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PREFACE 

Recently, thin-film transistors (TFTs) have garnered significant attention from researchers 

due to their wide range of applications, including electronics, gas sensing, memory circuits, 

medical devices, and optoelectronics. Advancements in deposition techniques have proven 

highly effective in developing cost-effective, solution-processed, low-voltage TFTs that 

meet the requirements of various applications. Based on the type of semiconductor used, 

TFTs are classified as either organic thin-film transistors (OTFTs) or inorganic thin-film 

transistors. Both have their unique advantages: OTFTs are preferred for flexible applications, 

such as flexible LEDs, memories, and sensors, whereas inorganic thin-film transistors are 

commonly used for transparent and optical applications. The investigations reveal that the 

requirements of low-power applications can be met by utilizing low-voltage TFTs operating 

at 1–2 V with high-k dielectric materials such as SrZrOₓ, HfO₂, etc. Furthermore, by using 

organic semiconductors, solution-processed, cost-effective, low-voltage, flexible, and 

silicon substrate-based OTFTs can be fabricated for gas sensing and electronic applications. 

The Silvaco-Techmodeler and Silvaco-Gateway tools have been employed to realize various 

complex analog and digital circuits. This thesis focuses on the fabrication and simulation of 

low-voltage TFTs for sensing and electronic applications. 

 Chapter 1 of this thesis explains the background and advancements related to TFT 

devices, different types of TFT architecture and configuration depending upon 

semiconductor and dielectric materials, the fundamental and working operation of TFT 

devices, various techniques employed for thin film deposition, the history and introduction 

related to compact modeling of TFT devices and the role of compact modeling in the 
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realization of analog and digital, different stages involved for compact modeling of TFT 

devices using the Silvaco-Techmodeler tool, and applications of TFT devices. 

 Chapter 2 of this thesis explains the fabrication of Ag-doped PBTTT-C14 (poly[2,5-

bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]) based OTFT developed on silicon 

substrate, and SrZrOₓ is used as a high-k dielectric, which led to a low voltage of 1.5 V. The 

floating film transfer method (FTM) has been used for film deposition as it is cost-effective 

in nature with minimal wastage of chemicals. Film characterization of semiconductor and 

dielectric layers ensures smooth films free from trap charges. This Ag-doped PBTTT-C14-

based OTFT on a silicon substrate has been used for the sensing of H2S gas, which gives the 

sensing response higher than 80% and a limit of detection (LoD) of ~15.17 ppb.  

 Chapter 3 explains the fabrication of the PBTTT-C14 based OTFT device 

established over a flexible PET (Polyethylene terephthalate) substrate, and the composition 

of PMMA (Polymethyl methacrylate) and SrZrOX in 20:80 is taken to be utilized as a high-

k dielectric material. This PBTTT-C14 based OTFT device operated at a low voltage of 1 

V. The film of PBTTT-C14 has been deposited by means of the FTM technique. Active layer 

and dielectric film characterization is performed along with this bandgap. Capacitance-

frequency and leakage current density of the dielectric layer are also estimated. This 

fabricated flexible OTFT device is compact modeled using the Silvaco-Techmodeler tool. 

The experimental data and modeled data completely superimpose on each other, assuring a 

small fraction of error of less than 1 %. This compact, modeled, flexible OTFT is used for 

the implementation of an inverter circuit over the Silvaco-Gateway platform and exhibits a 

high gain of 39.77 and a small propagation delay (𝜏𝑃𝐷)  of 35 ns. 
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Chapter 4 explains the simulation of an inorganic semiconductor, an amorphous 

indium gallium zinc oxide (a-IGZO)-based low-voltage TFT, using the Silvaco-Atlas tool, 

followed by an analysis of the device characteristics. This chapter describes the materials 

used for the electrodes (PET for all electrodes), gate oxide (HfO2), and semiconductor in the 

simulation of a fully transparent, flexible, low-voltage thin-film transistor. The device 

characteristics confirm that the fully transparent TFT operates at an operating voltage of 2 

V. Furthermore, this device is compact modeled using the Silvaco-Techmodeler tool, and 

using this compact, flexible, transparent, and low-voltage model, full adder and full 

subtractor circuits are simulated using the Silvaco-Gateway tool, and with the help of 

transient analysis, respective truth tables are verified.   

                  In Chapter 5, compact modeling and circuit simulation using Silvaco-

Techmodeler and Silvaco Gateway tools are explained in a detailed manner, and all the steps 

are elaborated for ease of understanding . The devices fabricated and simulated in the 

previous chapters are compact modeled, demonstrating perfect matching and 

superimposition of curves between the modeled data and the simulated or fabricated data, 

with a small margin of error (less than 1%). Additionally, diagrams and graphs are provided 

to support the content. This model is subsequently imported for circuit simulation. The 

Silvaco-Gateway tool is used to implement circuits utilizing the compact modeled devices. 

Circuits such as inverters, full adders, full subtractors, half adders, logic gate families, 1-bit 

magnitude comparators, and 4:1 multiplexer are implemented. The respective truth tables, 

transient characteristics, and voltage transfer characteristics are verified. Based on these 

characteristics, parameters such as voltage gain and propagation delay are evaluated. The 

working of the Silvaco-Gateway tool is explained in detail. Additionally, a brief user guide 
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is provided, describing how to use the Silvaco-Techmodeler and Silvaco-Gateway tools 

effectively. 

                    In Chapter 6, the stability analysis of a-IGZO-based low-voltage TFTs is 

performed. The device has been simulated by means of the Silvaco-Atlas tool. Factors such 

as the thickness of the semiconductor layer (10/20/30 nm), the thickness of the dielectric 

layer (70/60/50/40 nm), and the semiconductor-interface properties, which impact the device 

performance parameters, are observed, and the change in threshold voltage ∆ 𝑉𝑇𝐻 = 𝑉𝑇𝐻 

(“off-on state”) − 𝑉𝑇𝐻 (“on-off state”) is analysed and discussed. Graphs are provided to 

support and illustrate all the results. 

       In Chapter 7, a summary of all the case studies, work, and overall conclusions is 

presented, along with the future scope of the thesis. 
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Chapter 1 

Introduction  

1.1 Background and Past History of Thin Film Transistors 

 

                                 

Figure 1.1  Journey of advancement in the field of transistor from FET to TFT. 

1.2 Period of Inorganic Thin Film Transistor 

In 1925, Julius Edgar Lilienfeld first proposed the concept of the field-effect transistor 

(FET). While the metal-oxide-semiconductor FET (MOSFET) garnered significant 

attention from researchers, its fabrication process was considered highly complex and 
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expensive, posing substantial challenges to researchers attempting to develop this device. 

To address these issues, alternative technologies to MOSFETs were explored [1].In 1962, 

the first thin-film transistor (TFT) was fabricated by Paul K. Weimer, using cadmium 

sulfide (CdS) as the active material [2]. Subsequently, in 1966, indium arsenide (InAs)-

based TFTs were developed by H.E. Kunig and T.P. Brody. These TFTs operated in both 

enhancement and depletion modes [3]. During the 1970s, a basic TFT device was 

developed, offering a cost-effective solution for applications in memory circuits, display 

circuits, sensors, and other areas.In 1970, Shirakawa and his group of researchers 

successfully developed a conjugated polymer and demonstrated its doping capability for 

the first time [4].  However, constraints such as low charge carrier mobility limited the 

performance of organic electronics.  This led to further advancements and growth in fields 

such as flexible electronics and organic electronics [5].  In 1979, Spear, Ghaith, and 

LeComber introduced a TFT device based on hydrogenated amorphous silicon (a-Si:H). 

This a-Si:H TFT exhibited enhanced mobility and excellent performance, marking a 

significant milestone in the development of active-matrix liquid crystal display (LCD) 

panels for commercial production in Japan [1].  The same year, W.E. Spear and his team 

developed a TFT with amorphous silicon (a-Si) as the active layer. This innovation further 

enhanced mobility and performance, solidifying the foundation for the use of TFTs in 

LCDs [6]. In the 1980s, TFT devices utilizing silicon as the active layer gained 

widespread preference due to their high potential for liquid crystal display (LCD) 

applications [7], [8].  In 1987, polythiophene-based organic thin-film transistors (OTFTs) 

were developed, offering higher conductivity. The same year, Ching W. Tang and his 

group introduced organic light-emitting diodes (OLEDs) for the first time [9].In 1988, 

under the guidance of T. Nagayasu, Sharp Corporation utilized a-Si:H-based TFTs to 

develop a 14-inch diagonal flat-panel color television [10]. This development marked a 
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crucial moment in the electronics industry, demonstrating the potential of LCDs as a 

substitute for cathode-ray tube (CRT) displays.Building on the advancements in inorganic 

TFTs for display applications, Kodak and Sanyo introduced a full-color active-matrix 

OLED display in 1999. This 2.4-inch organic-based display was a significant milestone, 

highlighting the utility and versatility of OLED technology in modern electronics [11]. 

The middle of 1990, from the production point of view, Korean and Japanese companies 

played in crucial role for the AMLCD in high-scale production. At the same time, to fulfill 

the requirement of semiconductor device exhibiting high magnitude mobility employed 

for TFT large amount of hard work were done by researchers [12]. Nearly around 1990, 

the hard work of researchers pay-off a developed TFT having poly-Si (LTPS) [low 

temperature polycrystalline silicon] as semiconductor exhibiting excellent features as low 

processing temperature (< 600 ℃), polycrystalline nature, high on-off ratio ~ 1010 and 

electron mobility (μn) ~ 35 cm2/V-sec [13]. In addition to this, this decade also witnesses 

different deposition techniques adopted by researchers such physical vapor deposition 

(PVD) for the development of TFT, these such techniques lead to progress and growth in 

field of TFT at that duration [14]. Along with this, to further carry forward to develop 

device which requires low-processing temperature, to meet this goal research and 

engineering is done in the material properties. Certain attempts, crystallization has been 

opted to transform LTPS into a-Si: H. To perform crystallization techniques such as laser 

annealing, non-crystallization, excimer-laser annealing, etc. methods are used [15], [16].     

1.3 Period of Oxide Thin Film Transistor 

In 1960, oxide material based TFT was introduced but further research and investigation 

was not done. Later on, it has found that oxide based TFT device posses property such as 

enhanced switching speed and higher magnitude of mobility. In 1964-68, SnO2 and   ZnO 

based TFT was developed [17], [18].  After the long duration of more than 3 decades, H. 
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Hosono and the group of researchers has utilized oxide material for the development of 

active-matrix organic light-emitting diode (AMOLED) [19]. Followed by J. F.  Wager, 

E. M. C. Fortunato’s and their respective teams have done so much research work in this 

field of oxide material based TFT which seems benefits to academics and industrial 

domains [20], [21]. In comparison to a-Si: H and LTPS, oxide material-based device 

provides enhanced mobility, transparent nature, deposition temperature is low, stable 

device parameters, etc. Some famous oxide materials are zinc oxide (ZnO), indium 

gallium zinc oxide (In-Ga-Zn-O), tin oxide (SnO2), indium oxide (In2O3), zinc-tin oxide 

(Zn-Sn-O (ZTO)), gallium-tin-zinc oxide alloy ( Ga-Sn-Zn-O (GSZO)), zinc-indium 

oxide (Zn-In-O (ZIO)), titanium oxide (TiO2), indium zinc oxide (In-Zn-O (IZO)), indium 

gallium oxide (In-Ga-O), etc [22], [23]. In 2006, highly recognized companies as 

Samsung, Sharp, LG, etc. has established AMOLED display with the help of oxide TFTs 

[24].   

1.4 Period of Organic Thin Film Transistor 

The introduction of conducting organic polymers into family of semiconductor materials 

have gathered the high attentions of researchers due to there utilization of different types 

of optoelectronics and electronics devices. In comparison to inorganic semiconductor, the 

development of organic semiconductor is cost-effective in nature and involves non-

complex techniques for its fabrication [25]. Organic semiconductors are classified into 

two categories as small molecules and conjugated polymers [26]. Around 1960, research 

work in the domain of organic molecules e.g. anthracene, etc. which states its ground-

state and excited-state electronic structure [5]. In continuation to this, in 1970 Shirakawa 

and the group of researchers have developed doping governed semiconductor polymers, 

this efforts, hard work and research of these researchers led a push to the research 

community to further examine on these materials. This push resulted very fruitful as 
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Shirakawa and his team has founded and established conducting polymer which was 

highly appreciated and honored by Nobel Prize in 2000. The introduction of organic 

semiconductor seems very helpful for different applications such as dry photocopying 

also termed as xerography, which had gathered high recognitions of user during 1980’s 

[5], [27]. In the upcoming decades, further exploration and research is done in this organic 

semiconductor and developed several types of devices as electrochemical cells, solar 

cells, organic light-emitting diodes (OLEDs), organic memories, xerography, organic 

field-effect transistors (OFETs), printed organic circuits, organic photodetectors, and 

organic biosensors [28], [29]. From the starting period, it is quite-clear that the molecular 

order is completely associated with the charge carrier mobility exist in the material which 

is used as semiconductor film in organic thin film transistor (OTFT). At the beginning 

stage, pentacene is used by researchers to develop OTFT [30] and later these OTFT’s are 

further classified and explored for several electronics applications. In 2004, for the first 

time ambipolar light emitting transistor (LET) was founded, this type of transistor posses’ 

properties such as switching and optoelectronics at the same time [31], [32]. Substrates 

as flexible/ transparent/ plastic are used for the feasible fabrication of OTFT, OFET has 

opened the opportunity for the further utilization in the field of flexible electronics [31]. 

The need and requirement of users for electronic and optoelectronics device which is cost-

effective in nature is resolved and fulfilled by organic electronics. Some constraints and 

issues exist with organic semiconductors materials such as charge-carrier mobility and 

stability issues. In upcoming years, an attempt had tried to eliminate these mobility and 

stability challenge by developing Oligofluorene derivatives-based materials based OTFT 

devices [33]. The target of higher magnitude mobility was also solved by Bell 

Laboratory in 2005 by developing OFET device where role of organic semiconductor 

is played by organic selenium (1-2,6- diphenylbenzo[1,2-b:4,5b0] diselenophene (DPh-
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BDSe) [34]. These large variety applications of OTFT have gathered the high attention 

of industries for commercial application circuits as high-speed display driver circuit, 

organic memories, sensors, etc. Newly, organic semiconductor 2,6-diphenylanthracene 

(DPA) based OTFT was developed which exhibits higher magnitude of mobility ~ 34 

cm2/V-s that can used for optoelectronics devices [35]. Researchers are working very 

hardly on the stability analysis of organic materials which would be beneficial from 

ecological point of view. Similarly, 2,7-dioctyl benzathine benzothiophene (C8-BTBT) 

based OTFT device exhibits average mobility of 17 cm2/V-s which is in similar range of 

the inorganic semiconductor based TFTs [36]–[40]. These OTFT devices exhibiting 

higher magnitude of mobility raised high demand for various applications e.g. floating 

gate flash memories, etc [40]–[42]. Pentacene based OTFT device in which SiO2 acted as 

gate dielectric and Cu is served as source/ drain contact and having the on-off ratio of 104 

has been previously reported by researchers. In Pentacene based memories it has been 

noticed that light absorption highly impact on the memory window in which hole-trapping 

dominate electron-trapping in it [43]. It is well known that Organic semiconductor possess 

light emission characteristics, researchers worked in past years has developed OLEDs 

offer superior quantum efficiency. The development of organic light-emitting field-effect 

transistor (OLET) proclaim that organic semiconductors are compatible for the 

application of optoelectronic devices [44]. All the research work done in the domain of 

organic semiconductor mentioned above states work, investigate and study more in this 

field to establish OTFT device for different applications as gas sensing, flexible 

electronics, etc.  

1.5 Organic Semiconductors and Charge Transportation Mechanism 

 

Organic semiconductor is divided into two major categories namely (1) small molecules 

and (2) polymers. Some limitations exist with polymers for its dispersion in certain 
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solvents like in polar solvent (e.g. H2O, alcohol) due to non-polar nature of π- conjugated 

small molecule. Similarly for the non-polar organic solvents (e.g. benzene, toluene, 

octane and hexane) due to unbearable  π- conjugated structure and lacking the existence 

of hydrophobic group as -CH3. The solubility can become possible by the addition of long 

chain aliphatic group. Small molecules and polymers are further categorized [45]–[48] in 

Figure 1.2.   

 

Figure 1.2 Distinguishes between Small molecules and Polymers. 

Although, researchers have done high research in the domain of organic-semiconductors 

since last 30-40 years, one topic still exists which arises many questions and debatable 

between the researchers that is transportation of charge-carrier of organic material [46]. 

This section, charge transport phenomenon is elaborated by the means associated physics 

and models [49]. Organic semiconductor belongs to the family of molecular system. 

Hence, using molecular orbital theory this charge transportation phenomenon is 

elaborated [50]. This model states that, two atoms possessing equivalent energy are come 

in contact with each other having very close-range results into splitting of energy levels 

and lead to generation two distinct molecular energy levels in which one exhibits reduced 
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energy level in comparison to original one and other offered enhanced energy level. In 

most of the molecules, absolute calculation is not made possible by the recently formed 

molecular orbitals. Hence, to fulfill this objective an estimation named as Linear 

Combination of Atomic Orbitals (LCAO) is used. As stated in this LCAO theory, the 

overlapping of the atomic orbitals leads to formation of molecular orbitals (MOs). The 

combination of atomic orbitals being linear in nature led to the estimation of molecular 

orbitals (LCAO-MO) [51].   

 

Figure 1.3 Antibonding and Bonding orbitals creation for diatomic hydrogen 

molecule. 

Hence, for diatomic molecule, the wave functions of these atomic orbitals for these two 

atoms named as A and B are refereed as φA and  φB which resulted into creating 

molecular orbital (φM) as mentioned by LCAO theory, (φM) is expressed in the following 

equations: 

   φM =  φA ±  φB  (1.1) 
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The overlapping of two atomic orbitals resulting in the creation of bonding (σ) and 

antibonding (σ∗) molecular orbitals respectively, these bonding (σ) and antibonding (σ∗) 

molecular orbitals are the mathematical related to the addition and subtraction wave 

functions that are shown in equations (1.2) and (1.3).     

(σ) =  φA + φB    (1.2) 

(σ∗) =  φA −  φB   (1.3)  

Generally, constructive interference occurs in which two electron waves strengthen each 

other leads to establish (σ) molecular orbital, whereas in destructive interference where 

both waves nullify each other forms (σ∗) antibonding molecular orbital. This is shown in 

Figure 1.3. 

Molecular orbitals are further categories into two classes that are 1. Sigma (σ) and 2. Pi 

(π) bond. The organic semiconductor has conjugated π electronic system in which single 

bond and double bond are arranged in alternative manner. For the estimation of bandgap 

of organic semiconductor material this theory of molecular orbitals having bonding and 

antibonding plays a crucial role. In organic semiconductor, the charge carriers are excited 

from bonding molecular orbital to antibonding molecular orbital of the conjugated 

electron system. The LUMO bonding (Lowest unoccupied molecular orbital) of organic 

semiconductor is demonstrated by the antibonding π*-orbital and HOMO bonding 

(Highest Occupied molecular orbital) is displayed by bonding π-orbital. The gap of 

energy between HOMO and LUMO states the bandgap of organic semiconductor. This is 

well explained in Figure 1.4. In the thesis, the interest of research in which we worked is 

organic polymer semiconductor as process is feasible at low-temperature and availability 

of π- conjugated bond. The conjugated polymer is formed because of the hybridized 
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nature of “C” atoms which led to “π” bonded electron delocalization with the C atoms 

resides nearby. 

 

Figure 1.4  Bandgap of Organic semiconductor in terms of energy level of 𝜋 

conjugated molecule. 

1.6 Merits and Demerits of Inorganic and Organic Semiconductors 

 

 

Figure 1.5 States the advantages and disadvantages of Inorganic and Organic 

Semiconductor. 
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terms of mobility and stability inorganic semiconductors dominates organic devices [53]. 

In Figure 1.5, for different parameters a comparison analysis is performed among both 

inorganic and organic semiconductor is performed.  

1.7 Working Mechanisms of Thin Film Transistors 

Thin film transistor belongs to the class of MOSFET, the working principle is similar to 

MOSFETs but the fabrication of TFT device is feasible on any types of substrates [5], 

[52], [54].  

 

Figure 1.6 Showing the schematic of TFT and materials associated with different 

layer. 

In a-Si TFT in which active layer is amorphous silicon is developed with the help of 

PECVD technique which may posses’ large numbers of defects in comparison to single-

crystalline Silicon which can act as an obstacle for charge-carrier transportation and 

impact on mobility of TFT. Along with this, several structures exist which are appropriate 

for high-speed applications, space applications, etc. these structures are named as silicon 

on sapphire (SOS), silicon on insulator (SOI) and silicon on zirconia (SOZ) [55], [56]. 
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These structures offer various features in comparison to MOSFETs such as good isolation 

to diminish magnitude of capacitance to the substrate and refines the subthreshold swing. 

In SOI type structure certain issues exist as costly wafer, kink effect which seem a 

disadvantage for this structure [57]. In the upcoming sections the steps involved in the 

fabrication of TFT device, region of operation and device characteristics are explained. 

TFT is divided into three-parts (1) active layer of semiconductor material (2) dielectric 

layer of insulator material (3) electrodes for gate, drain and source. In Figure 1.6 all these 

layers and electrodes are shown.  

For developing metal-semiconductor contact, both source and drain electrodes are 

developed on the active layer i.e. channel of the TFT, whereas the gate electrode kept 

separated from active layer with the help of dielectric layer. This dielectric layer is inserted 

in the middle of gate electrode and active layer of semiconductor material resulting in 

developing non-direct linkage among these two regions [13], [23], [55]. Among source and 

drain electrodes, semiconductor material is situated [22], [23]. The target of device is to 

govern drain current (𝐼𝐷𝑆) with the help of gate-source voltage that can be attained when 

semiconductor-dielectric interface is accumulated by charge carriers. One of the unique 

features of TFT device is that it offers high flexibility for structures which helps the 

researchers for all types of possible fabrication. Additionally, TFT is further divided in 4 

different groups on the basis of active layer place, which is displayed in Figure 1.7. The 

place of electrodes as gate, drain and source decide configuration of TFT structure either 

staggered or coplanar. When all the electrodes (source, drain and gate) lie on the same 

view of active layer it is terms coplanar TFT structure otherwise it is stated as staggered 

TFT structure. Similarly, according to the place of gate electrode, TFT structure can be 

further classified as top gate or bottom gate.  
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Figure 1.7 Stating Different configurations of TFT structures. 

