis highlights the usefulness of various device engineering 

to develop OFET to regulate the morphology and crystallization of the photo-active 

semiconductor layer to achieve highly efficient, stable and repeatable OFETs and its 

application as phototransistor, and logic gates. The thesis provides the basis for facilitating 

the commercialization of OFET in the near future. 

TH-2930_176153007


