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2.1. Introduction:  

 The literature survey was conducted to fulfill the research motivation and 

objectives of the reported work. The review provides valuable insights into the research 

gaps, fundamental properties, and recent advances relevant to the objectives of this thesis. 

It is essential for establishing a foundational understanding of the field and enabling 

informed decision-making in the development of 2D-WS2-based FET. 

 This study mainly focuses on the application of WS2 in FET devices, in which the 

preparation of WS2 materials is an important aspect of research. The study also explores 

methods to enhance its electronic properties for improved device performance. 

Furthermore, the fabrication processes of WS2-based FETs were examined, highlighting 

their advantages and addressing the associated challenges. Through this comprehensive 

review, the objective is to acquire essential knowledge to guide experimental strategies, 

fabrication processes, and achieve performance metrics that meet the demands of 

advanced 2D electronics. 

 Additionally, the survey delves into the intrinsic properties and behaviour of 2D-

WS2 nanosheets, which are pivotal for their application in FET devices. By exploring 

characteristics such as electronic band structure, charge carrier mobility, and band gaps, 

this review aims to identify key parameters that significantly influence the performance 

of WS2-based devices. This literature survey forms the basis for the subsequent 

experimental work, ensuring that the research objectives are addressed effectively.  

2.2. Properties of 2D-WS2: 

 WS2 has garnered significant attention due to its ultrathin atomic layer structure 

and semiconducting properties, which can be tailored for specific applications. Each layer 

of WS2 consists of a plane of W atoms sandwiched between two layers of Sulfur (S) 

atoms, with the atoms covalently bonded to the adjacent atoms. While the layers of WS2 

are bonded together by weak vdW forces, enabling easy separation through exfoliation 

techniques. Furthermore, WS2 has a relatively high bandgap that changes with the number 

of layers, the change in bandgap is directly linked to the physical and electrical properties 

of the material [1–4]. WS2 is commercially available in various forms, such as bulk 

powder or crystal, which can be exfoliated into thin nanosheets. Additionally, WS2 can be 

synthesized into nanosheets with adjustable size and thickness, depending on the 

preparation process such as vapor phase deposition, chemical synthesis method, etc. 
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 WS2 is known for its n-type semiconducting behaviour, and the indirect bandgap 

of its multilayer structure makes it well-suited for efficient FET operation [5,6]. 

Theoretical studies suggest that WS2 has superior electrical properties, featuring high 

carrier mobility, an excellent bandgap, and outstanding chemical stability compared to 

other 2D TMDs [7–9]. Furthermore, WS2 exhibits excellent temperature tolerance and 

inherent flexibility, making it ideal for various wearable applications [10,11]. These 

attributes allow WS2-based devices to perform reliably under diverse environmental 

conditions, meeting the demands of advanced flexible electronics. Researchers have 

emphasized the need for precise control over the film structure of WS2 to optimize its 

performance, with monolayer and multilayer films being suitable for optoelectronic 

applications and electronics applications [12,13].   

 Theoretical models for WS2 FETs have shown that their on-current is 1.5 times 

higher than other 2D-FET transistors, with high mobility due to the reduced effective 

mass of carriers [14]. Jin et al. reported that the intrinsic electrical properties of single-

layer WS2 FETs are comparable for both n-type and p-type FETs, highlighting its potential 

as a versatile candidate for transistor channel applications [15]. However, experimental 

electron mobility values for single-layer WS2 FETs are currently lower than theoretical 

predictions, with values of ~50 cm2/V·s at room temperature. Studies have shown that 

multilayer WS2 FETs exhibit promising performance at low temperatures ~5 k, with 

reduced Schottky barriers at the Metal-WS2 interface, and observed mobility values of 

~234 cm2/V·s at room temperature [16]. WS2 is notable for its strong spin-orbit coupling, 

which causes significant valence band splitting and spin-valley coupling. These effects 

are amplified by the heavier tungsten atoms, making WS2 more pronounced in these 

properties compared to MoS2 [17]. This results in a valence band splitting of 

approximately 426 meV, which is three times larger than MoS2, facilitating the 

observation of the valley Hall effect [7].  Additionally, WS2 has Young’s modulus (~150 

GPa) makes it mechanically robust at the nanoscale and suitable for integration into 

flexible and wearable electronics. WS2 TFTs have shown the ability to withstand up to 

50,000 bending cycles with minimal degradation, demonstrating their potential for 

flexible and durable devices [18]. These combined properties position WS2 as a promising 

material for next-generation high-performance electronic applications. 
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2.2.1.  Structural Analogy of 2D-WS2 Materials: 

 The WS2 crystals consist of strong in-plane covalent bonds between W atoms, 

with each W atom positioned between two S atoms in a hexagonal lattice arrangement. 