 

Figure 1.8 Showing the operation of N-TFT and P-TFT when they are subjected to 

biasing.  
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In MOSFET, gate voltage governs the device in the same way it also controls the TFT 

device. The working of MOS (m-metal, oxide-insulator, s-semiconductor) structure is 

explained in Figure 1.8, when voltage biasing is supplied to the metal plate, the same 

charge is seeming over metal plate which is conductive in nature. At the semiconductor-

insulator, reverse type of charge are emerged i.e. electron would gather when negative 

supply is there or holes would be there when positive supply is there. The collection of 

charge carrier at the interface led to produce a channel for the conduction operation which 

is displayed in Figure 1.8. The charge density (Q) of the channel is directly associated 

with the voltage (V) supplied to the metal plate [55]. This charge density is regulated by 

two factors as applied gate voltage and capacitance. C is capacitance lies within metal 

and semiconductor region. Dielectric capacitance is expressed as 
𝜀𝑟 . A

𝑡𝑂𝑋
⁄  where 𝜀𝑟 is 

dielectric constant which varies material to material and 𝑡𝑂𝑋 is oxide thickness. Hence, 

the higher magnitude of oxide capacitance can be obtained by the employment of high-k 

dielectric material or by lowering the oxide thickness.       

The region of operation of TFT is accumulation region whereas, for MOSFET the 

region is inversion [55]. For a n-channel TFT, electrons are the majority charge carrier 

whose concentration (nn) is which is function of energy difference. Similarly, for p-

channel TFT, holes are majority charge carrier whose concentration (pp), both the carrier 

concentration are expressed in following equations (1.4 and 1.5) [55].    

 nn =  ni e
{Efn− Ei}

kT
⁄

   (1.4) 

pp =  ni e
{Ei− Efp}

kT
⁄

    (1.5) 

When positive voltage is supplied to the “N-TFT”, the energy band tends to move in the 

downward direction because at the interface of insulator-semiconductor channel the 
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electron concentration got enhanced in comparison to the initial condition case when no 

biasing is applied. This phenomenon is termed as accumulation mode. In the same 

manner, for “P-TFT” the energy band would move towards the upwards direction because 

the hole concentration got incremented over the interface surface. This accumulation 

mode of operation is shown in Figure 1.9. 

 

 

Figure 1.9 (a-a’) Showing the accumulation mode operation of N-TFT and (b-b’) 

displaying the same operation for P-TFT. 
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1.8 Techniques and Methods used TFT Film Deposition 

In this section, several methods and techniques are mentioned which are used for the 

development of thin film upon substrate materials. In our work, PBTTT-C14 has played 

the role of organic semiconductors has it exhibits properties such as it can developed over 

different substrates even on PET substrate which is flexible in nature, low processing 

temperature, low production cost, good crystallinity and air stability, etc [58]. Along with 

this, PBTTT-C14 also demonstrate high sensing responses to gases as hydrogen sulfide, 

rending it for sensing applications [59]. With the help of Figures 1.10-1.13 different 

technqiues and methods are shown for the development of thin film semiconductor 

devices. 

 

       Figure 1.10 Classified Form of Thin Film Deposition Methods [60]. 
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Figure 1.11 Classified Form of Vapour Deposition Methods [61], [62]. 

 

 

          Figure 1.12 Classified Form of Sol gel Methods [63], [64]. 
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Figure 1.13 Classified Form of Molten/Semi Molten Deposition Methods [65]–[67]. 
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Film Transfer) methods for depositing film of semiconductor. This FTM methods exhibits 
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solution-wastage, independent of instrumentation-setup. In the upcoming Figure 1.14 the 

working from initial step to the development of film is shown there. 

Floating Film Transfer Method 

The FTM technique is highly preferred by many researchers as they possess features such 

as small fraction of wastage, simplified fabrication procedure and can be established upon 

various substrate materials [68]. Additionally, favors the self-assembled of polymer 

Molten

/Semi-

molten 

Deposition 

Methods

Laser 

Deposition

Welding 

(Wild 

Overlay)

Thermal 

Spraying



 
 

19 
 

molecules resulted helpful in obtaining organized ordered structure. Along with this, 

several factors such as alignment of polymer chain, film thickness across the substrate 

and crystalline properties are regulated and governed by this FTM technique. Using this 

technique thiophene polymer as PBTTT-C14 has been used for the development of 

semiconductor film over substrate. Several factors impact the formation of polymer 

crystal in film floating on liquid interface such as thermal gradient, relative viscosity, 

coefficient of spreading, solvent surface energy, etc. Hence, in our work we have opted 

the concept of surface energy for the establishment of PBTTT-C14 polymer film on the 

liquid medium of ethylene glycol and glycerol mixed in the proportion of 1:1 which is 

shown in Figure 1.14 (a). A flow chart is showed in the figure which states the working 

mechanisms of FTM Method. Based on Marangoni flow principle, solvent exhibiting low 

surface energy naturally spread in comparison to the solvent having higher surface 

energy. This flow principle has been applied here for the establishment of self-assembly 

and directional growth of PBTTT polymer upon liquid medium of Ethelene glycol and 

glycerol having ratio of 1:1. Small magnitude of solvent surface energy can be caused by 

surface pressure gradient, which be produced by the introduction of solvent having low 

surface energy (PBTTT dissolved in chloroform solution in this work) with the help of 

which this PBTTT film spreading would take place shown in Figure 1.14. (b). 

Two forces would come in action and their behavior decide the formation of film 

named as 1. Driving force 2. Viscous force.  When driving force (FD) dominates the 

viscous force (FV) smooth spreading would take place and thin film is obtained (FD > FV). 

On the other hand, when viscous force (FV) leads the driving force (FD) coagulation would 

happen which is not suitable for development of film. These two conditions are shown in 

Figure 1.14 (c). In Figure 1.14 (d) entire film developed over gate dielectric is displayed. 
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Figure 1.14 (a-d) Showing the step involved in FTM techniques for film deposition. 
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1.9 Compact Modeling of TFT Devices and Previous History of Compact Modeling 

 

Figure 1.15 Showing an overview and important role of compact modeling for 

realization of circuits. 

The ultimate goal of any fabricated/simulated TFT device is that it would be further used 

for realizing analog/ digital circuits and integrated circuit (IC) designing. This gap of 

device fabrication/simulation and circuit implementation is fulfilled by compact 

modeling by acting as bridge between these two stages [69]–[71]. Compact model 

exhibits all the device features, physical properties and device terminals, mathematical 

representation of TFT which would used in for circuit implementation. This compact 

model is an essential part for designing IC parts [72], [73]. For the proper function and 

realization of analog/ digital circuits compact model should posses these features as 
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• Symmetrical nature to exhibit TFT structure. 

•  Less complexity and easily approachable, derivable. 

• Compact Model is admissible to other types of TFT’s also.   

• Characterization of the parameters can perform in easy way. 

• All the relations existed can be easily justified. 

For designing circuit different kinds of softwares were used as Cadence, SPICE, etc.  The 

model reside in this software acts as fundamental unit of the device for circuit designing 

[69]–[71]. In 1983, Kacprzak and the team has done compact modeling for the first time 

in which GaAs FET was DC modeled for the estimation of large signal in computers [75]. 

After this innovation many research worked in this domain of compact modeling of 

device and in the upcoming year 1986, 1-D Poisson equation based compact model for 

the poly-silicon device operated in accumulation mode was reported by Ahmed and team 

[76]. For poly-Si TFTs, A unified model has established by Benjamı́n Iñiguez and team 

in 1999, the model is based on effective medium approximation for long channel and 

short channel of poly-Si TFT devices [77]. In the same year, another model was proposed 

by Mark Jacunski and the team, in which semi empirical analytical model is developed 

for compact modeling of poly silicon TFT. This model explains 4 regions of operations 

as leakage, subthreshold, above threshold and kink [78]. 
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Figure 1.16 Journey and Innovation of Compact modeling for organic and inorganic 

TFTs. 
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Weijing Wu and the team developed generation-recombination model which includes 

both poole Frenkel- effect and phonon tunnelling for poly silicon TFT [80]. In the same 

year, after so many models developed for poly-silicon TFT, different models were 

founded by researchers for several devices as Chaitanya Sathe and Santanu Mahapatra 

has proposed model, in which (Mahapatra-Ionescu-Banerjee) MIB model has been used 

for compact modeling of Single Electron Transistor based on Static Noise Margin. Noise 

Margin is estimated using in terms of capacitances and impact of temperature on Noise 

Margin has been noticed [81]. In 2008, Hsing-Hung Hsieh and the team has done the 

compact modeling for a-IGZO TFT. In this constant mobility model and subgap density 

of states models are used for the compact modeling of a-IGZO based TFT [82]. In 2009, 

generic analytical modeling that is charge drift model is used for compact modeling of all 

regions of OTFT, was reported by Ognian Marinov and the team [74]. Ling Li and the 

team reported compact modeling for OTFT in 2010, Pentacene TFT in which modeling 

was based on barrier height model with Gaussian energy distribution of traps at grain 

boundaries for both linear and saturation regions were developed [83] . Along with this, 

impact of temperature was also observed. In 2011, For the realization of complex circuitry 

as shift register, W. S. Zhao and the team has established compact model based on 

magnetic tunnel junction (MTJ) domain wall was proposed for the implementation of 

shift register [84]. In 2014, J. A. J. Tejada and the group of researchers was reported 

compact modeling of OTFT which has done including contact effects for the 
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determination of parameters as mobility (𝜇) and threshold voltage (𝑉𝑇𝐻) [85]. In 2015, 

Nianduan Lu and group of researchers has developed an analytical model named as 

Universal carrier thermoelectric-transport model based on percolation theory in organic 

semiconductors that explain the seebeck feature of organic semiconductor for both 

disorder free and general disorder transportation [86]. In the same year, A. Valletta and 

the team developed DC compact model for OTFT device is based on channel length 

approximation, contact effect at semiconductor and metal contacts. Using this model 

Inverter circuit and ring oscillator has been simulated on Spice Platform [87]. In 2015, 

M. Ghittorelli and group of researchers has developed physics-based analytical model for 

the charge transportation across the channel and the injection of charge carrier at the 

source for IGZO TFT device [88]. In 2019 and 2020, Using paper Unified Model 

parameter Extraction Method (UMEM) compact model for IGZO TFT devices has 

developed by W. E. Muhea and team. These models are based on theory of density of 

states, tail states and deep density of states, low frequency [89], [90]. In the same year 

2020, using the same UMEM approach Harold Cortes-Ordóñez and the team has 

developed power law mobility model for compact modeling of OTFT and parameter 

extraction is done such as threshold voltage (VTH), mobility (𝜇) , subthreshold slope (𝑆𝑆) 

[91]. In addition to this, Sungyeop Jung and group of researchers reported a review paper 

which compares the previously reported papers related to compact modeling of OTFT 

device  [92]. In 2023, Alexander Kloes and the team proposed Physics based Verilog A 
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Compact Modeling for OTFT has been done in this paper including charge-based 

capacitance model for the regions of short-channel as overlap and fringing regions. Along 

with this, modeling of drain current, low-noise frequency and noise-quasistatic effect, 

short and long channel is done [93]. 

TCAD (Technology computer-aided design) based Compact Modeling Using 

Silvaco-Techmodeler tool 

In this work, compact modeling of both a-IGZO device and OTFT device has been 

performed using Silvaco-Techmodeler tool.  

 

Figure 1.17 Showing different types of combination circuits implemented using this 

Compact modeling technique [94]–[100]. 
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it has a module which solves all the complex mathematical calculations which user has 

to solved by itself in previous models [101]. These models are terms as black-box models. 

Additionally, this compact modeling approach is free from all types of typical 

mathematical complexity and others constraints as material, contact effects, etc. Along 

with this compact modeling of this device, a device prototype has also developed by the 

complier which carries all the device specifications and properties which is further 

exported at Silvaco-Gateway tool for the realization of complex analog and digital 

circuits.  

Stages involved in behavior modeling flow are explained as follows: 

 

Figure 1.18 Showing the flow of TCAD device modeling process in different stages. 

1. Experimentation: In this step, the results of simulations and experiments are 

provided to the tool. In Figure 1.19. The obtained device characteristics are given 

to the tool.  
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Figure 1.19 Step 1 in which data points of current-voltage are supplied to Silvaco-

Techmodeler Tool. 

2. Modeling: In this step, according to the opted model (N-TFT or P-TFT), 

corresponding equations are used for the simulation of modeling data, which is expressed 

in Figure 1.20. 

In Figure 1.20 (a), the complier first checks which type of model is to be opted either N-

TFT or P-TFT that depends upon the applied voltage for 𝑉𝐷𝑆 > 0 and 𝑉𝐺𝑆 > 0 the model 

would be N-TFT otherwise for 𝑉𝐷𝑆 < 0 and 𝑉𝐺𝑆 < 0 it would be proceeded for P-TFT. 

Similarly Figure 1.20 (b) showing the format in which the user provided the data points 

and device specifications to this Silvaco-Techmodeler tool as width (𝑊), length (𝐿), gate-

source voltage (𝑉𝐺𝑆) and drain-source voltage (𝑉𝐷𝑆). In Figure 1.20 (c), with the help of 

transfer characteristics which is provided by the user, the complier has taken the square 

root of the drain current points in order to estimate the threshold voltage (𝑉𝑇𝐻). Now all 

the required parameters are now known, using modeling equation shows as Figure 1.20 

(a), model current is estimated according to different-different voltage points. 
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Figure 1.20  (a-c) Step 2 in which different stages exist for the execution of modeling 

section.  

3. Analysis: In this section, analysis is performed by estimating the percentage of 

error versus the supplied data points. Furthermore, errors are estimated between 
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modeled and experimental or simulated data. Exported model can be used for 

further analysis. In Figure 1.21. The details associated with analysis stage is 

shown. 

               

In Figure 1.21 (a) Showing the plots of both simulated and modeled data, all the curves 

of both simulated and modeled data completely superimpose on each other which states 

that very small fraction of error (less than 1%) is between them and exhibits high 

accuracy. Figure 1.21 (b) Showing the exported N-TFT model which carries all the 

devices specification shown in Stage-2 that is modeling and in Figure 1.21 (c) Inverter 

circuit is simulated using this exported N-TFT model and transient Analysis has also 

performed which verifies inverting behaviour for both inputs ‘0’ and ‘1’. 

This modeled data is compared with provided 
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Figure 1.21 (a-c) Step 3 in which analysis section is done where device prototype 

has been exported for circuit simulation. 

4. Validation: Both modeled and experimental/simulated data are verified by the 

superimposition of both curves on each other. In Figure 1.22. Curves of both 

simulated and modeled data is shown. 
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Figure 1.22 Step 4 in which both the cures are validated, the superimposition of these 

curves confirm small error is exist between them.  
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After the validation stage, the performance report is exported, in which all the data points 

of the experimental, simulated, and modeled curves exist. Along with this, smart-spice 

files (.sp) and verilog files (.va) can also be exported that contain all the user 

specifications, i.e., in this case, operating voltage, width, length of device, etc. These (. 

sp) and (.va) files are further used at the Silvaco-Gateway tool for the realization of 

circuits. 

1.10 TFT Applications 

For developing a TFT device many configurations and structures are possible which 

resulted very helpful in realizing several applications [5], [22], [23], [25], [102]. Along 

with this, substrates as PET, PEN are used for utilizing in for the applications of flexible 

electronics [103]–[105]. Additionally, large variety in available for semiconductor 

materials and insulator materials. All these choices options related to materials; substrates 

and cost-effective device production have gathered high attention of researchers towards 

TFT. All these advantages mentioned above led to TFT device for essential application 

as shown in these articles mentioned above.  

 

Figure 1.23 Stating various application of TFT structures. 
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The tailoring in materials properties of TFT led to the development of detectors, sensors, 

etc. The governance of the charge-carrier of TFT facilitates many researchers in 

developing several sensors as optical, magnetic etc. Similarly, by the utilization of organic 

semiconductors and substrates as PET, PET explored TFT in the field of Flexible 

Electronics. The production of TFT is cost-effective in nature helps many users to develop 

memory circuits, IC designing, display circuits, etc [106]–[108].   

1.11 Thesis Outline 

The ultimate goal of this thesis is to explain to fabrication and simulation of TFT devices 

with the help of organic and inorganic materials that are operated at low-voltage and for 

further utilization in sensing and electronics applications. Nowadays, the rise of high 

demand of light weight device and flexible nature is increased therefore, for the easy of 

understanding different techniques, methods involved for the fabrication of TFT devices 

are explained in a detailed manner.  

This thesis is divided into seven chapters which carries all the research analysis 

performed during the PhD phase. It starts with the history, working principles of device 

and associated key-mechanisms, modern technology, device fabrication, device 

simulation, compact modeling of simulated / fabricated devices and its applications. 

Chapter 1: In this chapter the background associated with device, its working, basic-

mechanisms have elaborated. The key-points are as follows: 

➢ Background related to Thin Film Transistors 

➢ Device working and basic of Thin Film Transistors. 

➢ Advantages and Disadvantages of Organic and Inorganic 

Semiconductors.  

➢ Techniques and materials involved 
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➢ Compact Modeling and Its Importance 

➢ TFT Applications. 

Chapter 2: In this chapter, the fabrication of Organic Thin Film Transistors developed 

upon silicon substrate is explained. These fabricated OTFT are operated at low-voltage 

and utilized for gas sensing application. All the steps in required for film, electrode 

deposition is expressed in an elaborative manner. The background associated with device, 

its working, basic-mechanisms have elaborated. The key-points are as follows: 

➢ Ag doped PBTTT-C14 based OTFT has been fabricated on silicon, 

operated at 1.5 V which is used for the sensing of H2S gas. 

➢ SrZrOX is used as gate dielectric for Ag/PBTTT-C14 based OTFT. 

➢ Characteristics related to device; film are also explained. 

➢ FTM Methods used for development of these devices which is cost-

effective and solution-processable in nature.   

Chapter 3: In this chapter, the fabrication of flexible Organic Thin Film Transistor is 

shown which exhibits flexibility and bending features. This flexible fabricated OTFT are 

operated at low-voltage ~ 1.0 V and utilized for electronics applications. All the steps in 

required for film, electrode deposition is expressed in an elaborative manner. The key-

points are as follows: 

➢ PBTTT-C14 based OTFT operated at 1.0 V has been fabricated on 

PET Substrate for flexible device. 

➢ SrZrOX and PMMA is used as gate dielectric for this PBTTT- C14 

based OTFT. 

➢ Characteristics related to device; film are also explained. 

➢ FTM Methods used for development of these devices which is cost--
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-effective and solution-processable in nature.   

Chapter 4: In this chapter, fully-transparent flexible low voltage TFT has been simulated 

using Silvaco-Atlas tool. All the materials used for the simulated of fully transparent 

device has been explained, furthermore the device has been compact modeled using 

Silvaco-Techmodeler tool which is used ahead for electronics applications. The key-

points are as follows: 

➢ a-IGZO based TFT has been simulated in which HfO2 and ITO acted 

as dielectric and electrodes and substrate is PET.  

➢ Operating voltage of the device is 2 V 

➢ Defects states associated with a-IGZO are also explained 

➢ An Introduction to Compact modeling. 

➢ Stages of compact modeling using Silvaco-Techmodeler tool 

➢ Error estimation between simulated/fabricated data and modeled 

data. 

➢ Importation of model for Simulation of Full Adder and Full Subtractor 

circuit is explained 

➢ The Truth Table of these combinational circuits are also verified. 

Chapter 5: In this chapter, Silvaco-Techmodeler and Silvaco-Gateway tools are 

explained, which are platforms in which compact models of simulated/fabricated devices 

have been used for the implementation of logic circuits.Characteristics of circuits can also 

be observed such as transient and DC characteristics for the estimation of noise margin 

analysis, gain, delay estimation, truth table verification.  The key-points are as follows: 

➢ Introduction to Silvaco-Techmodeler and Silvaco-gateway tools and 

importing of compact modeled file of simulated/fabricated device at 
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this tool. 

➢ Familiarization with the pre-existed library which carries components 

as supply voltage, wires, etc. 

➢ Implementation of circuits as Half adder, Half Subtractor, Inverter, 

4:1 Multiplexer, 2:4 Decoder, 3:8 Decoder, Logic gate families, 1- Bit 

Magnitude Comparator, etc. 

➢ Verification of Truth table of respective Combinational Circuits. 

➢ Voltage Transfer and Transient Characteristics has also performed to 

calculate propagation delay, inverter gain, etc.   

Chapter 6: In this chapter, Stability analysis is performed in which factors impact on the 

device stability as thickness of active layer, thickness of gate-dielectric, fixed charge 

density of dielectric is observed using Silvaco-Altas tool.  The key-points are as follows: 

➢ Simulation of a-IGZO based TFT operated at 1.5 V using Silvaco-Atlas 

tool. 

➢ Impact of Thickness of active layer and dielectric on the Change in 

Threshold Voltage ∆𝑉𝑇𝐻 for stress time of 0,600, 1200,1800, 

3600,5400 and 7200 seconds. 

➢ Impact of fixed charge density of dielectric on the Change in Threshold 

Voltage ∆𝑉𝑇𝐻 for stress time of 0,600, 1200,1800, 3600,5400 and 7200 

seconds. 

Chapter 7: This chapter, summarizes the research work of all the chapters explained 

above. Additionally, in this chapter the additional scope of this field is shown for the 

additional investigation and analysis. 
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Chapter 2 

Fabrication of Ag-Doped PBTTT-C14 Low-Voltage OTFT for 

H2S Gas Detection 

2.1 Introduction 

Nowdays, it has been noticed that Natural Gases, Petroleum Industries, and Kraft Paper 

mills become victims of explosives and accidents because of forming Hydrogen Sulfide 

(H2S) which exhibits dangerous properties such as toxicity and flammability, leading to 

healthcare issues for the flora and fauna. The low concentration of H2S results in health 

issues such as eye infections, throat injuries, respiratory problems, weak memory, and 

other lot no of issues and consequences to the human beings. A higher concentration of 

H2S gas for some minutes such as 1000 ppm for 10 minutes (parts per million) can leads 

to sudden death [109]–[111]. Even H2S-based sensors still exist with us but have various 

drawbacks such as high cost (100$-1000$), high power consumption, and some are 

restricted to particular high temperature ranges [111]–[113]. As per the benchmark 

specified by the American Conference of Government Industrial Hygienists (AGIH) from 

the safety perspective bearing capacity of humans for H2S gas is 10 ppm.  H2S gas at 

workplace is risky and damaging, according to the Occupational Safety and Health 

Administration and the Bureau of Labor Statistics [114]. Hence, from the safety 

perspective in the fields of environment and industries, it is important for the detection of 

H2S gas [115], [116]. Nanowire Field Effect Transistors based on inorganic 

semiconductor material are also developed as gas sensors [117], [118]. For the detection 

of low concentrations of gases at room temperature, OTFTs (Organic Thin Film 

Transistors) have gained much more attention as it offers various excellent properties 

such as flexibility, high selectivity, high sensitivity observed at low cost fabrication 



 
 

40 
 

process [119]. In the past several years organic polymer TFT devices have been utilized 

in various sensing applications [120]. In today’s era, SiO2 based OTFT electronic gas 

sensors are typically power-hungry [121], hence it become essentials that fabricated gas 

sensors are operated at low voltage (preferably 1-2 V). Along with that, the surface 

roughness of dielectric film and channel had a crucial impact on OTFT’s electrical 

performance and also in sensing operations [122]. In most OTFT devices, SiO2 is 

commonly used oxide film as a gate oxide layer because it offers smooth surface 

roughness, good oxide semiconductor interface, etc.  However, an oxide capacitance 

associated to SiO2 is quite low due to a small dielectric constant (k~3.9), which makes 

OTFT devices power-hungry [121], [123]. In order to reduce the operating voltage of 

OTFT with SiO2 as a gate oxide, the thickness of oxide should be reduced, which can 

increase oxide capacitance. But on the other side the reduced oxide thickness can causes 

tunneling gate leakage current and deteriorates the device performance. Hence, to 

suppress the tunneling gate leakage current and fulfill the requirement of low operating 

voltage of OTFT, a high-k dielectric with a high dielectric constant (k>10) is preferred as 

a gate oxide with a certain thickness over other conventional dielectric such as SiO2 [124], 

[125]. Therefore, choosing a dielectric material has become essentially important, 

especially for low-power devices  and it can be chosen based on the following criteria 

[126], [127] : 

1. The dielectric material should have a k value between 10 to 30 and also free from 

the short channel effects.  

2. Dielectric materials also offers a band gap of at least 5 eV. 

3. Dielectric possesses a low interface trap density (< 1011 cm-1 eV-1). 

4. Oxide consisting surface energy change should be in range of (∆G) = (0 to -
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50KJ/mol) exhibits a weak tendency of water absorption and is comparatively 

stable and suitable for OTFT devices with excellent performance. 

In this work, an organic thin film transistor (OTFT) fabricated via solution processing 

methods. It is operated at low voltage and has been utilized for H2S gas sensing at room 

temperature (~25 ºC). As ZrO2 has a band-gap of 5.8 eV., (∆G = -47 KJ/mol) and a 

dielectric constant value of ~25 [123], [126], [127]. OTFT has been used for the 

application of gas sensing for sensing various gases such as ammonia (NH3), sulfur 

dioxide (SO2), and NO2., hydrogen sulfide (H2S). This becomes possible due to the 

polymer-based active layer helping in the detection of gases. For detection of the toxic 

gas, metal oxide (MOX) based material can be used especially for H2S sensing but with 

some restrictions such as strong dependency over relative humidity (RH) and usually 

operated at high temperature (> 100 ℃). Therefore, conductive polymers are used as a 

replacement for it [114]. In this work, top contact bottom gate (TCBG) structured silver 

nanoparticles-doped poly (2,5- bis(3-tetradecylthiophen-2yl) thieno (3,2- b) thiophene) 

(PBTTT-C14) based OTFT operated at low voltage has been fabricated and utilized for 

H2S gas sensing application at room temperature operation (~25 ºC) [128].  The novelty 

of the proposed work is fabricating a low voltage cost efficient, high performing OTFT 

based H2S sensor without any complex or costly fabrication setups. 

2.2  Chemical Required and Materials Synthesis 

PBTTT-C14(Poly[2,5-bis(3-tetradecylthiophen-2-yl) thieno[3,2-b] thiophene]) (MW > 

50k), strontium chloride and zirconium acetylacetonate were procured from Sigma 

Aldrich pvt. ltd. and used in OTFT fabrication without any further purification. The 

remaining necessary chemicals, including HMDS (Hexamethyldisilazane), cleaning 

agents, ethylene glycol (C2H6O2), glycerol anhydrous 87% GR (C3H8O3), and chloroform 
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(CHCl3), were purchased from Merck India Pvt. Ltd. The following synthesis steps are 

involved for OTFT fabrication including the synthesis of high-k dielectric and channel. 

1): For the synthesis of high-k dielectric, separately, 300 mM of strontium chloride and 

150 mM of zirconium acetylacetonate (Zr (Acac)4) were dissolved in 2 methoxy ethanol 

in transparent vial tubes for the dielectric solution. For thorough mixing, the solution was 

continuously stirred at 1000 rpm for 6 hours at room temperature (RT-25 ͦ C). After that, 

the prepared solution was mixed in separate vial tubes at a certain ratio of 1:6 and further 

kept on stirring at 1000 rpm for 6 hours for uniform homogenous mixing.  The ratio of 

the solution has been optimized for enhanced surface roughness and dielectric constant 

of the film. 

2): For the active layer 10 mg/ml of PBTTT-C14 and 1 mg/ml AgNO3 were dissolved in 

chloroform and ethanol solution, respectively, and kept on stirring at 1000 rpm for 1 hour 

at room temperature (25ºC). The final active layer nanocomposite solution has been 

prepared by 0.5% wt/wt of silver nanoparticle in PBTTT-C14 solution. The channel 

becomes extremely conductive due to the larger concentration of silver nanoparticles in 

the pure polymer matrix, which is undesirable for the properties of transistors. 

2.3 Device Fabrication  

For the fabrication of the device, the following essential steps are to be followed.  

• For wet cleaning purposes, a p-type doped Si wafer is treated with 

trichloroethylene and kept for ultrasonication for 5 mins.  

• The substrate was then immersed in an isopropanol solution for five minutes, 

followed by three to four times rinsing through flowing deionized water (DI) 

water.  
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• Then piranha solution (H2O2:H2SO4 = 6:4) is used for the piranha cleaning 

treatment of the substrate by dipping the substrate in it for 20 min and 

subsequently washed with the running DI water 3-4 times. This piranha treatment 

with the substrate is performed to remove metal impurities, and organic impurities 

from the surface of the silicon wafer.  

• Afterward, the wafer is dipped in HF in DI water solution (2-4 %) to discard the 

native oxide film from the surface of the substrate followed by 6-7 times treatment 

with running DI water. The wafer is dried at 100 °C in the presence of N2 gas (N2 

ambient).  

• The substrate dry cleaning was performed by plasma cleaning treatment in the 

presence of argon and oxygen gas (ratio 70:30) for 15 mins duration. Plasma 

cleaning forms an oxygen-rich hydrophilic surface, favorable for dielectric 

solution deposition.  

• After performing the plasma treatment, proceeded for the spin-coating of 

zirconium acetylacetonate (ZAK) mixed strontium chloride solution over this Si 

(p++) wafer for the time interval of 60 seconds at 6000 r/min followed by the 

high-temperature annealing treatment of this coated film substrate in the presence 

of N2 gas at 500° C for 2 hours for the growth of SrZrOx dielectric film.  

• The resultant dielectric film is gone for the HMDS method which is vapor-based 

for 30 minutes to develop a hydrophobic substrate [129] over which the Organic 

Semiconductor (OSC) layer is to be deposited.  

• The FTM technique has been opted for the development of OSC due to its cost-

effectiveness, low wastage, and enhanced film growth technique. A detailed 

description has been given in [130], [131].  
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Figure 2.1 Showing the overview of different steps involved for device fabrication. 
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Figure 2.2 (a) Showing the liquid substrate poured into a petri dish (b) showing growth 

of thin film of silver nanoparticles doped PBTTT-C14 over a liquid substrate (c) 
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indicating the stumping of thin layer of silver nanoparticles doped Ag/PBTTT-C14 film 

over the HMDS treated dielectric film (d) showing uniform thin layer Ag nanoparticles 

doped PBTTT-C14 over dielectric film, acting as active layer of the OTFT. 

For the development of an active layer (OSC) i.e., PBTTT-C14 by the means of 

FTM method can become possible when the surface energy magnitude of silver 

nanoparticles doped PBTTT-C14 is smaller than that of the liquid substrate (solution of 

Ethylene Glycol and Glycerol Anahydrous in 1:1). The following necessary steps are to 

be taken to obtain an active layer via FTM method. 

Step 1: Liquid substrate exhibiting a high surface energy should be introduced by mixing 

ethylene glycol and anhydrous glycerol homogenously in the proportion of 1:1 and 

followed by pouring into the petri dish. 

Step 2: Now, a drop (~10 𝜇𝐿)  of silver nanoparticles-doped PBTTT-C14 dissolved in 

chloroform are dropped over the liquid substrate. As it possesses low surface energy as 

compared to the surface energy of the liquid substrate results in the growth of silver 

nanoparticles doped PBTTT-C14 and forms a thin and uniform floating film over the 

liquid substrate. In order to obtain smooth spreading, the driving force dominates viscous 

force in the film growth process i.e. (FD > FV) otherwise coagulation would take place 

which is undesirable for the film growth (FD < FV).  

Step 3: Once, the formation of the thin and uniform floating film takes place then the 

floating film is stumped over the dielectric film ((SrZrOx) treated with HMDS) (Like 

water transfer process of painting) and annealed at 80 ºC for 3-4 hours for the removal of 

organic solvents residuals. 

After this, to eliminate the leftover organic solvents annealing is done at 80°C. Gold is 

used for source and drain interdigitated contact of OTFT as shown in Figure 2.3 (a), 
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having a width of 18.03 mm and length of 50 µm. The interdigitated contact of the device 

is deposited by thermal coating unit HHV 12A4D at ~10-6 torr pressure and 0.1 Aº/sec 

rate. The thickness of dielectric film and active layer films are 60 nm and 30 nm 

respectively. The schematic of the device and fabricated image are shown in the Figure. 

2.3  

 

Figure 2.3 (a) Image of the fabricated device (b) Schematic of device illustrating different 

materials used in fabricating this device. 

2.4 Thin Film Characterization 

For the creation of an effective OTFT sensor, surface morphology analysis of the organic 

semiconductor film and dielectric film is become essential. A dielectric film of the device 

must pass with a smooth surface (surface roughness < 1 nm) so that it offers a good 

dielectric semiconductor interface. The active layer's development is controlled by a 

smooth dielectric film, and the device passes with high mobility because the interface 

between the dielectric and semiconductor is free of trapped charge carriers. The 

synthesized dielectric film in the current study satisfies the requirements for a good 

dielectric film with a low surface roughness of ~0.245 nm as depicted in (atomic force 

microscopy) AFM image of Figure 2.4 (a) & (a’). On the other hand, from AFM image 

(a’)(a)

(b)
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Ag doped-PBTTT- C14

Si-p++

(b)

W: 18.03
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in the Figure 2.4 (b) & (b’), the silver-doped PBTTT-C14 has a surface roughness of 

~1.102 nm and passes with a high value, providing active carrier sites for the adsorption 

of the gas molecules and, consequently, a strong sensing response.  

          

Figure 2.4 (a), (a’) AFM images of SrZrOx film in 2D and 3D form, (b), (b’) AFM images 

of PBTTT-C14/Au film developed over SrZrOx/HMDS film in 2D /3D form. 

2.5 Dielectric Characterisation Results 

A high-permittivity (κ) of dielectrics is one of the key parameters for realizing a high-

performance and low-voltage OTFTs. These OTFT can be used either in sensing 

applications or switching applications due to consuming low power. In order to obtain the 

low operation voltage of OTFT in the range of 1V -3 V, the dielectric should have higher 

capacitive strength that hold the large amount of charge. The device configuration in the 

Figure 2.5 (a) was used to evaluate the capacitance of dielectric film, where dielectric 

film is sandwiched between gate (Si) and Au contact.  The capacitance of the dielectric 

film is measured with respect to the frequency variation in Figure 2.5 (b) and it is 

observed that the dielectric film passes with the large areal dielectric capacitance of 433 
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𝑛𝐹

𝑐𝑚2
  at low operating frequency, which further validates the large no. of accumulated 

charge with low voltage. 

  

Figure 2.5 (a) Schematic for capacitance vs frequency measurement, (b) Capacitance vs 

frequency plot (C-f plot) of the manufactured dielectric film. 

Another important parameter of dielectric is the leakage current density, a low leakage 

density is desirable for good dielectric. Therefore, to measure the strength of dielectric 

the leakage current density was measured and shown the plot in Figure 2.6 (a). It is 

observed that the created dielectric film's has low number of pinholes. At a gate voltage 

(𝑉𝐺𝑆) of -1.5 V, the dielectric film has shown a low leakage current density of 0.1 nA/𝑐𝑚2.   

                Additionally, UV Visible is performed through which absorbance versus 

wavelength curve is achieved, and according to the wavelength its corresponding bandgap 

is evaluated using the relation 𝐸𝑔(𝑒𝑉) =
1.24

λ (μm)
 then 𝛼ℎ𝑣 is calculated using 𝛼ℎ𝑣 =

2.303 × absorbance value ×  𝐸𝑔(𝑒𝑉),  𝛼ℎ𝑣 is squared and curve (𝛼ℎ𝑣)2 versus photon 

energy(ℎ𝑣) is plotted and the intercept of the curve on x-axis gives the bandgap of 

dielectric film which is obtained as 4.95 eV, as seen by the tauc plot in Figure 2.6 (b). 

Further, the created dielectric layer has a band gap of 4.95 eV, which is sufficient tells to 

completely rule out the possibility of thermionic emission in the developed device. 

(b)

Gate Contact

Dielectric

Au

(a)
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Figure 2.6 (a) Leakage current density plot of dielectric layer (SrZrOx) (b) Band gap of 

dielectric (SrZrOx). 

2.6 Electrical Characterization Results 

The output characteristics (𝐼𝐷𝑆 − 𝑉𝐷𝑆) of the fabricated device as shown in Figure 2.7 

(a) has investigated for drain to source current (𝐼𝐷𝑆) with different drain to source voltage 

(𝑉𝐷𝑆) at different gate bias voltage (𝑉𝐺𝑆) from 0V to -1.5V with the step size -0.25. The 

maximum 𝐼𝐷𝑆 current of 3.5 μA is achieved at  𝑉𝐷𝑆 of -1.5 V at 𝑉𝐺𝑆 of -1.5 V. The output 

characteristics can further be divided into two important regions of operation i.e., 1. 

Linear region and 2. Saturation region. Generally, for sensing amplification, the device is 

used in saturation regions where the device's current is constant after particular 𝑉𝐷𝑆 . 

When the device is used in the saturation region, the drain current of this PBTTT-C14 

based OTFT is defined by the equation (2.1). 

                     𝐼𝐷𝑆 = 𝜇𝑆𝐴𝑇
𝑊

2𝐿
𝐶𝑂𝑋(𝑉𝐺𝑆  −  𝑉𝑇𝐻)2  (2.1) 

  

where 𝜇𝑆𝐴𝑇 is saturation mobility, 𝐶𝑂𝑋 is oxide capacitance, 𝑊and 𝐿 is the width and 

length of a fabricated device. 𝑉𝑇𝐻 is the threshold voltage of the fabricated device.  In the 

saturation region, the condition is  𝑉𝐷𝑆 ≥  𝑉𝐺𝑆 −  𝑉𝑇𝐻. 

(a) (b)
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Figure 2.7 (a) Indicates output characteristics (𝐼𝐷𝑆 − 𝑉𝐷𝑆) curve for 𝑉𝐷𝑆 varying from 0 

to -1.5 V with 𝑉𝐺𝑆 varying from 0 to -1.5 V with an increment of -0.25 V, (b) Indicates 

transfer characteristics (𝐼𝐷𝑆 − 𝑉𝐺𝑆) curve for fixed 𝑉𝐷𝑆 -1.5 V. 

The characteristics indicate that the device can operate within a 1.5 V voltage, which is 

only made possible due to high-permittivity (κ) oxide dielectrics. The device parameters 

such as threshold voltage (𝑉𝑇𝐻), subthreshold swing (𝑆𝑆), on-off ratio (𝐼𝑂𝑁/𝐼𝑂𝐹𝐹) and 

(b)
(a)

(b)
(a)
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saturation-mobility (𝜇𝑆𝐴𝑇) were extracted as -0.44 V, 0.5 
𝑉

𝐷𝑒𝑐𝑎𝑑𝑒
, 103 and 0.55 

𝑐𝑚2

𝑉𝑠
 

respectively from the transfer characteristics of the device. 

Table 2.1 Comparison of this OTFT with other existed TFT’s  

 

 

2.7 Gas Sensing Results 

To evaluate the sensing characterization of PBTTT-C14 based OTFT, the H2S gas at 

different concentrations from 200 ppb (part per billion) to 5 ppm is exposed on the 

fabricated device in ambient conditions. The major parameters of OTFT such as mobility, 

threshold voltage, trap charge density, etc. are necessary factors to derive sensing 

findings, therefore, transfer characteristics (𝐼𝐷𝑆 −  𝑉𝐺𝑆) curve is used to evaluate all such 

parameters in the presence of H2S gas.  The 𝐼𝐷𝑆 −  𝑉𝐺𝑆 characteristics as shown in Figure 

2.8 (a), is obtained by varying the 𝑉𝐺𝑆 from 0 to -1.5 V at fixed 𝑉𝐷𝑆 of -1.5 V.  In Figure 
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2.8 (a), it is noticed that, as H2S gas concentration increases, it results in decay in the 

magnitude of drain current (𝐼𝐷𝑆). An increase in the concentration of H2S gas over 

PBTTT-C14 based OTFT device may be due to the trapping of the charge carrier of the 

active layer by the molecules of the H2S gas and an increment in the concentration of H2S 

gas led to an increase in the level of trapping of charge carrier of organic semiconductor 

which results in a change in the value of  (𝑉𝑇𝐻).This kind of behavior of (∆𝑉𝑇𝐻) is 

previously observed for OTFT prepared by several others for marine, gas sensing 

applications[138]–[141]. The charges that trap in the channel of PBTTT-C14 are defined 

as 𝑄𝑇𝑅𝐴𝑃 and its corresponding trap charge density (∆𝑛) which is given in the following 

equations (2.2) and (2.3) [142]. 

𝑄𝑇𝑅𝐴𝑃 =  ∆𝑉𝑇𝐻𝐶𝑂𝑋 (2.2) 

∆𝑛 =
𝑄𝑇𝑅𝐴𝑃

𝑞⁄  (2.3) 

A subthreshold swing(𝑆𝑆) states the defect associated with interface and bulk [143]. 𝑆𝑆 

depends upon the interface trap charge density, which is stated in the following equation 

(2.4) [144]. 

𝑆𝑆 =
𝐾𝑇

𝑞
(1 +

𝑞∆𝑛

𝐶𝑂𝑋
) 

(2.4) 

where K stands for Boltzmann’s constant, T for temperature, q for electronic charge, and 

𝐶𝑂𝑋 for dielectric capacitance. It is worth noting that the H2S is electron-donating gas and 

PBTTT- C14 is a p-type organic semiconductor, therefore when it is exposed to a p-type 

polymer, resulting in lowers charge density, the surface conductivity of the polymer and 

mobility[114], [128]. 



 
 

54 
 

                

                  

Figure 2.8 (a) Transfer characteristics (𝐼𝐷𝑆 − 𝑉𝐺𝑆) curve in the absence of the gas and in 

the presence of gas for variable concentration of H2S gas carried out at a fixed value of  

𝑉𝐷𝑆 = -1.5 V, (b) Showing sensing response at different concentrations of H2S increasing 

from 0 to 5 ppm evaluated at 𝑉𝐺𝑆 = 𝑉𝐷𝑆 = -1.5 V. 

Further, the sensing response (S) of a gas sensor is another very essential and 

important parameter that describes the level of sensitivity of any gas sensor and it is 

defined by the following relation equation (2.5). 

(a)

(b)
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     𝑆 =
𝐼𝐷𝑆(𝐴𝐼𝑅) − 𝐼𝐷𝑆(𝐺𝐴𝑆)

𝐼𝐷𝑆(𝐴𝐼𝑅) 
 × 100 

(2.5) 

where IDS(AIR) is the drain current measured when H2S gas is not present, and IDS(GAS) is 

the drain current measured in the presence of H2S gas. It is seen that the calculated sensing 

response of this PBTTT-C14 based OTFT device is greater than 80 % at 5ppm of H2S 

gas concentration as shown in Figure 2.8 (b). The Limit of Detection (LoD) of the 

fabricated gas sensor is obtained a 15.17 ppb, which is the well-permissible limit of good 

gas sensors. 

It can also be illustrated that mobility (𝜇𝑆𝐴𝑇), threshold voltage (𝑉𝑇𝐻), and subthreshold 

swing (𝑆𝑆) change observed when H2S gas is imposed on PBTTT-C14 based OTFT and 

its value and magnitude of  𝜇𝑆𝐴𝑇, 𝑉𝑇𝐻, 𝑆𝑆 decreases when the H2S gas concentration 

exposure rises from 0 ppm to 5 ppm.  Figure 2.9 (a) and (b) show what is happening at 

0 ppm i.e., in the absence of H2S gas the values of 𝑉𝑇𝐻 = -0.44 V and ∆𝑛 ~ 27× 1013 

𝑐𝑚−2. As the concentration of H2S gas varies from 0 to 5ppm and the corresponding value 

of ∆𝑛 increases and 𝑉𝑇𝐻 decreases, hence it completely justifies the facts and cause 

mentioned above that increase in the gas concentration increases trapping of charge 

carrier of the active channel layer of the TFT device which decreases the (𝑉𝑇𝐻) threshold 

voltage of the device with an increase in the magnitude of threshold voltage in the 

negative region. It indicates that device on exposure to H2S gas and increased 

concentration of gas from 0 to 5ppm required large amount of  𝑉𝑇𝐻 to turn ON the device. 

This is because of introducing of a large amount of charge trap densities results acting as 

a barrier in producing drain current [145]. 
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Figure 2.9 (a) Indicates a change in mobility (𝜇𝑆𝐴𝑇) and threshold voltage (𝑉𝑇𝐻) on 

exposure to H2S gas for variable concentration from 0 to 5 ppm, (b) Stating change in the 

trap charge density(∆𝑛), change in threshold voltage (𝑉𝑇𝐻) with an increase in the H2S 

gas concentration.  

As water molecule is polar in nature and it tends to induce the charge carrier of the organic 

semiconductor (OSC) as a result of which threshold voltage (𝑉𝑇𝐻), mobility (𝜇𝑆𝐴𝑇) got 

affected and reduced in the respective magnitudes due to interaction of charge carrier of 

(a)

(b)



 
 

57 
 

the active layer and polar water molecule. P-type OSC performance degrades when there 

is an increment in the levels of humidity[146], [147].  

            

               

Figure 2.10 (a) Indicating transfer characteristics (𝐼𝐷𝑆 − 𝑉𝐺𝑆) curve at constant 𝑉𝐷𝑆 = -

1.5 V for both the case in the presence of air only and for increase in the humidity 

condition, (b) Illustrating the nature of the sensing response for different interfering gases 

(a)

(b)
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carried out at different concentrations (H2S, NH3 - 5ppm, CO, CO2, Propene and CH4 – 

100ppm). 