This configuration forms a two-dimensional structure, where robust covalent bonds 

between W and S atoms contribute to a highly stable and strong layer. WS2 exists in three 

distinct crystal phases: the 1T phase exhibits metallic behaviour, while the 2H and 3R 

phases are semiconducting. 

• 1T-Phase: 

 The 1T phase of WS2 is depicted in Fig. 2.1(a), exhibits a structure of tetragonal 

symmetry (space group P21/m) with Octahedral (Oh) coordination, belonging to the D3d 

 point group. This phase is characterized by two sets of degenerate d orbitals: dz2,x2-y2 

(eg) and dxy,yz,zx (t2g) [19, 20]. The presence of one electron in each t2g orbital results in 

partially filled orbitals, which contribute to the metallic nature of the 1T phase [21].  The 

atomic stacking sequence in the 1T phase follows an A-B-C pattern, with W atoms 

positioned at the center of the octahedral coordination. In 1972, R. B. Somoano et al. 

introduced an alkali metal intercalation method that enabled the transformation of 2H-

phase TMDs into the 1T phase, emphasizing the role of lithium and sodium as 

intercalating agents. This process involves the incorporation of additional charges from 

lithium, which induces a local atomic rearrangement that alters the structure from trigonal 

prismatic (2H) to octahedral (1T). Despite being less stable and commonly synthesized 

in monolayer form, the 1T phase possesses exceptional properties, including high 

efficiency as an electrocatalyst and excellent electronic conductivity. However, due to its 

metallic nature, the 1T phase lacks significant optical absorption and emission 

capabilities. Although less stable and typically synthesized in monolayer form, it exhibits 

unique properties, serving as a highly efficient electrocatalyst and an excellent electronic 

conductor [22, 23].  

• 2H-Phase: 

 Fig. 2.1(b). represents the 2H phase of WS2 belonging to the space group P63/mmc 

D6h (no. 194) and adopts a trigonal prismatic configuration (D3h). In this configuration, 

the d-orbitals are split into three groups: a single filled dz2 orbital and two empty sets of 

double-degenerate orbitals dx2-y2,xy and dxz,yz [20]. The 2H-WS2 phase exhibits 

semiconducting behaviour due to its fully occupied dz2 orbital. Structurally, the 2H phase 
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features an A-B-A stacking sequence, with W atoms occupying the center of the triangular 

prisms [24]. This phase consists of two layers per unit cell along the c-axis, forming a 

hexagonal symmetrical structure. The distance between two W atoms in the same plane 

within the hexagonal lattice is represented by lattice constants of approximately 3.15 Å 

(in-plane) and vertical spacing between two adjacent layers of WS2 is 6.15 Å (interlayer 

distance). This layered arrangement not only enables anisotropic properties but also 

underlies the transition from an indirect bandgap (~1.4 eV in bulk) to a direct bandgap 

(~2.1 eV in monolayer form)[16,25]. This transition is attributed to quantum confinement, 

which modifies the hybridization between the S and W orbitals, thereby altering the 

electronic band structure [26]. Furthermore, the band structure of the 2H phase can be 

tuned through doping, which introduces changes to the atomic lattice of WS2 [27]. The 

2H phase is thermodynamically stable, occurring naturally (Blue-gray colour in its 

powdered or crystal form) and maintaining its stability under ambient conditions. To 

achieve thin or monolayer WS2 structures for device applications, the material is typically 

exfoliated from bulk crystals or synthesized at high temperatures [28,29]. The layers of 

WS2 are held together by weak electrostatic forces, which enable easy exfoliation into 

monolayers or few-layer structures from the bulk crystal or powder. In the 2H-phase 

structure, the high indirect bandgap imparts superior semiconducting properties, making 

it suitable for transistor applications. Additionally, it has poor electrocatalyst, high optical 

absorption, strong photoluminescence, and significant light-harvesting potential, making 

it valuable for optoelectronic applications in its monolayer form [30,31]. 