In the current work, the device is almost independent of water vapors as shown in the 

Figure 2.10 (a). This is because of the introduction of metal nanoparticles in the organic 

polymer matrix forms a metal nanoparticle organic semiconductor nanocomposite matrix 

which eliminates the chance of water adsorption and desorption making it insensitive to 

the water molecules. The manufactured device has undergone selective analysis for 

various interfering gases, including H2S, NH3, CO, CO2, propene, and CH4 as illustrated 

in Figure 2.10 (b).  From selective analysis results, it is justified that the fabricated gas 

sensor produces an excellent sensing response of > 80%, when subjected to H2S gas and 

it can be now stated the device fabricated is fully favorable for sensing H2S gas at RT 

   

Figure 2.11 Showing the transient behavior and 3 repetitive cycles of the fabricated 

sensor evaluated at 𝑉𝐷𝑆 = 𝑉𝐺𝑆 = -1.5 V. 

  In order to evaluate the 𝑇𝑅𝑒𝑠 (average response time) and  𝑇𝑅𝑒𝑐 (average recovery 

time) of the fabricated sensor, transient analysis is performed. Mechanism such as 

physisorption (surface based) or chemisorption (bulk based) over sensing surface are 
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linked for the determination of response and recovery time of gas sensors.  

In this work, fabricated sensor highly favours physisorption over chemisorption 

mechanism and resulted in calculating 𝑇𝑅𝑒𝑠 and 𝑇𝑅𝑒𝑐 as 5 and 26 seconds respectively. 

Additionally, from the Figure 2.11 it indicates that 3 repetitive cycles of the proposed gas 

sensor. 

Table 2.2 Comparison of this H2S based sensors with other sensors  

 

 

2.8 Sensing Mechanisms 

The sensing mechanisms of this PBTTT-C14 based OTFT have been explained in Figure 

2.12 (a) and (b) respectively. In Figure  2.12 (a), explores the device in the absence of a 

target analyte, while Figure 2.12 (b) explores the interaction of the target analyte over 

the silver nanoparticle-doped sensing layer. The fabrication of the device's transfer 

characteristics (multi-parameter extraction) at the fixed drain to the source supply has 

been the subject of all sensing measurements. The doping and de-doping phenomenon 

Sensor 

Type 

Sensing 

material 

Deposition 

Technique 

Sensitivity 

(%) 

 

LoD 𝑻𝒓𝒆𝒔

/𝑻𝒓𝒆𝒄 

(s/s) 

References 

Metal 

Oxide 
WO3 RF Sputtering 23 (1ppm) 1 

ppm 

30/30 [148] 

 

Optical 

 

Laser 

diode 

Photoacoustic 

Spectroscopy 

- 0.5 

ppm 

-/- [149] 

Electro-

chemical 

Nafion 

membrane 

Spraying 2.92 

(1 ppm) 

0.1 

ppm 

9/- [150] 

OTFT BTBT Langmuir-

Schaefer 

15  

(5 ppm) 

60 

ppb 

40/>60 [151] 

OTFT PCPDTBT FTM 71.3 

(1ppm) 

- 8/250 [152] 

 

OTFT PBTTT-C 

14 

FTM 80  

(5ppm) 

15.17 

ppb 

5/26 This 

work 
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over the sensing surface of the metal-doped polymer nanocomposite sensing film can be 

used to explain the gas sensing mechanism of the manufactured sensor. It is well known 

that the PBTTT-C14 is a p-type organic semiconductor having large numbers of holes to 

modulate the drain current of the thin film transistor. The LUMO and HOMO of PBTTT-

C14 are 3.2 eV and 5.1 eV respectively.  

The work function of Au nanoparticle is 5.1 eV. Therefore, the difference between the 

work function of (Au) gold and HOMO is almost 0 eV.[153]–[155], This forms an ohmic 

contact results into no barrier for flow of charge carrier inside the semiconductor for the 

generation of drain current [156] and which would be further essential in evaluating all 

the performance parameters. When the sensing film of metal nanoparticles doped 

PBTTT-C14 interacted with the target analyte H2S and ammonia, the lone pair of target 

gas trapped the active charge carriers in the sensing channel i.e., holes (indicated in 

Figure  2.12 (b)). In other words, the interaction of the target H2S gas reduces the no. of 

active charge carriers (holes) in the channel by reducing the drain current of the fabricated 

organic TFT. The modulation of the drain current with the interaction of the target gas 

and sensing film resulting the sensing response of the sensor. When the gas from ambient 

has been removed, the sensor completely recovers to its initial state, confirming the 

dominant physisorption mechanism followed by the fabricated sensor. Additionally, the 

incorporation of the metal nanoparticles in the polymer matrix provides a high surface-

to-volume ratio for the adsorption-desorption of gas molecules and enhances the sensor's 

sensing performance by donating the charge carriers over the backbone of the polymer 

matrix [157].  
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Figure 2.12 (a) Indicates PBTTT-C14 OTFT in the absence of H2S gas, and (b) Indicates 

PBTTT-C14 OTFT when it is exposed to H2S gas. 

Due to the interchain transfer mechanism, the silver nanoparticles doping the polymer 

matrix improve the charge transport facility, which further cuts down on the target gas's 
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response and recovery times. Ag nanoparticles are also added to the polymer matrix to 

increase the catalytic activity, which enhances the sensor's sensing response in terms of 

response/recovery time. 

2.9 Conclusion 

The PBTTT-C14 based OTFT having top contact bottom gate structure has been 

fabricated for the detection of H2S gas primarily for low value of concentration from 0 to 

5 ppm. When the device is subjected to exposure of H2S gas, it shows changes in the 

electrical behaviors. Also, it is found that an increase in the gas concentration increases 

the trap charge density of OSC, leading to an impact on the charge transport mechanism 

and resulting in enhancement in the sensing response. The sensing response is calculated, 

and found to be > 80 % at 5ppm. Along with H2S gas, the device is subjected to various 

interfering gases and levels of humidity. All the aforementioned findings demonstrated 

that PBTTT-based OTFT has an excellent candidate for sensing H2S gas. 
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Chapter 3 

Compact Modeling of Flexible PBTTT-C14 Low-Voltage 

OTFT with PMMA/SrZrOX High-k Dielectric 

3.1    Introduction   

The last century was dominated by inorganic semiconductors including II-V, and II-VI 

materials. Even today silicon continues to rule the chip design industries. The beginning 

of the 21st century started witnessing the growth and widespread use of a new class of 

flexible and transparent electronics manufactured using organic Semiconductor-based 

OTFTs [158]–[160] . OTFTs have some interesting properties that are not shared by 

silicon-based transistors including the flexible and often transparent nature of the former, 

the ability to be manufactured virtually on any kind of substrate at or near room 

temperature, and sometimes without involving complex lithography techniques used in 

making Si-based transistors [161], [162] . A high operating voltage or power-hungry 

OTFTs are major constraints to meeting the demand of current low-power applications 

e.g., circuit and sensor applications [104], [132], [133], [163]–[165]. This is due to the 

fact that most of the high-k dielectrics are synthesized at higher temperatures [166], [167]. 

Thus most of the OTFTs are still fabricated on Si substrates resulting in a loosing of 

device flexibility [145], [168]. The ultimate aim of fabricated TFT is to utilize its fullest 

potential in IC design. Therefore, compact modeling becomes necessary for the 

development of prototypes of the circuits that are further utilized to demonstrate more 

complex circuit designs as per user demand and requirements. Researchers are facing 

challenges to those who fabricated OTFT devices in order to fit the behavior of the 

fabricated TFTs with models. This is due to the fact that the physical models are complex 

and time-consuming, and no such physical models are currently available to fit the  
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behaviour of all these new TFT devices due to the variation of material properties, 

different device structures, and fabrication process variability.  Researchers are using pre-

existing standardized SPICE compact models to fit the TFT behaviours, however, these 

models may be accurate for limited regions of operation [93], [169], [170]. Thus, to fill 

the gap of both shortcomings as discussed in aforesaid statements, this chapter 

demonstrated the fabrication of an OTFT device at low temperatures in ambient 

conditions preserving device flexibility with good device parameters.  Further, this 

chapter mainly addresses modeling issues for new TFT devices through a fast and 

innovative compact modeling approach. The active layer of fabricated device is 

developed by the means of floating film transfer method (FTM) which is cost efficient, 

small amount of solution wastage and provides uniformity in film thickness [171], [172].  

  

   

 

   

 

 

  

 

 

 

 

Figure 3.1 Showing the overview of this paper and different steps involved for device 

fabrication and circuit simulation. 
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3.2 Chemical Required and Materials Synthesis 

PMMA (Poly Methyl methacrylate) (MW- 350k), Strontium chloride, Zirconium (IV) 

acetylacetonate (ZrAc), 2MEA (2 Methoxy Ethanol), and other cleaning agents and 

organic were purchased from Merck India Pvt. Ltd.  The dielectric solution 300 mM of 

SrCl2 ,100 mM of ZrAc solution and and 80 mg/ml of PMMA were dissolved separately 

in 2-MEA solution and kept on constant stirring at 900 rpm and Room Temperature (RT) 

for 3 hours.  Subsequently, the strontium chloride solution and ZrAc solution were mixed 

in a separate vial tube for the preparation of SrZrOx solution and further kept on constant 

stirring at 900 rpm and RT for 3 hours. The ratio of the strontium chloride and ZrAc 

solution has been optimized with a ratio of 1:6 (wt/wt) for smooth, high dielectric constant 

and high band gap dielectric film. Further, the PMMA solution was mixed with SrZrOx 

solution in a ratio of 20:80 for the synthesis of the final PMMA blend SrZrOx solution 

for dielectric film fabrication. For the active layer solution, 10 mg of PBTTT-C14 was 

dissolved in 1 ml of chloroform and stirred for 1 hour at RT at 900 rpm for uniform mixing 

solution. 

3.3 Device Fabrication  

The bottom gate – TFT device have been fabricated consisting of different layers is 

depicted in the Figure 3.2 (a).  

 

The device has exhibit both partially transparency and flexibility as shown in device 

image respectively in the Figure 3.2 (b-b’’’) and (c). 

ITO
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Figure 3.2 (a) Schematic of the device showing different layers of fabricated device are 

the images of the fabricated device (b) (b’) (b’’) (b’’’) Image showing flexibility of device 

(c) Transparency. 

 The following necessary steps were used for fabricating the low operating voltage of 

flexible and transparent thin film transistor: 

• Step 1: Initially, indium tin oxide (ITO) coated PET substrate (15×10 mm) is 

treated with each acetone and propanol for 10 mins respectively, after that it was 

washed with deionized water (DI) water.  

• Step 2: The cleaned ITO coated PET substrate was it kept in oven to get dried at 

80℃ in the existence of N2 gas for 10-15 min followed by the plasma cleaning for 

the duration of 10 minutes to enable the surface oxygen rich which is feasible for 

the growth of dielectric solution over it.  

• Step 3: After plasma cleaning, with the help of spin coating method (SPM-200), 

the dielectric layer of polymethyl methacrylate (PMMA) blend SrZrOX over gate 

electrode is deposited over ITO followed by pre-annealing at 70℃ for the duration 

of 20-24 Hours. PMMA blend SrZrOX are mixed in volume-wise proportion of 

20:80 for enhancing mechanical flexibility without losing the high-k properties.  

• Step 4: After pre-annealing, the UV-Visible treatment is done for the duration of 

15 minutes separately for both UV and Visible treatment respectively.  

• Step 5: After this UV-Visible treatment, the dielectric film over the substrate was 

kept on thermal chuck (80 ºC) for treating with vapor form of Hexamethyldisilane 

ITO 
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(HMDS) for the time interval of 20 minutes. This HMDS treatment helps making 

the surface hydrophobic in nature and also minimizes the associated interface 

traps for the film growth of organic semiconductor (OSC) on gate dielectric [129].  

• Step 6: For the active/organic film growth Polyethene glycol and glycerol are 

added in homogenous proportion of 1:1 and stirred it nicely to form the liquid 

solution.  The PBTTT-C14 in chloroform solution has been taken for the floating 

film transfer method (FTM), detailed process of FTM method is given in [130]. 

A 20 𝜇l drop of obtained metal doped polymer nanocomposite solution was 

poured at surface of liquid substrate (Polyethene glycol and glycerol) solution for 

the active layer growth of the film.  

• Step 7: After that film was stumped over the HMDS cured dielectric film and 

baked at 70℃ to 80℃ for 5 hours to get a uniform active layer film. The film 

thickness of the active layer measured by Filmetrics F20-UV at various places is 

known as 30±3 nm. 

• Step 8:  A 50 nm gold were used to deposit the source and drain contact with a 

width of 18.23 mm and channel length of 50 µm by thermal coating unit HHV 

12A4D at ~10-6 torr pressure and 0.1 Aº/sec rate. 

 

Step 1:Cleaning of PET/ITO Substrate
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Figure 3.3 Showing the overview of different steps involved for device fabrication.  
 

3.4 Thin Film Characterization 

The flexibility of the device has been performed on a cylindrical setup. The device’s 

operation is satisfactory up to 10 mm bending radius. For a high bending radius, the 

device characteristics are destroyed but the device is recoverable when the bending stress 

is removed. For the function of OTFT, active layer and dielectric plays a crucial role for 

its functioning and operation. Therefore, analysis of surface morphologies is essentially 

required for the fabrication of transistors. 
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 To achieve a good semiconductor dielectric interface, surface roughness of dielectric film 

should be < 1nm. Smooth dielectric thin film helps in controlling the establishment of 

active layer of OTFT and having good interfacing properties i.e., negligible trapping of 

charge carries between the interface of semiconductor and dielectric, results into high 

mobility of the device [173]. Table 3.1 presents the variations in surface roughness and 

dielectric constant with respect to the ratio of PMMA and SrZrOX. The optimized ratio of 

PMMA and SrZrOX has been determined for device based on the data, ensuring that the 

surface roughness remains well below 1 nm. The AFM (atomic force microscopy) using 

Model: NTEGRA Prima Company: NT-MDT Service & Logistics Ltd. has done to obtain 

the surface roughness of the deposited dielectric film as shown in the images of Figure 

3.4 (a) and (b). The result states that the obtained surface roughness of dielectric (PMMA 

SrZrOX) and active layer films are 0.407 nm and 1.273 nm respectively, confirms good 

dielectric film exhibiting low surface roughness with excellent interface properties and 

large no. of active sites are present on the active layer film of organic semiconductor. 

 

Figure 3.4 (a) AFM image of SrZrOX: PMMA film in 2D form (b) AFM image of 

Au/PBTTT-C14 film established over SrZrOX: PMMA/HMDS film in 2D form. 

RMS Roughness = 0.407 nm Average Roughness = 1.273 nm
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Table 3.1 Surface Roughness and Dielectric Constant as Function of PMMA: SrZrOx 

Ratio of Dielectric Thin Film 

 

 

 

 

 

 

 
 

3.5 Dielectric Characterisation Results 

To ensure the low voltage operation and high-performance, could achieved by the proper 

utilization of dielectric layer in the TFT device which possess high-k dielectric value to 

solve the shortcoming of battery hungry devices.  Dielectric exhibiting higher value of 

capacitance is an important key for achieving low operating voltage OTFT having voltage 

(1-2 V) as high capacitance have holding strength for large number of charge carrier. 

 

Figure 3.5 (a) Device schematic used to measure the capacitance vs frequency curve (b) 

Capacitance vs frequency curve(C-f) plot of dielectric film formed for the fabricated 

device. 

In Figure 3.5 (a) the device with different layers where dielectric is situated in between 

metal contact (Au) and gate contact (ITO) for determining dielectric capacitance has been 

characterized by Semiconductor Parameter Analyzer B1500A. From Figure 3.5 (b) it can 

| |= 1 V

(b)

Gate Contact

Dielectric
Au

(a)

Sr No. PMMA: SrZrOx 

Ratio 

Roughness Dielectric Const.  

1 0:100 (Pristine 

SrZrOx)  

1.037 nm ~32.2 

2 20:80  0.407 nm ~31.44 

3 30:70 3.2 nm ~31 

4 40:60 10.41 nm ~28 
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be noticed that the capacitance vs frequency plot, dielectric capacitance evaluated at low 

frequency is 464 
𝑛𝐹

𝑐𝑚2
 confirms that dielectric is capable enough for the accumulation of 

large number of charges carrier at low voltage. As the average thickness of the dielectric 

film (𝑑)  is calculated as 60 nm measured by Filmetrics F20-UV at various places. After 

that the dielectric constant (𝑘) can be determined with the help of Figure 3.5 (b). 

Therefore, value of (𝑘) is calculated using 𝐶𝑂𝑋 = (𝜀 ∗ 𝑘)/𝑑 formula, and found of 31.44, 

that confirms high-k dielectric is utilized in device fabrication. Along with capacitance vs 

frequency curve, leakage current density is obtained that determines the strength of 

dielectric film. 

For a good dielectric film lower value of leakage current density is desirable which can 

be noticed in plot of Figure 3.6 (a) that states the leakage current density is observed 10 

nA/𝑐𝑚2 at 𝑉𝐺𝑆 = -1 V, supports that no availability of pinholes.  

 

Figure 3.6 (a) Leakage current density curve of dielectric (SrZrOX/PMMA) (b) Bandgap 

of dielectric film (SrZrOX/PMMA) formed for the fabricated device. 

The high bandgap of 4.87 eV is calculated for the hybrid dielectric film which is evaluated 

with help of tauc plot as seen in Figure 3.6 (b), describes that the fabricated device would 

(b)
(a)
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eliminate the possibility for thermionic emission. The band gap of the dielectric film has 

been measured by JASCO V-700 UV/Vis. spectroscopy. 

3.6 Electrical Characterization Results 
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Figure 3.7 (a) Comparison of experimental and modeled data of transfer curve i.e., Drain 

current – Gate to Source Voltage  (𝐼𝐷𝑆 − 𝑉𝐺𝑆) (b) Output characteristics curve i.e., Drain 

current – Drain to Source Voltage   (𝐼𝐷𝑆 − 𝑉𝐷𝑆) for Gate voltage ( 𝑉𝐺𝑆 ) varying from 0 

to -1V having step size of -0.1 V. (c) (√𝐼𝐷𝑆 − 𝑉𝐺𝑆 ) curve for evaluating the threshold 

(c)

(d)
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voltage (𝑉𝑇𝐻) (d) Logarithmic curve (log (𝐼𝐷𝑆) − 𝑉𝐺𝑆) for estimating on-off ratio 

(𝐼𝑂𝑁/𝐼𝑂𝐹𝐹) and subthreshold swing (𝑆𝑆).  

In this work, TechModeler device modeling tool from Silvaco has been used for 

compact modeling of fabricated low voltage flexible and partial transparent OTFT 

devices.  It is observed that the comparison of measured experimental results (performed 

by Semiconductor Parameter Analyzer B1500A) of both transfer and output drain 

characteristics of OTFT with modeled results shows excellent compatibility with model 

accuracy of above 99%. In this modeling approach of compact modeling in which 

percentage (%) of error is estimated corresponding to the numbers of iterations (data 

values)[174] and superimpose of experimental data and modeled data observed in Figure 

3.7 (a) and 3.7 (b) confirms that its corresponding error is very small which is 0.37% and 

0.74% respectively. Plots of transfer and output characteristics curve seen in Figure 3.7 

(a) and (b) shows that the operating voltage of this device is -1.0 V which becomes 

possible because of utilizing dielectric film providing higher areal capacitance shown in 

Figure 3.5 (b). Transfer curve (𝐼𝐷𝑆 − 𝑉𝐺𝑆) is plotted for 𝑉𝐺𝑆 varies from 0 to -1 V at fix 

𝑉𝐷𝑆 = -1 V. Similarly for output curve 𝑉𝐷𝑆 varies from 0 to -1 V for variable 𝑉𝐺𝑆 from 0 

to -1 V with an increment -0.1 V. When PBTTT-C14 based device operated in saturation 

mode then drain current equation (3.1) becomes as follows 

                                               𝐼𝐷𝑆 = 𝜇𝑃
𝑊

2𝐿
𝐶𝑂𝑋(𝑉𝐺𝑆  −  𝑉𝑇𝐻)2                     (3.1) 

For a device to be operated in saturation mode or region, drain-source voltage should be 

equal or greater than difference between gate-source voltage and threshold voltage 

respectively. Where 𝜇𝑃 is refer to the hole mobility, 𝐶𝑂𝑋 is refer to the oxide capacitance, 

𝑊 and 𝐿 are the width and length of device respectively. 𝑉𝐺𝑆, 𝑉𝐷𝑆 and 𝑉𝑇𝐻 are gate-source 
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voltage, drain-source, and threshold voltage of fabricated device. Figure 3.7 (b) shows 

that at fix 𝑉𝐺𝑆 = -1.0 V, the saturated drain current is observed as -2.68 𝜇A. With the help 

of Figure 3.7 (c) and (d) the value of all performance parameters as threshold 

voltage (𝑉𝑇𝐻), subthreshold swing (𝑆𝑆), on-off ratio (𝐼𝑂𝑁/𝐼𝑂𝐹𝐹) and hole mobility ( 𝜇𝑃) 

are calculated as -0.272 V, 0.2 
𝑉

𝐷𝑒𝑐𝑎𝑑𝑒
, 0.5×105  and 0.06 

𝑐𝑚2

𝑉𝑠
.  

Table 3.2 Comparison of OTFT Device Parameters 

 

The stability and precision of the device were assessed by conducting tests on 20 

fabricated devices with a substrate area of 1.5 cm × 2 cm. The findings showed minimal 

OTFT 

(Active 

layer) 

Deposition 

Method 

𝑽𝑻𝑯/ 

Op. 

V 

(V) 

𝝁 (
𝒄𝒎𝟐

𝑽𝒔
) 

𝑺𝑺 (𝑽
𝒅𝒆𝒄.⁄ ) 𝑰𝑶𝑵

/𝑰𝑶𝑭𝑭 

Remark [References] 

 

 

Pentacene Thermal 

evaporation 

-2.9/ 

-10 

0.4 1 3 
× 104 

High operating voltage and 

high SS value [133] 

TIPS-

Pentacene 

Inkjet 

Printing 

-1.2/ 

-60 

0.02 2.52 104 Very high operating 

voltage [104] 

C8-BTBT Spin 

Coating 

-3/ 

-15 

18.3 - 1.5
× 105 

High operating and 

threshold voltage, although 

excellent mobility of 

channel is acheived [175] 

C10DNTT Vacuum 

deposited. 