• 3R Phase:  

 The 3R phase of WS2 as shown in Fig. 2.1(c), where "R" denoting its 

rhombohedral symmetrical structure (𝐶3𝑣
5  group) belongs to the space group R3m, No 160 

is a rare structural form that does not occur naturally [25, 32]. The 3R phase of WS2, being 

a rare structural form, necessitates synthetic production through controlled methods such 

as molecular beam epitaxy, chemical vapor deposition or other specialized techniques is 

used to grow rhombohedral symmetry and unique stacking arrangement [33]. Like the 

2H phase, the 3R structure exhibits semiconducting properties but plays a less prominent 

role in semiconductor applications due to less consistency in bandgap tunability, less 

stability, and prone to transformation into the 2H phase under certain conditions [25]. It 

features a three-layer stacking sequence per unit cell, similar to the 2H phase, but with 

distinct structural periodicity [34]. The 3R structure exhibits semiconducting properties; 
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however, its application in semiconductor technologies is limited due to less consistent 

bandgap tunability, lower stability, and a tendency to transform into the 

thermodynamically stable 2H phase under certain conditions. Unlike the 2H phase, which 

offers tunable, layer-dependent bandgap properties and is naturally abundant, the 3R 

phase lacks such flexibility, reducing its suitability for precision applications [32].  

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2.1: Atomic structure of three typical crystal phases of WS2: (a)1T-phase tetragonal 

symmetry with octahedral coordination (b) 2H-Phase hexagonal symmetrical structure 

(c) 3R-Phase rhombohedral symmetrical structure and (d & e) schematic illustration of 

the density of states for selected transition metal groups, showing the d-orbital splitting 

for 1T and 2H/3R phase  

 According to the reported data, the 2H phase of WS2 is regarded as the best option 

for transistor applications, outperforming the 1T and 3R phases due to several key factors. 

The 2H phase is naturally abundant and stable under ambient conditions, which makes it 

ideal for practical device fabrication.  Unlike the 1T phase, which exhibits metallic 

behaviour and lacks the semiconducting properties necessary for transistor operation, the 

2H phase is a stable semiconductor with well-defined electronic properties. In contrast, 

(a) (c) 

(d) (e) 

(b) 
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the 3R phase, while semiconducting, is less stable and prone to transformation into the 

2H phase under certain conditions, making it less reliable for consistent transistor 

behaviour. The studies focused on investigating 2H-WS2 for its potential in 

semiconductor applications. The physical properties of WS2 are detailed in Table 2.1. 

Table 2.1: Structural properties of WS2 

 

 

 

 

 

 

2.2.2.  Energy Band Structure and Bandgap Tuning of WS2:  

 2D TMDs are indeed considered promising materials for semiconducting 

applications owing to their adjustable bandgap, which provides an advantage over zero-

bandgap graphene in many electronic and optoelectronic applications [37,38]. The 

bandgap plays a critical role in practical applications, as changes in the bandgap 

significantly influence the material's properties. 

 This section focuses on the study of the bandgap properties of WS2 material 

belonging to the class of TMDs. Theoretically, Density Functional Theory (DFT) is 

employed to determine the bandgap of WS2, while UV-Vis and PL spectroscopy are 

utilized for bandgap analysis in practical applications [39].  Fig. 2.2 illustrates the DFT-

calculated indirect and direct band structures of WS2, indicating that the bandgap of WS2 

material is dependent on the layers present in nanosheet [40]. These can significantly 

affect the optical and electrical properties of the material. As the number of layers in WS2 

decreases, the material undergoes significant transformations in its energy band structure, 

particularly as it transitions from multilayer to monolayer form. In multilayer WS2, the 

material exhibits an indirect bandgap, with the Conduction Band Minimum (CBM) at an 

intermediate point (Λ) and the Valence Band Maximum (VBM) at the Γ point in the 

Brillouin zone as depicted in Fig. 2.2(a) [3,41]. In contrast, multilayer WS2 nanosheets 

exhibit an indirect bandgap, making them suitable for electronic devices. These 

multilayer structures offer superior electron transition properties and high carrier 

mobility, thereby enhancing the electrical properties of WS2-based semiconductors [16]. 

WS2 Ref. No. 