-7/ 

-10 

9.7 - 105 High temp processing have 

been used for channel 

deposition, although high 

operating voltage, with 

good channel mobility 

[135] 

F8T2 Spin 

coating 

-2/-6 1.69 ± 

0.15 

0.44 ± 0.05 104 Low temperature 

processing for channel 

deposition, along  with 

good TFT parameters [136] 

PBTTT-C 

14 

FTM -0.27/ 

-1 

0.06 0.2 105 Low temperature 

processing fabrication, 

fully flexible, Low 

operating voltage, low SS 

value, low mobility, with 

good On-OFF ratio  

[This work] 
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variance.  In Table 3.2, All the performance parameters of fabricated OTFT are compared 

with the existing TFT’s. Table 3.3 shows the fabrication technology information of 20 

devices and lists the statistical variations of TFT parameters. 

Table 3.3 Process Technology Parameters 

 

 

3.7 Compact Modeling and Inverter Circuit Simulation 

With help the Silvaco-Techmodeler tool, device compact modeling is done and along 

with modeling experimental data,  smart-spice file are also generated that can be used for 

the circuit simulation[174]. From this P-TFT (PBTTT-C14 based OTFT), we have 

implemented drive-in load inverter circuit on Silvaco-Gateway platform whose detailed 

description are shown as follows: 

• Current Voltage (I-V) characteristics measured from the fabrication of P-TFT 

(PBTTT-C14 OTFT) device are loaded to the Silvaco-Techmodeler tool 

• From this I-V measurement, P-TFT model has been opted. In the modeling 

section, % of error is estimated corresponding to the number of iterations. When 

the modeling reaches 100%, modeled data is generated according to the data 

supplied to Silvaco-Techmodeler tool 

• This P-TFT model is further imported further analysis and realization of circuits. 

• At Silvaco-Gateway tool all types of analog and digital circuits are implemented, 

in this tool basic libraries exist which contain components such as vpulse, vdd, 

No. of Device Tested = 20 𝑽𝑻𝑯 (𝑽) 

 𝝁 (
𝒄𝒎𝟐

𝑽𝒔
) 

𝑺𝑺 (𝑽
𝒅𝒆𝒄.⁄ ) 𝛁𝑽𝑻𝑯−𝒉𝒚𝒔𝒕𝒆𝒓𝒔𝒊𝒔= 

𝑽𝑻𝑯−𝒇𝒐𝒓𝒘𝒂𝒓𝒅

−  𝑽𝑻𝑯−𝑩𝒂𝒄𝒌𝒘𝒂𝒓𝒅 

Mean 0.27 0.06 0.2 0.0150 

St. devi: 0.017 0.009 0.024 0.0013 
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gnd, etc. In addition to this, Smart-Spice simulator also exist in Silvaco-

Techmodeler tool which is used to check transient and voltage transfer 

characteristics. 

• For the simulation of an inverter circuit, from this model (.sp) file is imported at 

Silvaco-Gateway platform for circuit implementation and using smart-spice 

simulator transient and voltage transfer characteristics has been observed to 

estimate parameters such as propagation delay, voltage gain. 

                              

         

(a)

(b)

(a)

(b)
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Figure 3.8 (a) Schematic diagram of drive-in load inverter circuit implemented using 

PBTTT-C14 OTFT (b) Implementation of inverter circuit at gateway platform. (c) and 

(d) Showing the transient behavior and voltage transfer characteristics of inverter circuit. 

For this drive-in load inverter circuit, two P-type OTFT are utilized in the circuitry. a 

zero-gate source load configuration is chosen for realizing the inverter circuit, as this 
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topology provides high gain and high logic swing. The entire inverting behavior of the 

inverter circuit can be realized based on the input of the driver OTFT [37]. The schematic 

of drive-in load inverter zero gate source load configuration is shown in Figure 3.8 (a) 

and Figure 3.8 (b), (c) and (d) show circuit implementation in gateway platform and its 

corresponding transient curve and voltage transfer curve.  

Table 3.4 Showing DC Inverter Gain at Different VDD 

 

 

 

     

 

  

 

 

 

 

Table 3.5 Comparison of Different Inverters 

Case Number VDD (V) Gain (V/V) 

1 -1.0 10.68 

2 -1.2 13.11 

3 -1.8 19.6 

4 -2.5 29.7 

5 -3.3 36.3 

6 -3.6 39.77 

Inverter Material Channel 

Deposition 

method 

Operating 

Voltage (V) 

Gain 

(V/V) 

Reference 

(Remark) 

 

P3HT-co-PEGT Spin coating 1 V 10.3 Moderate gain 

,complex 

fabrication[176] 

N1450/P3HT Spray 

Printing 

60 V 17 Very high 

Operating 

voltage[177] 

PBTTT/N1400 Inkjet 

Printing 

20 V 4.4 High Operating 

voltage and very 

low gain [178] 

diF-TES-ADT/ 

TU-3 

 

Inkjet 

Printing 

 

2.5 14 Low operating 

voltage, moderate 

Gain[179] 

MoS2/Rubrene CVD/ 

Physical 

vapour 

transport 

method 

 

3.3 V 2.3 Low operating 

voltage and very 

low gain  [180] 

PBTTT-C14 FTM 3.6 V 39.77 Low operating 

voltage and high 

gain 

[This work] 
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The transient analysis helps in calculating parameters such as propagation delay high to 

low (𝜏𝑃𝐻𝐿) = 61ns, propagation delay low to high (𝜏𝑃𝐿𝐻) = 9 ns and average propagation 

delay (𝜏𝑃𝐷) = 35 ns respectively. From, Figure 3.8 (d) the gain of this inverter is evaluated 

to its corresponding voltages that are mentioned in Table 3.4, low-voltage CMOS 

operated at voltage -1.2 V, -1.8 V, -2.5 V, -3.3 V, -3.6 V specified in this[181]. The gain 

of different inverters are compared with this fabricated one is shown in Table 3.5. 

3.8 Conclusion 

The fabricated PBTTT-C14 based OTFT exhibits flexible as well as bending nature, the 

operating voltage is -1 V which is very small and the performance parameters calculated 

as on-off ratio (𝐼𝑂𝑁/𝐼𝑂𝐹𝐹) ~ 0.5×105, hole mobility ( 𝜇𝑃) of 0.06 
𝑐𝑚2

𝑉𝑠
 , subthreshold swing 

(𝑆𝑆) ~ 0.2 
𝑉

𝐷𝑒𝑐𝑎𝑑𝑒
 confirms high on current and faster switching from off state to on state. 

Additionally, experimental data verified using techmodeler-silvaco tool, illustrating small 

error (0.37% and 0.74%), circuit simulation is also performed on gateway platform 

showing the voltage gain of ~39.77 at VDD = -3.6 V. From all above facts mentioned 

above confirms that this OTFT fabricated on PET substrate have excellent bending 

properties and applicable for low voltage application.      
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Chapter 4 

Fully Transparent and Flexible Low-Voltage a-IGZO TFT for 

Full Adder and Full Subtractor Circuit Design 

4.1    Introduction   

In recent years, it has been noticed and observed that transparent amorphous oxide 

semiconductors (TAOS) are highly preferred over transparent oxide semiconductors. 

Among different examples of TAOS, a-IGZO (amorphous-indium gallium zinc oxide) 

exhibits excellent properties such as high mobility, a wide band gap, and stable 

amorphous characteristics. a-IGZO contributes high mobility with a higher order 

magnitude as compared to a-Si and organic semiconductors. The wider bandgap of a-

IGZO-based TFT (~3.25 eV) contributes to small leakage across the channel as compared 

to a-Si: H-based TFT because it consists of a narrow bandgap of ~1.1 eV. This wider band 

gap is helpful to obtain good off-state drain current leakage characteristics.  [182]–[184]. 

This amorphous nature provides excellent film uniformity and device-to-device 

consistency over large areas—an essential requirement for high-resolution display 

backplanes and flexible electronic systems. The amorphous structure also enables low-

temperature fabrication (<300°C), which is compatible with flexible polymer substrates 

such as PET and PI. a-IGZO exhibits high electron mobility (10–20 cm²/V·s), which is 

significantly higher than that of amorphous silicon (a-Si:H) and comparable to or even 

better than polycrystalline ZnO [185], [186].  While ZnO offers simplicity and relatively 

low cost, it suffers from unstable carrier concentrations and grain boundary scattering, 

leading to device instability. In₂O₃, though possessing higher intrinsic mobility, is prone 

to oxygen deficiency, resulting in poor threshold voltage stability [187]. The 

incorporation of indium (In) provides a broad conduction band derived from In 5s 
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orbitals, ensuring good electron transport even in the amorphous phase. The presence of 

gallium (Ga) in the IGZO composition plays a crucial role in controlling oxygen 

vacancies, which are the dominant donor defects in oxide semiconductors. Gallium atoms 

form stronger bonds with oxygen, thereby suppressing excessive free carriers and 

improving bias-stress stability and threshold voltage control. Zinc (Zn) contributes to the 

film’s amorphous stability and helps maintain balanced conduction and structural 

integrity [188]. Several constraints exist, such as gate-bias stress, gate-illumination stress, 

gate-temperature stress, etc., which cause the instability of a-IGZO and finally impact the 

device performance [189]–[191]. Therefore, in the past years, different approaches and 

techniques have been used and adopted in order to improve the performance of a-IGZO-

based TFT, such as variable active layer thickness, different compositions of In:Ga:Zn, 

the formation of active layers using sputtering, partial oxygen pressure, plasma treatment, 

etc., the implementation of passivation layers, the employment of different-k values of 

insulators such as SiO2 (silicon dioxide), Si3N4 (silicon nitride), Al2O3 (aluminum oxide), 

etc. But these approaches seem very complex and costly in nature [192]–[197]. Among 

various types of gate insulators, high-k dielectric (ZrO2, HfO2, etc.), i.e., k > 15, is 

preferred over SiO2 to avoid gate leakage current caused by quantum tunneling. This 

leakage current is highly impacted by the degradation of TFT performance [126], [127], 

[198]–[201]. Recently, for the high performance of IGZO-based TFT, several methods, 

such as the ultraviolet-assisted oxygen ambient rapid thermal annealing method (UR-

ORTA) and electrospun highly aligned IGZO nanofiber array in which HfAlOX is utilized 

as a high-k dielectric, were opted for due to the high-order magnitude of mobility ~ 23.12 

and 15.9 
𝑐𝑚2

𝑉𝑠
 [202], [203]. In the previous reported work, fully transparent TFTs have 

been developed but have high operating voltages of 40V and 20V and exhibit poor 
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performance parameters such as subthreshold slope (𝑆𝑆) ~ 371 𝑚𝑉
𝑑𝑒𝑐𝑎𝑑𝑒⁄  , threshold 

voltage (𝑉𝑇𝐻) ~ 21 V, mobility (𝜇) ~ 7.4 
𝑐𝑚2

𝑉𝑠
 ,etc [204]–[206].  

 

Figure 4.1 Showing the overview of this paper and different steps involved for realizing 

proposed circuits by this simulated TFT.  

Along with the work mentioned above, the Silvaco-Atlas tool a-IGZO-based TFT has 

been simulated as it is cost- and time-efficient in nature, as directly proceeding with the 

device fabrication seems risky and costly, but the obtained performance parameters on 

simulation are still not good as  𝑉𝑇𝐻 ~ 2 V, 𝑆𝑆 ~ 90,93 𝑚𝑉
𝑑𝑒𝑐𝑎𝑑𝑒⁄ ,operating voltage of 

30V, 20V  [207]–[209]. The role of compact modeling of simulated, fabricated devices is 

very essential and important as it develops circuit prototypes, which would be further 

used for the implementation of various complex circuits as per user specifications and 

requirements. A number of physical models reside but possess certain restrictions, such 

as time constraints, limited operating regions, material properties, device structure, etc 
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[93], [169], [170]. Hence, in this work, a fully transparent, flexible, and compact modeled 

TFT has been simulated using the Silvaco-Atlas tool, which possesses properties such as 

a low operating voltage of 2 V, utilization of high-k, that is, HfO2, as a gate insulator, 

compact modeling using the Silvaco-Techmodeler tool, and most crucially, 

implementation of combination circuits as full adders and subtractors using the Silvaco-

Gateway tool.  

4.2    Device Structure and Specifications 

                 

Figure 4.2 Schematic of Fully Transparent TFT when it is subjected to biasing. 

 

 

 

 

 

 

Gnd



 
 

85 
 

                    Table 4.1 Parameters used for Device Simulation mentioned in this table 

 

 

 

Layer 

Name 

Parameter Description 

 

Value *Ref. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a-IGZO 

𝑁𝐶 (𝑐𝑚−3) Effective DOS in 

Conduction band 

5 × 1018 [210] 

𝑁𝑉 (𝑐𝑚−3) Effective DOS in 

Valence band 

5 × 1018 [210] 

𝐸𝑔(𝑒𝑉) Band gap 3.25 [184] 

𝑥 (𝑒𝑉) Electronic Affinity 4.16 [210] 

𝜀 Permittivity 10 [210] 

𝜇𝑛 (𝑐𝑚2

𝑉𝑠⁄ ) Free electron 

mobility 

 

15 [211] 

𝜇𝑝  (𝑐𝑚2

𝑉𝑠⁄ ) Free hole 

mobility 

 

0.1 [211] 

𝑇 (𝑛𝑚) Channel Thickness 20  

𝐿 (𝜇𝑚) Channel Length 30  

𝑊 (𝜇𝑚) Channel Width 180  

𝑁𝑇𝐴(𝑐𝑚−3𝑒𝑉−1) Density of tail 

state at   𝐸 = 𝐸𝑐 

1.55 × 1020 [210] 

𝑁𝑇𝐷(𝑐𝑚−3𝑒𝑉−1) Density of tail 

state at   𝐸 = 𝐸𝑉 

1.55 × 1020 [210] 

𝑊𝑇𝐴 Conduction band tail slope 0.013 [210] 

𝑊𝑇𝐷 Valence band tail slope 0.12 [210] 

𝑁𝐺𝐷(𝑐𝑚−3𝑒𝑉−1)Donor like 

Gaussian density state 

6.5 × 1016 [210] 

𝑊𝐺𝐷 (𝑒𝑉)  Characteristics 

deviation of Donor like 

Gaussian density state 

0.1 [210] 

𝐸𝐺𝐷(𝑒𝑉) The energy peak for 

the shallow donor-like states 

2.9 [210] 

 

HfO2 
𝐸𝑔(𝑒𝑉) Band gap 4.75 [212] 

𝜀𝑂𝑋 Permittivity 28.5 [212] 

𝑇 (𝑛𝑚) Dielectric Thickness 60.0  

Source, 

Drain and 

Gate 

Electrode 

(ITO) 

𝜑(𝑒𝑉) Work Function 4.4 [213] 

PET 

Substrate 
𝑇 (𝜇𝑚) Substrate Thickness 5.0  
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All the parameters required for device simulation and their corresponding details related 

to all the layers of TFT are specified in Table 4.1 

In this work, the bottom-gate top contact thin-film transistor (BGTC-TFT) 

structure is chosen for the evaluation of all the performance parameters, as shown in 

Figure 4.2. For this BGTC-TFT, a-IGZO (amorphous-indium gallium zinc oxide) of 

thickness 20 nm is used as an active layer; for the gate insulator, HfO2 is employed with 

a thickness of 60 nm; and indium tin oxide (ITO) is used as a gate electrode of thickness 

40 nm. These layers are deposited over a flexible PET substrate, which is flexible in 

nature. For the electrodes of the source and drain, the same indium tin oxide (ITO) is 

utilized for producing this a-IGZO-based fully transparent TFT.   

4.3  Silvaco-Techmodeler based Compact Modeling Approach 

The TCAD (Technology computer-aided design) based compact modeling approach 

using the Silvaco-Techmodeler tool is based on a behavior modeling technique in which 

mathematical and physical specifications are provided by the user. The advantage of this 

approach is that it reduces the user complexity because large numbers of parameters are 

interrelated with each other in complex order. In behavior modeling, physical phenomena 

are modeled using mathematical perception. These models are also referred to as black-

box models, as they are not easily managed by manual analysis and exercise. This model 

is completely based on mathematical formulae, which helps to observe entire physical 

phenomena in an easier and more simplified way [174].The stages involved in compact 

modeling of device through Silvaco-Techmodeler tool is shown in Figure 4.3.  
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Figure 4.3 Showing the flow of TCAD device modeling process in different stages. 

Stages involved in behavior modeling flow are explained as follows: 

1. Experimentation: In this step, the results of simulations and experiments are 

provided to the tool. In Figure 4.4. The obtained device characteristics are given 

to the tool.  

 

Figure 4.4 Showing the device characteristics data-points which is supplied to Silvaco-

Techmodeler tool. 
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2. Modeling: In this step, according to the opted model (N-TFT or P-TFT), 

corresponding equations are used for the simulation of modeling data, which is 

expressed in Figure 4.5. 

                     

                      

for ( varies from 0 to 2 )

Step Size : 0.02

tm_vlg_idvg_vd2_id(vg ,vd ,W ,L):

[Modeled current is evaluated using 

this relation]

: modelling parameter 

: 

[For new voltage , new current is 

produced]

end

N-TFT Model 

) ) 
For N-TFT  

Initially model 

is used for 

N-TFT or

P-TFT

Exporting this 

N-TFT/P-TFT 

Model for Circuit 

Simulation

(a)

for ( varies from 0 to -2 )

Step Size : -0.02

tm_vlg_idvg_vd2_id(vg ,vd ,W ,L):

[Modeled current is evaluated using 

this relation]

: modelling parameter 

: 

[For new voltage , new current is 

produced]

end

P-TFT Model 

) ) 
For P-TFT  

Initially model 

is used for 

N-TFT or

P-TFT

Exporting this 

N-TFT/P-TFT 

Model for Circuit 

Simulation

(a’)
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Figure 4.5 (a),(a’) (b) and (c) Showing the steps involved in Modeling Stage. 

3. Analysis: In this section, analysis is performed by estimating the percentage of 

error versus the supplied data points. Furthermore, errors are estimated between 

modeled and experimental or simulated data. Exported model can be used for 

Initially, all the device specifications such as width ( ), length ( ), 

, , drain current ( ) of transfer characteristics obtained 

using simulation / fabrication are provided to Silvaco-Techmodeler 

tool.

(b)

This algorithm plots the transfer curve ( - ) from the data points 

provided by user and through this transfer curve ( - ) is plotted 

for the estimation of the threshold voltage ( ). 

Transfer Curve Calculation(c)
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further analysis. In Figure. 4.6. The details associated with analysis stage is 

shown.  
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Figure 4.6 (a), (b) and (c) Showing the steps involved in Analysis Stage. 

4. Validation: Both modeled and experimental/simulated data are verified by the 

superimposition of both curves on each other shown in Figure 4.7.  
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Figure 4.7 Showing the mapping of simulated and modeled data validated small fraction 

of error between them. 

After the validation stage, the performance report is exported, in which all the data points 

of the experimental, simulated, and modeled curves exist. Along with this, smart-spice 

files (.sp) and verilog files (.va) can also be exported that contain all the user 

specifications, i.e., in this case, operating voltage, width, length of device, etc. These (. 

sp) and (.va) files are further used at the Silvaco-Gateway tool for the realization of 

circuits. 

4.4  Results and Discussions 

The Transfer and Output Characteristics are mentioned in Figure 4.8 (a-d) which confirm 

that operating voltage of this device is 2V and saturated current is obtained as 41.8 μA at 

𝑉𝐺𝑆 = 2 V. Silvaco-Techmodeler tool plays a crucial role in compact modeling of the 
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simulated device, where current voltage data points achieved on device simulation are 

supplied on this platform and according to these data points (number of iterations) 

equivalent % error is calculated for both transfer and output characteristics [174].  
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Figure 4.8 (a) Showing the Transfer Characteristics (𝐼𝐷𝑆 versus 𝑉𝐺𝑆 on linear-scale) for 

𝑉𝐷𝑆 varies from 0 to 2 V with an increment of 0.5 V (b-b’’’) Showing log(𝐼𝐷𝑆) versus 

(𝑉𝐺𝑆) for 𝑉𝐷𝑆 varies from 0 to 2 V with an increment of 0.5 V (c-c’’’) Showing 

subthreshold region varies from 0 to 2 V with an increment of 0.5 V (d) Showing Output 
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Characteristics (𝐼𝐷𝑆) versus (𝑉𝐷𝑆) for 𝑉𝐺𝑆 varies from 0 to 2 V with an increment of 0.5 

V. 

Figure 4.8 (a) and (d) states excellent mapping between simulated and modeled data and 

few error is observed as 0.41% and 0.94% respectively.    

The device operates in two regions: 

1. Linear region   

2. Saturation region 

In linear region, the drain current equation is as follows: 

             𝐼𝐷𝑆 = 𝜇𝑛𝐶𝑂𝑋
𝑊

𝐿
{(𝑉𝐺𝑆  −  𝑉𝑇𝐻)𝑉𝐷𝑆 −  

𝑉𝐷𝑆
2

2
}        (4.1) 

For the evaluation of performance parameters, the device should operate in a saturation 

region whose condition is as follows: 

                                𝑉𝐷𝑆  ≥  𝑉𝐺𝑆 −  𝑉𝑇𝐻                              (4.2) 

The drain current for the saturation region becomes: 

                   𝐼𝐷𝑆 = 𝜇𝑛
𝑊

2𝐿
𝐶𝑂𝑋(𝑉𝐺𝑆  −  𝑉𝑇𝐻)2                       (4.3) 

                      𝑆𝑆 = (
𝑑 log 𝐼𝐷𝑆

𝑑𝑉𝐺𝑆
)

−1

                                      (4.4)  

Where 𝜇𝑛 is electron-mobility, 𝐶𝑂𝑋 is oxide capacitance, and  𝑊 are width and 𝐿 length 

of the device. 𝑉𝐷𝑆 is drain-source voltage, 𝑉𝐺𝑆 is gate-source voltage, and 𝑉𝑇𝐻 is threshold 

voltage. The width (𝑊) and length (𝐿) of this device are taken as 180 𝜇𝑚 and 30 𝜇𝑚 . 

The performance parameters of the simulated device are evaluated as 𝐼𝑂𝑁/𝐼𝑂𝐹𝐹 ~ 105, 𝜇𝑛 

~ 8.9 𝑐𝑚2

𝑉𝑠⁄  ,  𝑉𝑇𝐻 = 0.104 V and 𝑆𝑆 = 65 𝑚𝑉
𝑑𝑒𝑐𝑎𝑑𝑒⁄ .    

 With the help of Silvaco-Atlas software, a simulation of the TFT device can be 

executed for disordered materials and structural specifications.According to the 

disordered level, inside the semiconductor bandgap defect states vary according to the 
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energy allocation, and its associated models are supplied to Atlas. These defect states are 

referred to as the density of states (DOS), which plays a crucial role in estimating the 

performance parameters of TFT. These DOS are defined as band-tail states and gaussian 

distributions [34]–[36].  

                                 𝑔𝑇𝐴(𝐸) =  𝑁𝑇𝐴 𝑒𝑥𝑝 [
𝐸−𝐸𝐶

𝑊𝑇𝐴
]               (4.5)  

                                𝑔𝑇𝐷(𝐸) =  𝑁𝑇𝐷 𝑒𝑥𝑝 [
𝐸𝑉−𝐸

𝑊𝑇𝐷
]              (4.6)       

                            𝑔𝐺𝐷(𝐸) =  𝑁𝐺𝐷 𝑒𝑥𝑝 {− [
𝐸−𝐸𝐺𝐷

𝑊𝐺𝐷
]

2

}        (4.7) 

Where 𝑔𝑇𝐴 (𝐸), 𝑔𝑇𝐷 (𝐸) and 𝑔𝐺𝐷(𝐸)  are defined as acceptor like conduction band tail 

state, donor like valence band tail, and shallow donor-like gaussian band state, their 

respective equations are stated above from 4.5 to 4.7. 𝑁𝑇𝐴 , 𝑁𝑇𝐷 , 𝑁𝐺𝐷 , 𝑊𝑇𝐴, 𝑊𝑇𝐷 and 𝑊𝐺𝐷 

are all explained in Table 4.1.  
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Figure 4.9 (a) Showing log scale of donor like valence band tail state (𝑔𝑇𝐷(𝐸)) versus 

energy curve (b) Showing log scale of acceptor like conduction band tail state (𝑔𝑇𝐴(𝐸)) 

versus energy curve (c) Showing log scale of shallow donor-like gaussian band state 

(𝑔𝐺𝐷(𝐸)) versus energy curve (d) Showing the combined DOS versus energy plots as 

mentioned in the above parts of Figure 4.9 (a-c). 

In the previous reported work, DOS was evaluated, but the plot mentioned in [30] is not 

just explaining the concentration of DOS ((𝑔𝑇𝐷(𝐸)), (𝑔𝑇𝐴(𝐸)), (𝑔𝐺𝐷(𝐸))) as well as the 

corresponding energy intercepts where these exist on the energy axis. Similarly, DOS is 

evaluated and mentioned in [217], but magnitude of 𝑊𝑇𝐴 , 𝑊𝐺𝐷 are not specified is not 

specified as it is directly related to (𝑔𝑇𝐴(𝐸)), (𝑔𝐺𝐷(𝐸)). Table 4.1 in this work lists all 

the parameters used for the evaluation of DOS, and Figure 4.9 presents the DOS-related 

plots. Figure 4.9 (a–d) for ease of understanding, in which all the peak values of DOS 

are mentioned. 
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4.5  Interlinking of Silvaco-Techmodeler and Silvaco-Gateway tools for the 

realization of Combinational Circuits 

The functioning of the Silvaco-Techmodeler and Silvaco-Gateway tools for the 

realization of combinational circuits and detailed methodology are described in the below 

statements. 

• Step 1: In the initial stage, using the Silvaco-Atlas tool, this a-IGZO-based TFT 

is simulated and, on characterization, generates current-voltage data points, i.e., 

(𝐼𝐷𝑆 −  𝑉𝐺𝑆) and (𝐼𝐷𝑆 −  𝑉𝐷𝑆). 

• Step 2: These (𝐼𝐷𝑆 −  𝑉𝐺𝑆), (𝐼𝐷𝑆 −  𝑉𝐷𝑆) readings, operating voltage 𝑉𝐺𝑆 = 𝑉𝐷𝑆= 2 

V, width, and length of simulated device as 180 𝜇𝑚, 30 𝜇𝑚 . All these values are 

equipped with the Silvaco-Techmodeler tool. 

• Step 3: For performing compact modeling, the Silvaco-Techmodeler tool has a 

modeling section in which the “N-TFT” model is opted for as a-IGZO is n-TFT. 

In the modeling phase, as per the data points supplied, the corresponding 

percentage of error is estimated. 

• Step 4: On 100% execution of this modeling process, modeled data is generated 

corresponding to the supplied data. This error estimated earlier is reflected here 

when both modeled data and simulated data are plotted together. The mapping of 

both modeled data and simulated data for both transfer and output characteristics 

is shown in Figure 4.8. Confirms a small percentage of error is observed (< 1%). 

• Step 5: This modeled “N-TFT” is imported from the Silvaco-Techmodeler tool in 

the form of smart-spice (. sp) and verilog (.va) file, which contain all the 

specifications of the device, such as the operating voltage and device dimension. 

This imported file, where all specifications are mentioned, is carried out at Silvaco 
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Gateway Tool, a platform where various complex analog and digital circuits are 

implemented and further analyzed. 

• Step 6: In the Silvaco-gateway tool, a pre-existed library remains, which contains 

a list of basic components like pulse waveform (vpulse), supply voltage (vdd), and 

ground (gnd). One simulator named Smart-Spice Simulator also exists in this tool, 

which is used for verifying and obtaining the transient and DC analysis of the 

respective circuit. 

• Step 7: Hence Full adder and subtractor circuits are implemented over the 

Silvaco-Gateway platform with the help of components available in the library, 

and using the Smart-Spice Simulator, corresponding transient analysis is 

performed to verify the respective truth tables of the full adder and subtractor. 

In Chapter 5, “Simulation of Digital Circuits Using Compact Modeled N-TFT and P-

TFT Devices”, circuitry of Full Adder and Subtractor is shown along with its transient 

characteristics & respective truth table is mentioned in “Section 5.9”. 

4.6  Conclusion 

In summary, a fully transparent, flexible, and compactly modeled low-voltage TFT has 

been explored for the implementation of a full adder and subtractor. This simulated a-

IGZO-based TFT is compactly modeled using Silvaco-Techmodeler and exhibits 

excellent accuracy ~ 100%. With the help of Silvaco-Gateway, this compactly modeled 

TFT works perfectly well in analyzing combinational circuits as full adders and full 

subtractors, and the corresponding outputs as sum, carry, difference, and borrow are also 

verified using transient analysis, and the truth table states quite satisfactory results for all 

possible cases of three inputs. This full adder and subtractor circuit will be utilized in the 

near future for the execution of complex circuits and memories. 
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Chapter 5 

Simulation of Digital Circuits Using Compact Modeled N-TFT 

and P-TFT Devices  

5.1    Introduction   

In past years, the utilization of semiconductor technology in the industrial sectors, such 

as automobiles, aerospace, etc., and fields such as telecommunications and medicine, are 

highly impacted by achieving a hike in the development rate. [218]. Such advancement 

and progress are governed by transistors, which are the fundamental unit of any electronic 

circuit [219]. Till now, silicon-based transistors have played an important role in chip 

design. Last six decades for the applications of analog circuits MOSFET’s are utilized. 

There are certain issues associated with MOSFET, such as the Short Channel Effect 

(SCE), which results in deterioration of mobility, gate leakage current density, an 

increment in the magnitude of the OFF current, and a small  ON current [220]–[224]. 

Although sometimes Si-based transistors are fabricated using lithography techniques, 

which are complex in nature [161]. These challenges acted as obstacles to fulfilling 

today’s user needs.  In addition to this, thin film transistors and organic thin film 

transistors (TFT and OTFT)-based devices are highly recognized by the researchers and 

captured their attention due to their wide range of applications as flexible, wearable, 

display, sensors, logic circuits, etc. These properties, such as flexibility and transparency, 

are exhibited by OTFT when PET, polyethylene terephthalate (PET), polyethylene 

naphthalate (PEN), etc. substrates are employed for fabrication. Similarly, for the 

fabrication spin coating, floating film transfer (FTM) is one of the methods that is 

solution-processed and cost-effective in nature. These features have increased the 

inclination towards OTFT devices [59], [104], [225]–[228]. The functionality of an OTFT 

device is highly controlled by the materials employed, which are semiconductor layers 
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and gate insulators [229], [230]. The value of dielectric (k) results in device operating 

voltage, and this operating voltage further impacts power consumption. Hence, to resolve 

the constraint of high power consumption, low-operating voltage (1-2 V) TFT devices are 

developed in which high-k dielectrics such as ZrO2 and HfO2 are used [201], [231]–[235]. 

Along with this, these dielectrics help to overcome the issue of tunneling gate leakage 

current as faced by MOSFET’s where SiO2 is used as a dielectric [236]. The final 

objective of a perfectly working simulated or fabricated TFT device is to use it further for 

IC design. As previously reported, TFTs were fabricated and simulated using the Atlas-

Silvaco tool, but they were limited to the evaluation of performance parameters 

only [131], [224], [237]–[239]. Furthermore, they are not utilized for the implementation 

of analog and digital circuits. Hence, to realize the circuits from the simulated or 

fabricated device, compact modeling plays a crucial role as it develops circuit prototypes 

according to user demand, which helps further circuit implementation. In order to perform 

the compact modeling, some physical models already existed but upheld obligations such 

as material properties, a finite region of operation, and device specifications [93], [169], 

[170]. Hence, to overcome these challenges, the TCAD-based compact modeling 

technique is opted for due to the reduction in complexity users suffer while dealing with 

parameters that are linked with each other in a complex way [174].  In this work, a user 

guide is developed, and all the steps are mentioned for compact modeling of the device 

achieved either by simulation or fabrication with the help of the Silvaco-Techmodeler 

tool. Also, using this compact modeled device, any type of analog or digital circuit can 

be implemented using the Silvaco-Gateway tool. This Silvaco-Gateway tool contains a 

smart-spice simulator that is used to analyze the DC and transient behavior of the desired 

circuit for the estimation of parameters such as noise margin, propagation delay, gains, 

etc [101]. Using the steps mentioned in the below sections, a low-voltage flexible TFT’s 
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have been compact modeled for the realization of combinations circuits as Half-Adder, 

Full Adder and Subtractor, basic logic gate families, 4:1 multiplexer circuit and 1-Bit 

ALU circuit has also been implemented using these compact modeled devices [94], [96]–

[100]. 

5.2 Steps Involved in Compact Modeling and Circuit Simulation using Silvaco-

Techmodeler and Silvaco-Gateway Tools 

In the initial step, device specifications such as operating voltage (𝑉𝐺𝑆, 𝑉𝐷𝑆), channel 

length (𝐿), width (𝑊) along with these parameters current-voltage measurements (𝐼𝐷𝑆 -

 𝑉𝐺𝑆), (𝐼𝐷𝑆 - 𝑉𝐺𝑆) that are obtained using device simulation or fabrication, are provided to 

the Silvaco-Techmodeler tool. In Figure 5.1, a schematic is shown where these 

parameters and their corresponding order of arrangement are mentioned.  

                                         

Figure 5.1 Shows template in which device parameters are displayed which would be  

provided to the Silvaco-Techmodeler tool.  

In Figure 5.2, all the parameters associated with the devices that are mentioned in the 

template shown in Figure 5.1. are loaded into the Silvaco-Techmodeler tool. In Figure 

% File../idvg_igzovd2.dat

% Column names: 

% Name: idvg_igzovd2

% Rows: 101

% Columns: 5

0.00  4.43E-10   2   180E-6   30E-6

0.02  8.89E-10   2   180E-6   30E-6

0.04  1.79E-09   2   180E-6   30E-6

0.06  3.45E-09   2   180E-6   30E-6

……  ………  ……  ……   …….

……  ………  ……   ……    ….…
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5.1, a total of 5 variables are used in a similar way; 5 model variables are mentioned in 

the tool along with their corresponding units and orientation. The project name and 

description were kept the same as the loaded source file name for ease of understanding 

only. The orientation of ID is kept as output; the rest all are kept as input, as current values 

vary according to the change in magnitude of VG and VD. All the parameters used in the 

loaded file are mentioned with their units in Figure 5.2.  

      

Figure 5.2 Showing the diagram of Silvaco-Techmodeler tool, where device parameters 

file are loaded to this tool. 

In addition to this, according to the device type simulated or fabricated, the same type of 

model, either P-TFT or N-TFT, is selected, which is displayed in Figure 5.3. As the 

orientation of variable ID is output, a quadratic error is estimated between experimental 

or simulated results and modeled results. 

Project Name idvg_igzo_vd2

Project Description idvg_igzo_vd2

S.No. Name Units Orientation

1.

2.

3.

4.

5. Input

Input

Input

Output

Input

Project Datasets
ColumnName Source_file Lines Use

idvg_igzo_vd2 idvg_igzo_vd2.dat 101 5 Modelization

Model Variables
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Figure 5.3 Showing the diagram of Silvaco-Techmodeler tool, where according to the 

loaded data file and device type, model is selected. 

When current-voltage data points are supplied according to which % error is estimated, 

which is also evaluated and mentioned in Figure 5.4. 
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Figure 5.4 Shows the error calculation for all the iterations (data-points) between 

modeled data and experimental/simulated data.  

Project Name idvg_igzo_vd2

Project Description idvg_igzo_vd2

Model Variables

S.No. Name Units Orientation

1.

2.

3.

4.

5. Input

Input

Input

Output

Input

Error -Type

Quadratic

-----

-----

-----

-----

Model-Type: N-TFT
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In the Silvaco-Techmodeler tool, modeler section, different options are available as 

variables, data, models, etc., as shown in Figures. 5.5 to 5.7. 

         

Figure 5.5 Shows the modeler section in which among different options the classification 

of data option is displayed. 

Initially, in the data subsection of the modeler part shown in Figure 5.5, the data files are 

loaded, which contain all the device specifications. The device parameters are arranged 

in a similar manner as displayed in the template in Figure 5.1. If, by mistake, any different 

file is uploaded by the user, then another option also exists to remove the data file so that 

file can be easily eliminated. Other issues may result, such as errors, etc. In Figure 5.6, 

the variable subsection contains two options: variable creation and deletion. If the user 

wants to add or remove any further variables in loading the data files, this subsection 

would be useful for its execution. This model subsection plays a crucial role as it contains 

options such as model creation, modelization, detailed performance reports, model 

exportation, etc. In the create model section, according to the nature of the device, a 

simulated or fabricated model is opted for and further proceeded.In the modeling section, 
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a process takes place in which, according to the supplied data points, the corresponding 

error is estimated. 

        

Figure 5.6 Shows the modeler section in which among different options the classification 

of variable option is displayed. 

Along with these two subsections, one more subsection exists that is very crucial and 

important, named the model subsection shown in Figure 5.7.  

      

Figure 5.7 Shows the modeler section in which among different options model option is 

elaborated in classified manner. 
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This error evaluation with respect to the iteration numbers is shown in Figure 5.4. In a 

detailed performance report, according to the employed data points, modeled data is 

generated, and the magnitude of error and percentage are calculated between these two 

sets of data.  

 

Figure 5.8 Shows the parameters involved in detailed performance report. 

In Figure 5.8, all the sections stated above for a detailed performance report are 

shown. A smaller error is observed between loaded data and modeled data, resulting in 

excellent mapping between these data. In addition to this, one more option is available, 

which is the export model, through which the entire model is exported. This exported 

model contains all specifications that are mentioned in the smart-spice file and the verilog 

file. In Figure 5.9, the details associated with these files are explained. These files (smart-

spice and verilog files) are further used at the Silvaco-Gateway tool for the realization of 

different analog and digital circuits. 
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 Figure 5.9  Shows the exported model files in detailed manner. 

   

Figure 5.10 Listed all the libraries and it’s components with reside in Silvaco-Gateway 

tool. 

In Figure 5.10, the list of libraries is shown as basic library, digital library, and spice 

library. In every library, all the associated components are displayed. These basic 

components are very important, as with their help, any type of complex circuit can be 

implemented and realized. In addition to these components, some input and output pins 

also exist, which are used when both input and output waveforms are to be visualized. 
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This exported model, as mentioned above in Figures 5.7 and 5.9, is imported here at the 

Silvaco-Gateway tool, as shown in Figure 5.11. 

           

Figure 5.11 Shows the parameters involved in detailed performance report. 

In the import section, available options are spice, verilog, etc. Among these 

options, a smart-spice file, e.g., igzo_vd.sp, is selected. This igzo_vd.sp file holds all the 

parameters associated with the device stated above, and along with this, it internally calls 

the verilog file. The reason for calling this verilog file is for the verification of device 

operations. In Figure 5.12, all the steps are mentioned, which state the path, location, and 

name of this.sp (smart-spice file). In a similar way, a new symbol for this compact-model 

device is also selected, which contains all three terminals of TFT as source, gate, and 

drain, as shown in Figure 5.13. Along with these terminals, the dimensions of this 

symbol, such as channel width and length, are the same as previously mentioned. 
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Figure 5.12 Steps involved to import this exported model are mentioned. 

                    

Figure 5.13 Showing the symbol of modeled device and its associated dimensions. 

 

This simulated or fabricated device is compactly modeled using the Silvaco-

Techmodeler tool. Figure 5.8 states the detailed performance report in which both 

modeled data and loaded data are mentioned.  
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Figure 5.14 Showing the Transfer Characteristics (𝐼𝐷𝑆 −  𝑉𝐺𝑆) for 𝑉𝐷𝑆 varies from 0 to 

2V with a step size of 0.5 V [235]. 

      

Figure 5.15 Showing the Output Characteristics (𝐼𝐷𝑆 −  𝑉𝐷𝑆) for 𝑉𝐺𝑆 varies from 0 to 2V 

with a step size of 0.5 V [235]. 
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In Figures 5.14 and 5.15, plots between both simulated and modeled data are displayed, 

which proclaims perfect mapping and excellent superimposition for these data [235]. The 

schematic of a thin-film transistor with new device specifications is shown in Figure 5.13. 

Now, using this device, any type of complex circuit can be analysed and implemented 

using the Silvaco-Gateway tool. For example, using this “igzo_vd2.sp” file, which 

contains device dimensions such as channel width and length of 180 and 30 is utilized for 

the realization of an inverter circuit as shown in Figure 5.16. 

                             

Figure 5.16 Showing the Inverter Circuit implemented using exported “N-TFT”. 
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time-independent. These two analyses help with the evaluation of various parameters as 

average propagation delay (𝜏𝑝) , gain, noise margin (𝑁𝑀𝑂𝑉) etc.    

                 

Figure 5.17 Showing the transient behaviour of this implemented inverter circuit.  
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Figure 5.18 Showing the voltage transfer characteristics of this implemented inverter 

circuit. 
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5.3    Device Structure and Characteristics 

                 

 

             

(a)

Device Specification
1. Channel Length ~ 30 

2. Channel Width ~ 180 

3. Channel Thickness ~ 40 nm

4. Dielectric Thickness ~ 60 nm
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8. Gate Dielectric: 
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ITO : Indium Tin oxide
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Performance 

Parameters

(b)
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Figure 5.19 (a), (b) Shows the structure, detailed specifications and performance 

parameters of a-IGZO based “N-TFT” (c), (d) Shows the structure, detailed specifications 

and performance parameters of PBTTT-C14 based “P-TFT”. [95], [99]. 

Both the devices a-IGZO TFT which is “N-TFT” and PBTTT-C14 based TFT 

which is “P-TFT” has been compact modeled for both the device characteristics and 

curves of both simulated/fabricated and modeled data completely superimposes on each 

other confirm that there is small fraction of error less than 1% is there for these curves.  

   

Device Specification
1. Channel Length ~ 50 

2. Channel Width ~ 18.03 

3. Channel Thickness ~ 30 nm

4. Dielectric Thickness ~ 60 nm

5. Source, Drain Contact : Gold

6. Gate Electrode : ITO

7. Gate Dielectric: 
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Figure 5.20 (a) Showing the Transfer Characteristics (𝐼𝐷𝑆 versus 𝑉𝐺𝑆) for 𝑉𝐷𝑆 varies from 

0 to 2 V with an increment of 0.5 V (b) Showing Output Characteristics (𝐼𝐷𝑆) versus (𝑉𝐷𝑆) 

for 𝑉𝐺𝑆 varies from 0 to 2 V with an increment of 0.5 V [99]. 
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Figure 5.21 (a) Comparison of experimental and modeled data of transfer curve i.e., 

Drain current – Gate to Source Voltage  (𝐼𝐷𝑆 − 𝑉𝐺𝑆) (b) Output characteristics curve i.e., 

Drain current – Drain to Source Voltage   (𝐼𝐷𝑆 − 𝑉𝐷𝑆) for Gate voltage ( 𝑉𝐺𝑆 ) varying 

from 0 to -1V having step size of -0.1 V [95]. 

In Figure 5.20 (a) and (b), device characteristics of a-IGZO based TFT has been shown 

and in Figure 5.21 (a) and (b) device characteristics of PBTTT-C14 based TFT has been 

shown. 

5.4 Simulation of Basic Logic Gate Family 2-Input NOR, NAND, AND, OR 

Circuit, Inverter Circuit and Transient Analysis 
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,etc. In this Silvaco-Gateway platform these compact modeled devices e.g. a-IGZO (N-

TFT) and PBTTT-C14 (P-TFT) has been imported for the realization of different analog 
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verifying truth-table, parameter estimation as propagation delay, logic swing, etc.  

Initially, basic logic gate family as 2-inputs NAND, NOR, AND and OR gates are 

implemented at Silvaco-Gateway tool using P-TFT [100]. In Figure 5.22 (a) and (b), 

schematic of 2-Input NAND and NOR gates are shown and in Figure 5.23 (a) and (b), 

the circuitry of NAND and NOR gates are implemented using P-TFT. 

          

Figure 5.22 (a) and (b) Showing the symbol of 2-inputs NAND and NOR gates. 

             

Figure 5.23 (a) and (b) Diagrams showing implementation of 2-inputs NAND and NOR 

gates using P-TFT. 

In order to distinguish between 2 different inputs, inputs voltages are provided as -1.8 and 

-2 V. As NAND and NOR gates are implemented using P-TFT therefore input voltages -

1.8 V and -2 V are considered as logic ‘0’ and 0 V is considered as logic ‘1’. In Figure 
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truth table is verified in which all the 4 cases as 00,11,01,10 and their respective outputs 

as 1,0,1,1 are mentioned in it. 

 

Figure 5.24 (a) and (b) Indicating the truth table of 2-Inputs NAND gate which is 

analysed with the help of Smart-Spice Simulator. 

Similarly for 2-inputs NOR gate transient analysis and corresponding truth table for all 

2-inputs as 00,01,10,11 is verified which is shown in Figure 5.25 (a) and (b) as 1,0,0 and 

0 as output. As “NAND” and “NOR” are universal gates, therefore with the help of these 

universal gates, “OR” and “AND” gates are implemented  

 

Figure 5.25 (a) and (b) Indicating the truth table of 2-Inputs NOR gate which is analysed 

with the help of Smart-Spice Simulator. 
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 Since 2-inputs “NAND” and “NOR” are already realized and verified which are seen 

above in Figure 5.24 and 5.25 (a, b).  

                           

 

 

Figure 5.26 (a) Showing schematic of OR gate implementation using 2-input NAND gate 

(b) Circuitry of OR gate implemented using 2-input NAND gate at Silvaco-Gateway 

platform. (c), (d) Indicating truth tables of OR gate which is analyzed with the help of 
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smart-spice simulator. 