Lattice Constant (Å) a: 3.15  

 

[35] 

c: 12.32 

Vander Wall Gap (Å) S-S 3.15 

Interlayer Height (Å) S– W 3.41 

Bond Angle (degree) S–W–S 80.99 

Interlayer Spacing (Å) d-spacing 6.15  [36] 
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 However, when the multilayer is reduced to a monolayer, WS2 shifts to a direct 

bandgap with both the CBM and VBM located at the K point as depicted in Fig. 2.2(b) 

[2,38,42]. The reduction in layer number causes the WS2 bandgap to shift from the 

infrared region to the visible region and it also changes the bandgap from indirect to 

direct. This direct bandgap enables more efficient photon absorption and emission, 

enhancing the potential for optoelectronic applications [43]. Additionally, as layer 

thickness decreases, the bandgap energy widens due to weakened interlayer coupling, 

which reduces electronic overlap between layers. Spin-Orbit Coupling (SOC) further 

influences the band structure, causing distinct splitting in the valence band at the K point, 

a feature that becomes more prominent in the monolayer and impacts optical transitions. 

The weakening of interlayer coupling also affects van der Waals interactions, which 

contributes to these changes in the bandgap and electronic structure, making monolayer 

WS2 material. The bandgap comparison of Si and 2D semiconductor materials is 

demonstrated in Table 2.2.  

 

Fig. 2.2: Band structure of 2H-WS2: (a) Indirect bandgap of bilayer WS2 (b) Direct 

bandgap of monolayer WS2  [40], (c) band structure of p-type doped WS2 and (d) Band 

structure of n-type doped WS2 [44] 

(a) 

(d) (c) 

(b) 
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 In addition, the variations in the band structure of WS2 are primarily driven by 

quantum confinement effects that arise from doping and edge effects [45]. Studies have 

shown that the bandgap, as well as the shifts in the valence and conduction bands, can be 

tuned through doping or the introduction of vacancies in the atomic lattice of WS2. These 

doping strategies not only alter the bandgap but also modify the material's electronic 

properties. WS2 generally exhibits n-type semiconducting behaviour, which can be 

adjusted depending on the type of dopant atom used [46, 47].  Yang et al. demonstrated 

that molecular doping with n-type or p-type dopant atoms can modify the band structure 

of WS2 [44]. In the case of n-type doping, a deep impurity level appears below the 

conduction band minimum after the WS2 adsorbs a Tetrathiafulvalene (TTF) molecule. 

This impurity level is primarily derived from the Highest Occupied Molecular Orbital 

(HOMO) as depicted in Fig. 2.2(c).  For p-type doping using Tetracyanoquinodimethane 

(TCNQ), the injection of holes into the material, associated with the Lowest Unoccupied 

Molecular Orbital (LUMO), causes the valence band to shift closer to the Fermi level as 

demonstrated in Fig. 2.2(d). Chanana et al. reported that the bandgap of  WS2 can be 

modified through n-type doping [48]. In their study, the bandgap of a pure monolayer of 

WS2 was found to be 2.07 eV. When a single chlorine atom is used as a dopant, the energy 

bands shift toward the Fermi Level (EF), creating midgap states near EF and leading to an 

increase the bandgap 2.12 eV. This shift is attributed to the hybridization of the Cl 3p and 

W 5d states, with an additional unpaired electron introduced due to the n-type doping by 

chlorine. The CH groups acted as p-type dopants, proving to be the most stable method 

for introducing carbon into WS2 [49]. This led to a reduction in the bandgap from 1.98 

eV to 1.83 eV, as measured by PL spectroscopy. The energy level of the top valence band 

was primarily influenced by the d orbitals of W and the p orbitals of Carbon (C), 

suggesting that the formation of a W-C bond is the main factor responsible for the 

observed bandgap reduction. 

Table 2.2: Bandgap comparison of Si and 2D semiconductor materials 

Material Bandgap (Eg) 

(eV) 

Layer number Applications Ref. 

No. 

 

WS2 

1.94 Single layer  

- 

 

[41]  1.588  Bilayer 

 0.88  bulk 

Si 1.1 - Semiconductor [50] 

Graphene 0 - Semiconductor [51] 

WS2 2.11 Monolayer Optical [52] 
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WS2 1.883 Multilayer  electrical [53] 

WS2 
~1.25  Six-layer  

- 

 

[54] 

 
~1.45 Four-layer 

~1.8 Monolayer 

MoS2 
1.8 Monolayer - [55] 

1.2 Bulk 

MoS2 1.89  Monolayer - [56] 

MoS2  1.9 Monolayer FET [57] 

1.2 Four-layer 

WSe2 1.6 Monolayer - [58] 

1.4 Few-layer 

MoSe2 1.48 Monolayer - [59] 

1.10 Bulk 

MoTe2 1.1 Monolayer Optoelectronics [60] 

MoTe2  1.04 Monolayer Optoelectronics [61] 

2.2.3.  Synthesis Processes of Layered 2H-WS2 Material: 

  A wide range of approaches for synthesizing layered WS2 material have been 

reported by various authors. These methods are generally categorized into two types: top-

down and bottom-up approaches [12,62,63]. Top-down approaches involve exfoliation 

techniques, where nanosheet layers are peeled from bulk material, such as mechanical 

exfoliation, liquid exfoliation, etc. In contrast, bottom-up approaches include vapor-phase 

deposition, atomic layer deposition, hydrothermal methods, etc., where the material is 

built up from individual atoms or molecules [12, 64].  

2.2.3.1. Top-down Synthesis: 

• Mechanical Exfoliation:  

 In 2004, Novoselov et al. first demonstrated the synthesis of graphene using a 

mechanical exfoliation process, a simple and highly efficient technique for producing 

monolayer or few-layer 2D materials [62]. It involves the use of adhesive tape to peel thin 

layers from bulk materials by exploiting weak interlayer bonds, enabling the production 

of single or multi-layer flakes without the need for external heating [65]. The exfoliation 

process is visually represented in Fig. 2.3(a). Following the discovery of graphene, 

micromechanical exfoliation has been successfully used to exfoliate other 2D layered 

materials, including the TMD, BP, h-BN, etc. In semiconductor device fabrication, 

Radisavljevic et al. first demonstrated the fabrication of a FET using a monolayer MoS2 

flake extracted from a commercially available MoS2 single crystal [66]. It has also been 

particularly useful in successfully producing atomically thin WS2, enabling researchers 
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to explore its unique properties and potential applications [67]. While mechanical 

exfoliation is effective for producing 2D materials, its limited scalability restricts its 

feasibility for mass production. For large-scale fabrication of 2D devices, more scalable 

techniques are essential. However, mechanical exfoliation is a low-cost method that is 

highly convenient for fundamental research.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: Schematical illustration of commonly adopted synthesis method for producing 

2D materials: (a) Mechanical exfoliation using scotch tape to extract layers from bulk 

WS2 (b) Liquid-phase exfoliation, producing layered nanosheets from bulk WS2 powder 

through sonication in a suitable solvent (c) Experimental setup illustrating the Vapour 

phase deposition technique: thermal evaporation of WO3 powder and chalcogen (S) 

powder to produce layered 2H-WS2 and (d) Hydrothermal method for synthesizing WS2 

in an autoclave at high temperature and pressure   

• Liquid-Phase Exfoliation: 

 LPE is an extensively studied method for producing 2D-materials from bulk-

layered materials. This technique has been explored since the early 1970s and offers a 

relatively simple, room-temperature approach to obtain thin, exfoliated layers [63]. In 

LPE, suitable solvents need to be mixed with bulk material, which is then subjected to 

sonication to weaken the interlayer bonds between the layers [68]. The sonication process 

creates vibrations that break the vdW forces holding the layers together, allowing them 

to separate. Coleman et al. demonstrated that layered materials can be effectively 

(a) (b) 

(c) (d) 
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exfoliated using a range of organic solvents and surfactants in aqueous solutions, with the 

exfoliated material typically separated through centrifugation [64]. D’Olimpio et al. 

reported that Iris-assisted LPE process enables the production of exfoliated flakes with a 

high yield of up to 52%. Additionally, this technique achieves flakes with an exceptionally 

high aspect ratio, reaching values as high as 500 [69]. Commonly used solvents for 

exfoliating 2D materials include high-boiling-point solvents such as N-Methyl-2-

Pyrrolidone (NMP) and N-Dimethylformamide (DMF) [70]. Additionally, liquid 

exfoliation using a binary mixture of Acetone (ACE) and water has been shown to yield 

approximately 2.7%, which is considered promising for the large-scale production of 

nanosheets [71]. Despite certain challenges, such as limited stability, LPE remains a 

promising method for the scalable production of 2D materials. It enables the fabrication 

of high-quality, large-area thin films consisting of only a few layers. 