In Figure 5.26 (a) schematic of “OR” gate is shown where it is developed with the help 

of 3 NAND (2-inputs) gates arranged to generate output as “A+B”. Similarly in Figure 

5.26 (b) Circuitry of “OR” gate which is mentioned in Figure 5.26 (a) is implemented at 

Silvaco-Gateway platform and its corresponding transient analysis is performed which 

resulted helpful in realizing its respective truth table mentioned in Figure 5.26 (c) and 

Figure 5.26 (d), in these two figures all the 4 cases for 2-inputs as 00,11,10 and 01 and 

output according to it 0,1,1 and 1 are verified. For realizing “AND” gate with the help of 

2-inputs NOR gates the schematic of its related circuitry is mentioned in Figure 5.27 (a) 

in which 3 NOR gates (2- inputs) are arranged to realize “AND” operation to produce 

output as “A.B”. According to the schematic of the circuitry mentioned in Figure 5.27 

(a), the same circuitry of AND gate is implemented at Silvaco-Gateway platform 

mentioned in Figure 5.27 (b). Similarly, its transient analysis is also performed by the 

means of which its truth table is also verified which is mentioned in Figure 5.27 (c) and 

Figure 5.27 (d). Using these two figures all the 4 cases of 2-inputs as 00,01,10,11, and 

its corresponding output as 0,0,0 and 1 is verified. 
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Figure 5.27 (a) Showing schematic of AND gate implementation using 2-input NOR gate 

(b) Circuitry of AND gate implemented using 2-Input NOR gate at Silvaco-Gateway 

platform. (c), (d) Indicating truth tables of AND gate which is analyzed with the help of 

smart-spice simulator. 
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Figure 5.28  (a) and (b) Showing the symbol of NOT gate and NOT gate circuit diagram 

using P-TFT [240] (c), (d) Indicating truth-table and voltage transfer characteristics of 

NOT gate respectively [240]. 

In Figure 5.28 (a) and (b) NOT gate is implemented using P-TFT and respective DC, 

transient analysis is performed mentioned in Figure 5.28 (c) and (d). These analysis helps 

in evaluating parameters as average propagation delay (𝜏𝑃) = 3.7ns, inverter gain ~ 4.7 

and logic swing of 1.18V respectively. Table 5.1 presents all the cases, ranging from 00 

to 11, with the results closely aligning with the expected values. A small fraction of error, 

less than 1%, was observed. 

                        Table 5.1 Truth Table of All Implemented Logic Gates  

 

 

 

 

 

 

5.5  Simulation of CMOS Inverter Circuit and Transient, DC Analysis 

On successful implementation of basic logic gate family, CMOS Inverter circuit is 

implemented which is shown in Figure 5.29.  
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Figure 5.29 Shows the circuit of CMOS Inverter in which a-IGZO used as N-TFT and 

PBTTT-C14 acted as P-TFT. 

The CMOS inverter circuit is essential for the implementation of various analog circuits 

and amplifiers, as discussed in  [241], [242] .  
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the propagation delay, voltage gain, logic swing which is shown in Figure 5.30 (a) and 

(b). 

              

Figure 5.30 (a) and (b) Show the Transient and DC behaviour of CMOS Inverter Circuit. 

With the help of Transient and DC behaviour shown in Figure 5.30 (a) and (b), there are 

list of Parameters estimated which is shown in Table 5.2.  
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5.6  Simulation of 1-Bit Magnitude Comparator Circuit and Transient Analysis 

The CMOS logic was successfully employed to implement the inverter circuit, and all 

associated parameters were calculated. Additionally, this CMOS logic was used to 
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implement a 1-bit magnitude comparator. A magnitude comparator evaluates two binary 

numbers to determine whether one is greater, lesser, or if they are equal. Comparators are 

critical components in arithmetic logic units (ALUs), data sorting, and various 

computational processes [243]–[245]. In Figure 5.31 (a) and (b), the circuit diagram of 

the 1-bit magnitude comparator is depicted, illustrating the realization of the circuitry 

using logic gates [96]. Figure 5.31 (c) shows the scenario for the case when A < B. For 

inputs A and B, when A is 0 and B is 1, the output is 1; for all other input combinations, 

the output remains 0. Similarly, Figure 5.31 (d) verifies the case when A > B. When A 

is 1 and B is 0, the output is 1; for all other combinations, the output is 0.  
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Figure 5.31 (a) Displays the block diagram of the comparator circuit. (b) presents the 

equivalent diagram of the 1-bit magnitude comparator implemented using logic gates. (c), 

(d), (e) and (f) exhibit the transient behavior for all three cases of the 1-bit magnitude 

comparator:  (A < B) , (A > B) and (A = B). 

In Figure 5.31 (e-f), the equality case (A = B) is demonstrated. The output behaviour 

mirrors the XNOR gate operation, where the output is 1 only when both inputs are 

identical; otherwise, the output is 0. The transient behaviour of this 1-bit magnitude 

comparator shown in Figure 5.31 (c-f) verifies the truth table for all 4 cases i.e. 

00,01,10,11.Table 5.3 summarizes the output values for all possible cases: A > B, A < B, 

and A= B, based on the corresponding input values of A and B. For input logic (00) and 

(11), the output is 2V, indicating a logic '1', thus confirming the equality case A=B. 

Similarly, for input logics (01) and (10), the output is also logic '1'. Input values of 2V 

and 0V for A and B represent logic '1' and '0', respectively, with an output of 2V 

corresponding to logic '1'. Therefore, across all input cases from 00 to 11, the outputs for 

A > B, A < B, and A = B are verified, confirming that the CMOS logic is fully suitable 

for designing a 1-bit magnitude comparator. 
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Table 5.3 Truth Table of 1-Bit Magnitude Comparator 

 

 

 

 

 

 

5.7  Simulation of Half Adder Circuit and Transient Analysis 

    

Figure 5.32 (a) Displays the circuit diagram of a half-adder using 2-input NAND gates. 

(b) Indicates the circuitry of the half-adder implemented using P-TFTs, realized on the 

Silvaco-Gateway platform. 
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The half-adder is a combinational circuit used for adding two binary numbers and 

produces two outputs: 'Sum' and 'Carry.' It is a crucial component in arithmetic logic units 

(ALUs), floating-point unit multipliers (FPUs), and filter designs [94], [246]. The 

circuitry of the half-adder is illustrated in Figure 5.32 (b), where the 'Sum' and 'Carry' 

outputs are expressed in terms of the input variables A and B as follows: 

Sum = AB’+A’B   (5.1) 

Carry = A.B    (5.2) 

                       

                         

Figure 5.33 (a) and (b) present the truth tables for the Half-Adder Circuit. 

0.0 50.0n 100.0n
-4

-2

0

 

 

V
o

lt
a

g
e 

(V
)

Time (ns)

  Out_Sum (AB'+A'B)

  Input (A)

  Input (B)

  Out_Carry (AB)

O/P:- 1 

I/P:- (11)

CY.

CY.

O/P:- 0, I/P:- (00)

SUM
O/P:- 0 

I/P:- (11)

SUM

(a)

0.0 50.0n 100.0n
-4

-2

0

 

 

V
o
lt

a
g

e 
(V

)

Time (ns)

  Out_Sum (AB'+A'B)

  Input (A)

  Input (B)

  Out_Carry (AB)

SUM
O/P:- (1) 

I/P:- (10,01)

CY.

O/P:- (0) I/P:- (10,01)

SUM(b)



 
 

131 
 

Using the Silvaco-Gateway tool and the Smart-Spice Simulator, transient analysis is 

conducted to verify the truth table of the half-adder and the corresponding outputs. The 

results for all inputs are displayed in Figure 5.33 (a) and (b) and summarized in Table 

5.4. 

  Table 5.4 Shows Truth Table of the Half Adder Circuit 

 

 

 

 

 

 

5.8  Simulation of 4:1 Multiplexer For Realizing It As Universal Gate and 

Transient Analysis 

 

Figure 5.34 (a) Showing the block diagram of 4:1 Multiplexer (b) Showing the internal 

circuitry of 4:1 Multiplexer. 
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realized [247], [248]. Furthermore, the 4:1 multiplexer circuit is expected to be used in 

the development of higher-order multiplexer circuits, ALU circuits, and other complex 

systems. In Figure 5.34 (a) block diagram of 4:1 Multiplexer is displayed, Figure 5.34 (b) 

the complete circuit of 4:1 Multiplexer is shown where 𝐃𝟎, 𝐃𝟏, 𝐃𝟐 and 𝐃𝟑 are the 4 inputs 

and A and B are the select lines. 

        

      

As the multiplexer belongs to the family of universal gates, it can be further utilized to 

implement various logic circuits. Figure 5.35 (c) and (d) exhibit the circuitry of the 4:1 

multiplexer, implemented to realize logic gates such as “AND” and “OR”.  
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The corresponding transient analysis has been performed, and the resulting truth tables 

are verified, as displayed in Figure 5.35 (e) and (f). 

 

                 

Table 5.5 Shows Truth Table of “AND” Logic Gate Circuit 
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Figure 5.35 (a), (b) Show the implementation of “OR” and “AND” gate using 4:1 

Multiplexer (c), (d) Present the complete circuitry of realizing “AND”, “OR” gate with 

the help of 4:1 Multiplexer on Silvaco-Gateway tool (e), (f) Display the truth tables of 

“AND” and “OR” gates, analyzed using the smart-spice simulator. 

  Table 5.6 Shows Truth Table of “OR” Logic Gate Circuit 
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the implemented 4:1 multiplexer. Similarly, following the same approach, tools, and 

methodology, the “XOR” and “XNOR” logic gate circuits were implemented. Their 

respective transient analyses and truth tables were verified, as shown in Figure 5.36 (c–

e) and Tables 5.7 and 5.8. 
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Table 5.7 Shows Truth Table of “XOR” Logic Gate 
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Figure 5.36 (a), (b) Show the implementation of XOR and XNOR logic gates. (c), (d) 

Present the truth tables of the XOR and XNOR gates, analyzed using the SmartSpice 

simulator (e), (f) Display the complete circuitry for realizing the XOR and XNOR gates 

with the help of the 4:1 multiplexer, implemented using the Silvaco Gateway tool. 

                                   Table 5.8 Shows Truth Table of “XNOR” Logic Gate 

 

 

 

 

 

 

5.9  Simulation of Full Adder, Full Subtractor Circuits and Transient Analysis 

On successful implementation of Half-Adder circuit using P-TFT in the above section, 

Hence Full Adder and Full Subtractor circuit is implemented using N-TFT. The diagram 
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Figure 5.37 (a) Showing the schematic of Full adder circuit (b) Showing the circuitry of 

Full adder implemented using N-TFT. 

In Figure 5.37 (a) The full adder circuit is executed using a 2-input NAND gate, where 

a total nine 2-input NAND gates are utilized for realizing the outputs of the full adder as 

sum and carry. Where sequence from 000 to 111 are logic inputs for 3 variables A, B and 

C. Expression of sum and carry in terms of inputs variables are expressed as Sum = 

A⊕B⊕C and Carry = AB+BC+AC respectively. 
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Figure 5.38 (a-d) Indicating the Transient Characteristics of Full Adder Circuit which 

verify the truth table of full adder for all input from 000 to 111. 

Table 5.9 Truth Table of Full Adder Circuit 
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Carry. Expression of sum and carry in terms of inputs variables are expressed as Sum = 
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Figure 5.39 (a) Showing the schematic of Full subtractor circuit (b) Showing the circuitry 

of Full subtractor implemented using N-TFT (c-f) Indicating the truth table of full 

subtractor for all input from 000 to 111. 
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Expression of difference and borrow in terms of inputs variables A, B and C are expressed 

as Difference = A⊕B⊕C and Borrow =A’B+BC+A’C respectively. In Figure 5.39 (a), 

a full subtractor circuit is implemented using a 2-input NAND gate. The transient analysis 

of this full subtractor is done in the same manner as for the full adder using the Smart-

Spice Simulator for verifying all cases for the three inputs A, B, and C shown in Figure 

5.39 (c–f).   

Table 5.10 Truth Table of Full Subtractor Circuit 

 

 

 

 

 

 

In Table 5.10, the truth table of the full subtractor is shown, where difference and borrow 

are mentioned in all possible cases.  

5.10  Simulation of 2:4 and 3:8 Decoder Circuits and Transient Analysis 

         

A B

A’
B’

A

A
B

B’

A’

B

E=1

E

E

E

E (A’.B’E.)

(A’.B.E.)

(A.B’E)

(A.B.E.)

(a)

S.No. Input 

Logic 

Output Difference (V) Output Borrow (V) 

1. 000 2.29E-05 ~ 0 2.30E-05 ~ 0 

2. 001 1.06 ~ 1 1.06 ~ 1 

3. 010 0.998 ~ 1 0.998 ~ 1 

4. 011 2.14E-05 ~ 0 0.997 ~ 1 

5. 100 0.997 ~ 1 1.85E-05 ~ 0 

6. 101 2.00E-05 ~ 0 1.99E-05 ~ 1 

7. 110 2.25E-05 ~ 0 2.25E-05 ~ 0 

8. 111 1.054 ~ 1 1.055 ~ 1 



 
 

144 
 

                                       

Figure 5.40 (a) , (b) Show the circuit and block diagram of the 2:4 decoder. 

The Circuit of 2:4 decoder implemented using logic gates in shown in Figure 5.40 (a) 

and (b), where inputs 'A' and 'B' serve as the input variables, while 'E' functions as the 

enable signal. The entire circuitry of 2:4 decoder is realized using “N-TFT” only.  
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Figure 5.41 (a), (b), (c) and (d) Show truth table of the 2:4 decoder, showing all outputs: 

D0, D1, D2 and D3. 

Using the Silvaco-Gateway tool, the 2:4 decoder circuit is implemented, as shown 

in Figure 5.40 (a).The inputs 'A,' 'B,' and 'E' are assigned voltage values of 1.0 V, 1.05 

V, and 1.0 V, respectively, representing logic '1,' while 0 V indicates logic '0.' Similarly, 

output voltages of 0 V and 1 V correspond to logic '0' and logic '1,' respectively.  
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Figure 5.42 (a), (b) illustrate the circuitry of the 3:8 decoder and (c) presents the block 

diagram of the 3:8 decoder, showing the inputs 'A,' 'B,' and 'C,' along with enable pin 'E'. 
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The truth table of the 2:4 decoder circuit, presented in Table 5.11, confirms all the input 

logic combinations. 

Table 5.11 Truth Table of 2:4 Decoder Circuit 
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S.No. Input (E) 

(V) 

Input (A) 

(V) 

Input (B) 

(V) 

Output 

(V) 

1 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 

2 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.0 

3 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.05 “0” ~ 0.0 

4 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.05 “1” ~ 1.0 

5 “0” ~ 0.0 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 

6 “1” ~ 1.0 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.0 

7 “0” ~ 0.0 “1” ~ 1.0 “1” ~ 1.05 “0” ~ 0.0 

8 “1” ~ 1.0 “1” ~ 1.0 “1” ~ 1.05 “1” ~ 1.0 
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Figure 5.43 (a), (b), (c), (d), (e), (f), (g) and (h) Showing the truth table of the 3:8 decoder, 

showing all outputs including D0 to D7. 
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Figure 5.42 (a-c) illustrates the 3:8 decoder circuit, while Figure 5.43 (a-h) presents the 

transient analysis for the 3:8 decoder circuit, conducted using a similar methodology as 

described earlier for the 2:4 decoder circuit in Figure 5.41 (a-d) and Table 5.12 

Table 5.12 Truth Table of 3:8 Decoder Circuit 

 

 

 

 

 

 

 

 

 

 

 

 

Inputs 'A,' 'B,' and 'C' serve as the input variables for the 3:8 decoder, with 'E' functioning 

as the enable signal.The inputs 'A,' 'B,' 'C,' and the enable signal 'E' are assigned voltage 

values of 1.0 V, 1.05 V, 1.08 V, and 1.0 V, respectively, representing logic '1,' while 0 V 

indicates logic '0.' Similarly, the output voltages of 0 V and 1 V correspond to logic '0' 

and logic '1,' respectively. The truth table of the 3:8 decoder circuit is provided and 

verified in Table 5.12. 

5.11  Simulation of 1-Bit ALU Circuit and Transient Analysis 

In previous reported work, 1-Bit ALU were already developed but they were implemented 

using CMOS Technology which requires large number of transistors of both n-type and 

p-type and circuit is realized using Cadence tool where transistor which only exist in 

S.No. Input (E) 

(V) 

Input (A) 

(V) 

Input (B) 

(V) 

Input (C) 

(V) 

Output 

(V) 

1 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 

2 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.0 

3 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.08 “0” ~ 0.0 

4 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.08 “1” ~ 1.0 

5 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.05 “0” ~ 0.0 “0” ~ 0.0 

6 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.05 “0” ~ 0.0 “1” ~ 1.0 

7 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.05 “1” ~ 1.08 “0” ~ 0.0 

8 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.05 “1” ~ 1.08 “1” ~ 1.0 

9 “0” ~ 0.0 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 “0” ~ 0.0 

10 “1” ~ 1.0 “1” ~ 1.0 “0” ~ 0.0 “0” ~ 0.0 “1” ~ 1.0 

11 “0” ~ 0.0 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.08 “0” ~ 0.0 

12 “1” ~ 1.0 “1” ~ 1.0 “0” ~ 0.0 “1” ~ 1.08 “1” ~ 1.0 

13 “0” ~ 0.0 “1” ~ 1.0 “1” ~ 1.05 “0” ~ 0.0 “0” ~ 0.0 

14 “1” ~ 1.0 “1” ~ 1.0 “1” ~ 1.05 “0” ~ 0.0 “1” ~ 1.0 

15 “0” ~ 0.0 “1” ~ 1.0 “1” ~ 1.05 “1” ~ 1.08 “0” ~ 0.0 

16 “1” ~ 1.0 “1” ~ 1.0 “1” ~ 1.05 “1” ~ 1.08 “1” ~ 1.0 
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library is used for circuit implementation [249], [250]. Therefore, in this work only “N-

TFT” is utilized for the implementation entire 1-Bit ALU circuits and all the associated 

combination logic circuits.  

  

Figure 5.44 Showing the Block Diagram of all the combinational logics of 1-Bit ALU 

circuit. 

      

Figure 5.45 Showing the Equivalent Diagram of 1-Bit ALU circuit consisting of “AND”, 

“OR”, “NOT” and “XNOR” gates. 
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Figure 5.44 shows block diagram of 1 Bit ALU which is implemented using 4:1 

Multiplexer. The 4 inputs of 4:1 Multiplexer are 2-inputs “AND”, “XNOR”, “OR” and 

“Inverter” gate. Table 5.13, states different select lines for opting and performing 

different ALU operation. 

In Figure 5.45 its equivalent circuit diagram which is made of all the logic gates are 

mentioned.  

Table 5.13 Explaining different ALU operation according to the select lines logic 

 

 

 

    

In Figure 5.45. Outputs Y0 , Y1 , Y2  and Y3 are the functions of select lines (S0  and S1) 

and Inputs (A and B). Similarly, Y is the function of (Y0 - Y3).  

   

Here, S0  and S1 are the select lines and Y0, Y1, Y2, Y3 are the functions of D0, D1, D2, D3. 
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Figure 5.46 (a) and (b) Showing the execution of “NOT” gate operation by ALU when 

select lines are S1 = S0 = 1 , (a’ and b’) Indicating the Truth table of “NOT” gate (c) 

0.0 50.0n 100.0n
-1

0

1

2

 

 

V
o

lt
a

g
e 

(V
)

Time (ns)

  Output (AB+A'B')

  Input (A)

  Input (B)

A⊙B) = 1

(d’)

0.0 50.0n 100.0n
-2

-1

0

1

2

 

 

V
o

lt
a

g
e 

(V
)

Time (ns)

  Select Line ( S1 )

  Select Line ( S'
0 )

  Output ( D
2
 = A+B )

  Y
2
 = ( D

2
.S1.S'

0 )

= 0

= 1 

(e)

: Select Line

: Select Line

+

0.0 50.0n 100.0n
-1

0

1

2

 

 

V
o

lt
a

g
e 

(V
)

Time (ns)

   Input (A)

  Input (B)

  Output ( D
2
 = A+B)

A+B) = 1

(e’)



 
 

156 
 

Showing the execution of “AND” gate operation by ALU when select lines are S1 = S0 = 

0 , (c’) Indicating the Truth table of “AND” gate  (d) Showing the execution of “XNOR” 

gate operation by ALU when select lines are S1 = 0, S0 = 1 , (d’) Indicating the Truth table 

of “XNOR” gate   (e) Showing the execution of “OR” gate operation by ALU when select 

lines are S1 = 1, S0 = 0, (e’) Indicating the Truth table of “OR” gate.  

With the help of Silvaco-Gateway tool at the initial stage, all the logic gates are 

implemented and using Smart-Spice simulator which pre-existed in Silvaco-Gateway 

tool, there corresponding transient analysis is performed to verify the truth table are 

shown in Figure 5.46 (a’, b’, c’, d’ and e’). As these logic gates are inputs to 4:1 

Multiplexer, these 4 inputs (D0, D1, D2 and D3) are controlled by select lines (S1 and S0) 

according to which desired input is opted and the corresponding ALU operation is 

performed. Among these 4 inputs of multiplexer only 1 input is active at a time as they 

governed by select lines and finally the outputs Y0 , Y1 , Y2  and Y3 are “OR” combination 

to produce the final output  Y. Therefore, according to the logic “0” or “1” of select lines 

(S1 and S0), Yn n = 0 to 3 would be reflected at the output Y. Y is OR combination of (Y0 

- Y3) therefore, anyone input logic among (Y0 - Y3)   tends to “1” would finally lead to 

output Y to “1” due to “OR” gate property, which is explained in Table 5.14. 

Table 5.14 Stating different ALU outputs according to the select lines and inputs 

 

S.No. Select 

Line (S1) 

Select 

Line (S0) 

Multiplexer 

Inputs 

ALU Output 

𝐘 = (𝐘𝟑 + 𝐘𝟏 + 𝐘𝟎 +
𝐘𝟐) 

1. 0 0 D0 = 1 

D1 = D2 = D3 = 0 

Y= Y0, Y0 = 1 

Y1 = Y2 = Y3= 0 

2. 0 1 D1 = 1  

D0 = D2 = D3 = 0 

Y1 = 1, Y= Y1 

Y0 = Y2 = Y3= 0 

3. 1 0 D2 = 1  

D1 = D0 = D3 = 0 

Y2 = 1, Y= Y2 

Y0 = Y1 = Y3= 0 

4. 1 1 D3 = 1  

D1 = D2 = D0 = 0 

Y3 = 1, Y= Y3 

Y0 = Y1 = Y0= 0 
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5.12  Conclusion 

In summary, any type of simulated or fabricated device is compact modeled using the 

Silvaco-Techmodeler tool. Depending upon the nature of the device ("N-TFT/P-TFT"), 

the same model is opted for to perform compact modeling. After the execution of the 

modeling process, modeled data is produced, and the accuracy of compact modeling 

depends upon the mapping between modeled and simulated or fabricated data. This 

model, which carries all the specifications of a simulated or fabricated device, is further 

imported into the Silvaco-Gateway tool for the realization of circuits. The level of 

accuracy evaluated above would be reflected while implementing complex analog 

circuits, memory circuits, etc. The smart-spice simulator, which is pre-existing at Silvaco-

Gateway, is used for DC and transient analysis to check functioning, verify the truth table, 

and many more. With the help of  Silvaco Techmodeler tool, these flexible TFTs were 

compact modeled and exhibits excellent accuracy ~ 100% with small fraction of error less 

than 1% (0.41% , 0.94%) for a-IGZO TFT and (0.37% and 0.74%) for PBTTT-C14 based 

TFT and subsequently employed in the Silvaco Gateway tool for the realization of circuits 

as basic logic gate families, CMOS inverter circuit, 1-Bit Magnitude Comparator, Half 

Adder, Full Adder and Subtractor, 1-Bit ALU, 4:1 Multiplexer and 2:4 and 3:8 Decoder 

circuits.Using Smart-Spice simulator exist in Silvaco-Gateway tool, transient and DC 

analysis has been also performed for estimating propagation delay, logic swing, etc. and 

for the verification of truth table for digital circuit. The truth table of all the circuit 

mentioned above are verified using transient analysis. In the near future using these 

compact modeled device complex analog and digital circuits, memory circuits , 

microprocessors, etc. would be realized. 
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Chapter 6 

Stability Analysis of Transparent Low-Power TFT: Impact of 

Design and Biasing 

6.1    Introduction 

In  previous years, a-IGZO (amorphous indium gallium zinc oxide) has been highly 

preferred by many researchers as they exhibit features such as a higher magnitude of 

mobility > 10, enhanced on-off ratio and uniformity, and a wide band gap ~ 3.25 eV, 

which led to high transparency in the visible region (400-700 nm) [99], [184], [251]–

[255]. These features proved fruitful for various applications such as flexible electronics, 

transparent electronics, AMOLED displays, etc. [255]–[257]. The application of 

AMOLED display is governed by a important component which is the electrical stability 

of a-IGZO-based TFT. Similarly, the brightness in the active-matrix display/sensors is 

controlled by the hysteresis phenomenon in which the drain current of transfer 

characteristics is varied in forward and reverse directions. Charge injection and charge 

trapping are some mechanisms that are some causes for hysteresis [255]–[260]. In 

addition to this, there are some instabilities that arise from electrical stress, such as 

negative/positive bias stress (NBS/PBS) and negative/positive bias temperature stress 

(NBTS/PBTS), that alter device characteristics of a-IGZO TFT [260]–[263]. Even the flat 

panel display is controlled by the positive and negative bias of TFT [264]. Reasons for 

PBS instability are electrons trapping in the gate dielectric and defects formation in the 

active layer [260]. In the previously reported work, there are various factors mentioned 

that led to a shift, such as variation in the magnitude of defect states as donor and acceptor 

states, oxygen-related defect states, charge transport in dielectric, injection and trapping 

of mobile charge carriers, slow polarization, ion migration, etc. [263], [263], [265]–[270]. 

In addition, to overcome power consumption limitations, high-k dielectric materials such 
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as zirconium oxide (ZrO2), hafnium oxide (HfO2), etc., used as gate dielectrics of TFTs 

as they possess a k value greater than 15, which led to an operating voltage of ~ (1-2 V) 

[59], [95], [99]. Hence, in this work, using the Silvaco-Atlas tool, a fully transparent a-

IGZO-based TFT has been simulated, as device fabrication at the early stage is full of risk 

and costly in nature. In the previously reported work, positive bias stress analysis has 

been done, but the device operated at high voltages of ~10, 15, and 20 V [260], [271], 

[272]. In this simulation, factors such as variable active layer thickness, dielectric layer 

thickness, and fixed charge density have been done for estimating the stability analysis 

for this a-IGZO-based TFT. 

 

 

Figure 6.1 Displays the factors that effect on the stability of TFT. 

In Figure 6.2, a-IGZO (amorphous IGZO) acts as the active layer, ZrO2 serves as the gate 

electrode, and IZO (indium zinc oxide) is used as electrodes for the gate, source, and 

drain. This TFT is simulated over PET substrate to develop a flexible device. The  active 

layer and dielectric layer thickness is varying from 10nm to 30nm and 70 nm to 40 nm; 

fixed charge density varies from ±1 × 1012,  and ± 5 × 1012 cm-2, and to observe the 
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impact on the hysteresis curve for 𝑉𝐺𝑆, it first increases from 0 to 1.5 V, which shows ‘Off 

to On State,’ and then decreases from 1.5 to 0 V, which shows ‘On to Off State,’ 

respectively. 

6.2    Device Structure and Specifications 

                                 

Figure 6.2 Displays the TFT structure in which different materials are utilized as active 

layer, gate dielectric and electrodes. 

6.3  Results and Discussions 

The Characteristics curve mentioned in Figure 6.3. (a-a’) and (b) approve that this device 

has operating voltage of 1.5 V and the magnitude of saturation current is estimated as 

21.3 μA at 𝑉𝐺𝑆 = 1.5 V. The operation regions of the device are:  

1. Linear region and 2. Saturation region.  

Condition for linear and Saturation are as follows in equation (6.1) and (6.2) respectively: 

                        𝑉𝐷𝑆  <  𝑉𝐺𝑆 −  𝑉𝑇𝐻                               (6.1) 

                                  𝑉𝐷𝑆  ≥  𝑉𝐺𝑆 −  𝑉𝑇𝐻                               (6.2) 

To estimate the performance parameters of the device, the region of operation of device 

(Active layer)

(Gate Dielectric)

(Gate Electrode)
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should be in saturation region.  

In saturation region, drain current equation is stated as:            

                   𝐼𝐷𝑆 = 𝜇𝑛
𝑊

2𝐿
𝐶𝑂𝑋(𝑉𝐺𝑆  −  𝑉𝑇𝐻)2                      (6.3) 

 Where 𝜇𝑛 is electron-mobility, 𝐶𝑂𝑋 is oxide capacitance, 𝑊 and  𝐿 are channel width and 

length. 𝑉𝐷𝑆 is drain-source voltage, 𝑉𝐺𝑆 is gate-source voltage and 𝑉𝑇𝐻 is threshold 

voltage. The width (𝑊) and length (𝐿) of this device are taken as 180 𝜇𝑚 and 30 𝜇𝑚 . 
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Figure 6.3 (a) States the Transfer characteristics curve (𝐼𝐷𝑆 −  𝑉𝐺𝑆) curve for 𝑉𝐷𝑆 changes 

from 0 to 1.5 V with an increase of 0.5 V (a’) logarithmic scale of transfer curve (b) States 

the Output characteristics curve (𝐼𝐷𝑆 −  𝑉𝐷𝑆) curve for 𝑉𝐺𝑆 changes from 0 to 1.5 V with 

an increase of 0.5 V. 

The performance parameters of the simulated device are evaluated as 𝐼𝑂𝑁/𝐼𝑂𝐹𝐹 ~ 106, 𝜇𝑛 

~ 8.37 𝑐𝑚2

𝑉𝑠⁄  ,  𝑉𝑇𝐻 = 0.21 V and 𝑆𝑆 = 84 𝑚𝑉
𝑑𝑒𝑐𝑎𝑑𝑒⁄ . 

6.4 Hysteresis Curve Analysis 

A. Variation in Dielectric layer Thickness 

The dielectric layer thickness (𝑇𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) also impacts the variation in 𝑉𝑇𝐻 [270], 

[273]. To examine the behavior of the hysteresis curve in which the change in 

threshold voltage (∆𝑉𝑇𝐻) is calculated for the device for both cases, “Off to On State” 

and vice-versa. In this case, the alteration in the thickness of the dielectric layer 

(70/60/50/40 nm) is performed to analyze (∆𝑉𝑇𝐻) on different thicknesses, which has 

been shown in Figures. 6.4 to 6.7. 
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Figure 6.4 (a)-(g) Displays the transfer characteristics for different stress time, when 
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active layer thickness and dielectric thickness are taken as 30 nm and 40 nm. 

                                     

    

       

 
Figure 6.5 (a)-(g) Displays the transfer characteristics for different stress time, when 
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active layer thickness and dielectric thickness are taken as 30 nm and 50 nm. 

                                     
                  

   

  

 
Figure 6.6 (a)-(g) Displays the transfer characteristics for different stress time, when 
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active layer thickness and dielectric thickness are taken as 30 nm and 60 nm.    

                                           
              

 

     

 
Figure 6.7 (a)-(g) Displays the transfer characteristics for different stress time, when 
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active layer thickness and dielectric thickness are taken as 30 nm and 70 nm.    
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Figure 6.8 Showing the change in ∆𝑉𝑇𝐻 with respect to time for dielectric thickness of 

40/50/60/ 70 nm.  

To operate the device in low operating voltage can be obtained by using high-k dielectric 

and diminishing dielectric layer thickness (𝑇𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) [274], [275]. (𝑇𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)  also 
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impacts the variation in 𝑉𝑇𝐻, as the increase in gate dielectric thickness blocks the 

injection of charge from the gate side and increases the effect of charge from the channel 

[270]. Oxide capacitance (𝐶𝑂𝑋)  is inversely related to the dielectric thickness and change 

in threshold voltage (∆𝑉𝑇𝐻) shown in equations 6.4 and 6.5. Figure 6.8. Confirm the 

variation in the 𝑉𝑇𝐻 with respect to the increase in dielectric thickness. Among all 4 cases 

for thickness 40 nm, the minimum for all the stress conditions seems to be the best 

thickness to be opted for the device. 

                                        𝐶𝑂𝑋 = 𝜀 𝑇𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
⁄                 (6.4)     

                                    ∆𝑉𝑇𝐻 =  
𝑞𝑁𝑇

𝐶𝑂𝑋
⁄                    (6.5) 

B. Variation in the Active layer Thickness 

The thickness of active layer (𝑇𝑐ℎ𝑎𝑛𝑛𝑒𝑙) of the oxide TFT played a crucial role that 

impacted the device's performance and its stability [276]. To examine the behavior of 

the hysteresis curve in which the change in threshold voltage is calculated for the 

device, the same procedure is done as performed in the above-mentioned part. In this 

case, the alteration in the thickness of the active layer (30/20/10 nm) is performed to 

analyze (∆𝑉𝑇𝐻) on different thicknesses, which is shown in Figures. 6.9 and 6.10. 
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Figure 6.9 (a)-(g) Displays the transfer characteristics for different stress time for the 

evaluation of ∆𝑉𝑇𝐻, when active layer thickness and dielectric thickness are taken as 20 

nm and 40 nm respectively. 
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Figure 6.10 (a)-(g) Displays the transfer characteristics for different stress time for the 

evaluation of ∆𝑉𝑇𝐻, when active layer thickness and dielectric thickness are taken as 10 

nm and 40 nm respectively.  

The enhanced active layer thickness (𝑇𝑐ℎ𝑎𝑛𝑛𝑒𝑙) improves the PBS stability of TFT 

as thickness increases, displaces the  (𝑉𝑇𝐻) to the left side from the right side [194], [277]. 

On varying the channel thickness, it directly impacted the bulk states density (𝑁𝐵𝑢𝑙𝑘), 

which resulted in an enhancement in total trap density (𝑁𝑇) and alter the threshold voltage 
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(∆𝑉𝑇𝐻) [271], [272].  
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Figure 6.11 Showing the variation of ∆𝑉𝑇𝐻 with respect to time for active layer thickness 

of 30/20/10 nm.  

                                             𝑁𝑇 =  𝑁𝑖𝑡 +  𝑁𝐵𝑢𝑙𝑘                     (6.6) 

                                               𝑁𝐵𝑢𝑙𝑘 𝛼 𝑇𝑐ℎ𝑎𝑛𝑛𝑒𝑙                       (6.7) 
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The relationship between and 𝑉𝑇𝐻 is expressed in equation (6.5). With the help of Figure 

6.11. 𝑉𝑇𝐻 is minimum for the active layer thickness of 30nm for all the stress conditions.   

C. Variation in the Fixed Charge density In Dielectric 

When fixed charge density varies as ±1 × 1012 and ±5 × 1012 cm-2, the impact on 

the hysteresis curve is observed in Figures 6.12 and 6.13.  

          

                      

When fixed charge density are −5 × 1012and −1 × 1012 cm-2, 𝑉𝑇𝐻 magnitude 

increases (0.34, 0.28 V) from the initial condition (0.21 V) when no fixed charge 

density is introduced. The reason for this is that negative charge density decreases the 

electron for the accumulation at the semiconductor-insulator interface. Whereas for 

positive charge density, it varies +1 × 1012 and +5 × 1012 cm-2, and reduces the 𝑉𝑇𝐻 

magnitude (0.116, 0.176 V) as they lead to further increases in the accumulation of 

electrons at the interface [278]. 
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Figure 6.12 (a)-(g) Displays the transfer characteristics for the evaluation of ∆𝑉𝑇𝐻, when 

fixed charge densities are −5 × 1012 and +5 × 1012 cm-2. 

    

In Figures 6.12 and 6.13, both fixed oxide charge densities as ±5 × 1012 and ±1 × 1012 

cm-2 are taken together in the same plot to observe that the 𝑉𝑇𝐻 is tending to move towards 

the left side for positive fixed charge density and shifted to the right for negative fixed 

charge density due to alteration of electrons accumulation at surface of the 
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semiconductor-dielectric interface [278].  

    

         

       

Figure 6.13 (a)-(g) Displays the transfer characteristics for the evaluation of ∆𝑉𝑇𝐻, when 

fixed charge densities are −1 × 1012 and +1 × 1012 cm-2. 
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Figure 6.14 Showing the variation of ∆𝑉𝑇𝐻 with respect to time for variable fixed charge 

carrier density.   

The variation in 𝑉𝑇𝐻 has reduced for positive fixed charge density from the initial case 

and enhanced for negative fixed charge density, these such variation is expressed with the 

help of Figure 6.14. In Figure 6.15, Charge trapping is displayed. 
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Figure 6.15 (a) and (b) Showing the Charge trapping behaviour for positive and negative 

fixed charge density. 
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Figure 6.16 (a) and (b) Showing the variation of all performance parameters for all 

different thicknesses of active layer and dielectric layer for stress time ‘0’ and ‘7200’ 

seconds. 

For all cases for different thickness of dielectric and active layer which is expressed in 

Figure 6.16 (a) and (b), case ‘A’ shows the best among all of them as it has maximum 

and minimum magnitude of respective parameters according to their desired value. 

6.5  Conclusion 

In summary, using ZrO2 dielectric stability analysis has been observed for this a-IGZO-

based fully transparent TFT that has been simulated to operate at low-operating voltage. 

The impact of the thickness of the active layer (10/20/30 nm) and dielectric layer 

(40/50/60/70 nm) has been observed in estimating the hysteresis curve and in the change 
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in threshold voltage (∆𝑉𝑇𝐻) for all different stress times. The results obtained for an active 

layer thickness and a dielectric thickness of 30 nm and 40 nm show a very small fraction 

of change in threshold voltage for all the stress times as ‘0’, ‘600’, ‘1200’, ‘1800’, ‘3600’, 

‘5400’, and ‘7200’ s. At this thickness, the results of slight variation in threshold voltage 

(∆𝑉𝑇𝐻) show improvement in the PBS of this a-IGZO-based TFT. This improved PBS, a 

highly reliable a-IGZO-based TFT, would be used ahead in realizing complex circuits 

and flexible electronics. 
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Chapter 7 

Summary and Future Scope 

7.1 Summary of all Previous Chapters 

    

 

Figure 7.1 Presents the Overview of the Thesis chapters. 

The thesis is divided into 7 seven chapters, which are expressed in Figure 7.1. There are 

many applications of TFT devices. Here the work in the thesis shows TFT for compact 

Chapter 1

• An Introduction to Thin Film Transistor (TFT)

• Working, fundamental, Materials required, etc. are 

known

Chapter 2 Fabrication of Ag-Doped PBTTT-C14 Low-Voltage 

OTFT for H2S Gas Detection

Chapter 3
Compact Modeling of Flexible PBTTT-C14 Low-

Voltage OTFT with PMMA/SrZrOX High-k Dielectric

Chapter 4
Fully Transparent and Flexible Low-Voltage a-IGZO 

TFT for Full Adder and Full Subtractor Circuit Design

Chapter 5
Simulation of Digital Circuits Using Compact Modeled 

N-TFT and P-TFT Devices

Chapter 6
Stability Analysis of Transparent Low-Power TFT: 

Impact of Design and Biasing

Chapter 7 Summary and Future Scope
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modeling, hydrogen sulfide gas sensing, flexible electronics, and electronic circuit 

applications. 

In Chapter 1, an Introduction to thin film transistors (TFTs) is shown, and an 

investigation of different materials utilized for the establishment of TFTs, the working 

mechanisms of TFTs, the charge transport phenomenon of organic semiconductors, 

several techniques used for TFT film deposition, the importance and need for compact 

modeling of TFT devices, and the role of compact modeling for the implementation of 

circuits.  

Chapter 2 states the fabrication of Ag-doped PBTTT-C14 based OTFT operated at low 

voltage for the sensing of H₂S gas. The important key points of this chapter are as follows: 

1. For the production of cost-effective OTFT devices, methods such as spin coating 

and floating film transfer (FTM) methods are used for the establishment of a 

dielectric layer of SrZrOx and an active layer of silver nanoparticles doped 

PBTTT-C14. 

2. This dielectric film exhibits high capacitance of 433 nF/cm², a high bandgap of 

4.95 eV, and low-leakage current density of 0.1 nA/cm². 

3. This small magnitude of leakage current density assures that this dielectric film 

has a very small fraction of pinholes, which is favorable for high performance of 

OTFT. 

4. The operation voltage of this Ag-doped PBTTT-C14 OTFT is 1.5 V. 

5. This OTFT-based H₂S gas sensor has a sensing response of higher than 80 % and 

a low limit of detection of ~15.17 ppb. 
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Chapter 3 states fabrication, characterization, and compact modeling of flexible OTFT 

devices operated at low voltage for flexible and electronic circuits. The important 

highlights of this chapter are as follows: 

1. The roles of active layer and dielectric layer are played by PBTTT-C14 and the 

composition of PMMA and SrZrOX. 

2. The device has been developed on a PET substrate, which is flexible in nature and 

helps in developing flexible PBTTT-C14 based OTFT. 

3. The atomic force microscopic (AFM) image of the dielectric film shows a uniform 

smoothness (very low roughness σrms = 0.407 nm), confirming that the thin film 

passes with the very low number of surface defects, which is suitable for high-

quality transistors. 

4. The operating voltage of this flexible OTFT is 1V. 

5. The flexible low voltage is compact modeling, which would be used ahead for the 

implementation of an inverter circuit exhibiting a high gain of 39.77 at VDD ~ -3.6 

V. 

In Chapter 4, a fully transparent, flexible, and low-voltage a-IGZO-based TFT is 

simulated using the Silvaco Atlas tool. This flexible, transparent TFT compact model is 

used ahead for further analysis. The essential key points of this chapter are 

1. In this fully transparent, flexible TFT, a-IGZO (amorphous indium gallium zinc 

oxide) and HfO₂ are used as semiconductor and dielectric materials. ITO serves 

as electrodes for the source, drain, and gate contacts. 

2. The device characteristics confirm that operating voltage is 2 V. 
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3. Using the Silvaco-Techmodeler tool, this simulated device is compact modeled in 

which the simulated data is verified with the modeled data. Both the curves 

completely superimpose on each other, ensuring a small error is estimated 

between the data, which is less than 1%. 

4. This compact, modeled, flexible, transparent a-IGZO TFT is used ahead for the 

realization of full adder and full subtractor circuits using the Silvaco-Gateway 

tool. 

5. Transient analysis is performed, which verifies the truth table for these full adder 

and subtractor circuits for inputs varying from 000 to 111. 

Chapter 5 states the in-depth details associated with the Silvaco-Techmodeler and 

Silvaco-Gateway tools, and a user guide is developed that states the interlinking of these 

two tools. Important key points of this chapter are as follows: 

1. All the necessary steps related to the Silvaco-Techmodeler tool for the 

compact modeling of any device are mentioned in a sequential manner. 

2. Utilization of this compact modeled device for the implementation of any type 

of circuitry at the Silvaco-Gateway platform is explained. 

3. To check the proper function of the circuit, transient and voltage transfer 

characteristics are also shown, which are essential to further analysis, such as 

noise margin analysis, propagation delay estimation, truth table estimation, 

voltage gain evaluation, etc. 

4. Various combination circuits 1-bit magnitude comparator, 1-bit ALU, 2:4 and 

3:8 decoders, CMOS inverter circuit, half adder, 4:1 multiplexer, and basic 

logic gate families are implemented, and respective truth tables and associated 

parameters are evaluated.  
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Chapter 6 states the stability analysis of an a-IGZO-based TFT operated at low voltage 

simulated with the Silvaco-Atlas tool. Positive bias stress (PBS) stability is estimated for 

different stress times: “0”, “600,” “1200,” “1800,” “3600,” “5400,” and “7200” seconds. 

Important highlights of this chapter are as follows: 

1. The operating voltage of this a-IGZO TFT is 1.5 V. 

2. ZrO2 acted as a gate dielectric, and a-IGZO acted as the active layer of this TFT. 

3. Impact on variable thickness of active layer (10/20/30 nm) and dielectric layer 

(70/60/50/40 nm) has been observed on the change in threshold voltage ( 

∆𝑉𝑇𝐻 ) for different stress times as 0, “600”, “1200”, “1800”, “3600”, “5400”, and 

“7200” seconds. 

4. Impact of fixed charge density of dielectric on the change in threshold voltage ( 

∆𝑉𝑇𝐻) for stress times of “0,” “600,” 1200, “1800,” 3600, “5400,” and “7200” 

seconds. 

5. For channel thickness of 30nm and dielectric thickness of 40 nm, very small 

variation is observed for different stress times. 

7.2  Future Scope of the thesis 

In the thesis, the research work shown related to device fabrication/simulation for flexible 

electronics applications, gas sensing applications, and electronics circuits explores 

various scopes for performing further research analysis related to these fields. Nowadays, 

there is a hike in the demand for flexible electronics and transparent electronics for several 

applications; hence, to fulfill these requirements, researchers can work in these domains 

to develop devices by exploring different materials. Using the compact modeling 

approach, various memory circuits and transparent op-amp circuits can be realized. In the 
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field of OTFT, devices can be fabricated for sensing various parameters such as glucose, 

pH, etc. 
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