2.2.3.2. Bottom-up Synthesis: 

• Vapour Phase Deposition: 

 Vapor phase synthesis is classified into two main types: physical vapor deposition 

(PVD) and CVD. In PVD, commonly used methods include thermal evaporation, 

Molecular Beam Epitaxy (MBE), and van der Waals epitaxy (VDWE). These methods 

rely on physical processes, such as heating and evaporation, to deposit thin films on a 

substrate. While PVD is effective for controlled deposition, some PVD techniques such 

as Pulsed Laser Deposition (PLD) and Electron Beam Evaporation (EBE)-often result in 

unwanted morphologies like nanoparticles instead of the desired layered structure. In 

addition, those techniques have low deposition rates, very low vacuum, and are generally 

very expensive. This can limit their suitability for producing 2D layered nanosheets.  

 CVD is one of the most widely used techniques for producing large-area, 

atomically thin WS2 nanosheets. CVD allows precise control over nanosheet thickness, 

making it highly effective for synthesizing layered 2D materials. In the CVD process, a 

tungsten precursor (like WO3 powder) and S powder are vaporized and react at specific 

temperatures in a controlled environment. An inert carrier gas, such as argon or nitrogen, 

flows continuously to transport these vapours to the substrate, where WS2 nanosheets 

grow directly [31]. The experimental setup for the CVD process used to grow 2D WS2 

nanosheets is schematically illustrated in Fig. 2.3(c). In this technique, WO3 is first 

deposited onto a substrate in a nanometer-scale layer, followed by sulfurization at 

temperatures above 500 °C [12]. This results in the direct formation of an atomically thin 
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WS2 layer on the substrate, offering an effective pathway for producing uniform, high-

quality WS2 nanosheets. An et al. reported that CVD-grown WS2 monolayer flakes via 

Oxygen (O2) pre-annealing process to obtain of triangular and hexagonal shapes of 

nanosheets is dependent on the O2 flow rate [72]. Twisted Bilayer WS2 (TB-WS2) is 

directly grown on a SiO2/Si substrate inside a quartz tube, with the substrate placed at an 

angle. This tilting creates an uneven concentration of the metal precursor, causing 

disturbances in the gas flow over the substrate. These disturbances provide an additional 

driving force that promotes the growth of TB-WS2 is reported by Xu et al. [73]. Yan et al. 

demonstrated the synthesis of high-quality WS2 nanosheets with diverse morphologies, 

including large triangular, hexagonal, small triangular, terraced, and spiral structures [74]. 

These nanosheets were produced through the CVD process at a growth temperature of 

850 °C, with an Argon (Ar) gas flow rate controlled in standard cubic centimeters per 

minute (sccm). 

• Hydrothermal Synthesis: 

 One of the simple and facile techniques for synthesizing WS2 is the hydrothermal 

method, which is a conventional wet chemical synthesis approach as shown in Fig. 2.3(d). 

This method has been extensively employed for the synthesis of 2D nanomaterials. In this 

process, the atomic reaction is formed in a suitable solvent at a certain temperature [75]. 

Santhosh et al. reported the preparation of WS2 nanosheets using a two-step hydrothermal 

method, conducted at 245 °C for 8 hours [76]. Govindasamy et al. synthesized MoS2 and 

WS2 nanoparticles using an ultrasonic-assisted hydrothermal method, where Mo or W 

powder was mixed with Thioacetamide in DI water were sonicated, then heated at 180 

°C for 2 hours in an autoclave [77]. The resulting precipitate was washed with Deionized 

water (DI) and Ethanol (EtOH) and then dried to obtain WS2 powder. Within the 

hydrothermal process, high temperature and pressure accelerate the chemical reactions, 

promoting the formation of WS2 nanoparticles. Hydrothermal synthesis is a relatively 

simple and low-cost technique but typically results in lower-quality WS2 compared to 

vapor-phase growth techniques [78]. Furthermore, the thickness of the films cannot be 

accurately controlled for device applications, and the reaction process cannot be directly 

monitored. 
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2.2.4.  Techniques of 2D Material Transfer Methods for Electronic 

Devices Fabrication: 

 One of the critical steps in the fabrication of TMD-FET is the transfer of WS2 

nanosheets onto the designated substrate, which can be accomplished through either a dry 

transfer or wet transfer process. The physical and crystalline properties of the 2D 

materials remain largely unaffected by these transfer techniques. Both transfer processes 

are straightforward and cost-effective.  

2.2.4.1. Wet Transfer: 

• Chemical Etching Wet Transfer: 

 Fig. 2.4(a) illustrates the chemical etching transfer process, where the grown 2D 

material is initially coated with a Poly (Methyl Methacrylate) (PMMA) layer via the spin-

coating technique. [79,80]. The substrate is then etched by placing it in a chemical etchant 

(potassium hydroxide or ammonium persulfate for copper). After etching, the 

WS2/PMMA layer floats on water and can be easily transferred to the desired substrate. 

Finally, the PMMA is dissolved in acetone by dipping the WS2-transferred substrate, 

leaving a clean WS2 film on the new substrate [81]. 

• Electrochemical Bubble Transfer: 

 Another wet transfer technique is the etchant-free electrochemical bubbling 

method, which is a non-destructive, cost-effective, and time-efficient process illustrated 

in Fig. 2.4(b) [82]. In this method, the PMMA-2D material-coated substrate is immersed 

in a suitable electrolyte solution (e.g., K2S2O8, NaOH or Na2SO4). An electrode is then 

connected to the substrate, with both submerged in the same solution, to establish a 

potential difference between the substrate and the electrode [83]. As a direct consequence 

of this polarization, hydrogen bubbles emerge at the interface of PMMA-2D material with 

the substrate and bubbles move inward until the material is completely detached from the 

substrate. Then the same chemical etching Wet transfer process is followed for 

transferring the 2D material on the targeted substrate for device fabrication [83,84].   
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Fig. 2.4: Illustrative depiction of 2D material transfer methods by dry and wet transfer 

techniques: (a) Chemical etching wet transfer (b) Electrochemical bubble transfer (c) 

Scotch tape dry transfer and (d) Chemical etchant-assisted dry transfer method 

2.2.4.2. Dry Transfer: 

 The dry transfer of 2D materials is a simple, inexpensive, yet time-consuming 

method. The process involves either mechanical transfer using scotch tape or a chemical 

etchant-assisted dry transfer technique.  

• Scotch Tape Transfer:  

 In mechanical transfer, scotch tape is used to peel off the 2D material from the 

grown substrate, and the 2D material is then directly transferred to the designated 

substrate as shown in Fig. 2.4(c) [85,86]. This method does not require any chemicals or 

solvents. 

• Chemical Etchant-Assisted Dry Transfer: 

 For the chemical etchant-assisted dry transfer method, it is more suitable for large-

scale applications [85]. Initially, a polymer, usually Polydimethylsiloxane (PDMS), 

(a) (b) 

(c) (d) 
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combined with a supporting layer of Poly(Ethylene Terephthalate) (PET) substrate, is 

deposited onto the 2D material as represented in Fig. 2.4(d) [87]. The 2D material is then 

detached from the grown substrate like wet transfer. Once the material is on the 

PDMS/PET substrate, it must be dried before being transferred to the targeted wafer. The 

PDMS/PET substrate, now coated with the 2D material, acts as a stamp that is placed 

onto the targeted wafer. The PDMS/PET is then peeled off without the use of any solvents. 

2.3. 2H-WS2 in FET Application: 

 The WS2-FET has emerged as an advanced electronic device in which 2H-WS2 

serves as the channel material. WS2-FETs offer potential applications in diverse electronic 

devices, including sensors, photodetectors, and switching components. The electrostatic 

response of the WS2-FET is influenced by the atomic layer thickness of the nanosheets. 

Various FET structures, including back-gated, top-gated, and dual-gated-FET, have been 

developed using WS2 and other 2D materials [88,89]. The WS2-FET exhibits excellent 

switching capability, enabling effective control of on/off-state performance at low 

voltage, which can be adjusted through the gate. The illustrative depiction of the WS2-

FET is represented in Fig. 2.5. 

2.3.1. Back Gate FET Structure: 

 Back-gated FET devices are fabricated using SiO2 or other dielectric layers as 

back-gate dielectrics [90]. These dielectric layers are deposited onto the substrate before 

placing the WS2 semiconductor material to construct the FET. Typically, SiO2-coated 

silicon substrates are utilized due to their commercial availability. Alternatively, high-k 

dielectrics like Hafnium Dioxide (HfO2) [91], Aluminum Dioxide (Al2O3) [92], etc. can 

be deposited using Atomic Layer Deposition (ALD), providing enhanced electrostatic 

control for specific applications. The back-gated structure is particularly advantageous 

for studying TMD-based FETs as it provides consistent gate control, enabling efficient 

electrostatic manipulation. Chen et al. reported that Al2O3-based top-gated MoS2 FETs 

exhibit a lower mobility of 0.31 cm2/V·s compared to 1.71 cm2/V·s in SiO2-based back-

gated FETs [93]. The reduced mobility is due to interface traps and defects introduced 

during Al2O3 deposition, which can degrade MoS2 layers by forming Mo-oxide and 

increasing Coulomb scattering, thereby limiting carrier mobility. However, SiO2 

substrates exhibit a comparatively lower current on/off ratio than Al2O3. 
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Fig. 2.5: Illustrative depiction of the traditional Si-based MOSFET and back-gate, top-

gate and dual-gated WS2-FET structure     

2.3.2. Top Gate FET Structure: 

 In the top-gated WS2-FET structure, the oxide dielectric is deposited directly onto 

the WS2 nanosheet surface [94]. Due to the excellent chemical and thermal stability of 

WS2, various dielectric materials inorganic and organic can be deposited on the nanosheet 

surface using techniques like ALD, sputtering, spin coating, etc. [95]. The top-gated FET 

offers higher operating performance, greater electron transport, and enhanced field-effect 

mobility, making it more effective than the back-gated FET [94,96]. Additionally, high-

k dielectrics, such as HfO2 or Al2O3, can be incorporated onto the nanosheet surface, 

reducing interface traps between the semiconductor and dielectric [95]. However, the top-

gated FET faces challenges, such as achieving nonuniform deposition of the dielectric 

thin film due to dangling bonds on the WS2 surface, which complicates interface 

engineering [97]. Yang et al. and Kim et al. reported that low-temperature (<100 °C) ALD 

deposition of Al2O3 dielectric layers raises significant concerns due to high levels of 

impurities, such as Hydroxyl (OH) groups and carbon residues, within the dielectric film 
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[98,99]. Additionally, achieving a uniform thin film on the surface of TMD materials 

remains challenging, complicating its practical application in FET devices. 

2.3.3. Dual Gate FET Structure: 

 The dual-gated FET is a complex device structure, requiring two gates: one on the 

nanosheet surface, which serves as the top gate, and another on the backside of the device, 

functioning as the back gate [100]. This design adds steps to the fabrication process and 

increases complexity in the WS2-FET. In this structure, SiO2 is used as the back-gate 

dielectric, while a different dielectric material is employed for the top gate [4,101]. During 

electrical measurements, both gates were utilized with distinct configurations: in the top-

gate biasing mode, the bottom-gate voltage was held constant, and in the bottom-gate 

biasing mode, the top-gate voltage was kept constant. Jin et al. investigated a dual-gated 

WS2-FET employing a stack of Al2O3/SiO2 as the back gate and Al2O3 as the top gate 

dielectric [102]. The study revealed that in the back-gate biasing mode, stronger 

accumulation occurred in the contact region, resulting in a lower contact resistance of 1.5 

± 3.6 kΩ·μm. In contrast, under top-gate biasing, the contact region was not fully 

accumulated, leading to a significantly higher contact resistance of 25.9 ± 3.6 kΩ·μm. 

Additionally, the dual-gated structure achieved a channel carrier concentration of 6.9 × 

1012 cm-2, demonstrating its effectiveness in enhancing device performance. This 

highlights the significant modulation of contact region conductivity by the bottom gate 

biasing mode, directly impacting RC. The dual-gate configuration enhances the 

modulation of the device's conductivity, allowing for more precise control over the 

electrical transport properties of the WS2-FET. However, the dual-gated WS2-FET faces 

several challenges, including charge trapping and mobility degradation. Jin et al. reported 

that its mobility was lower than that of a back-gated FET [103]. Furthermore, the dual-

gated structure exhibited hysteresis in the I-V characteristics, which was attributed to a 

higher density of trap charges in the gate region.  Applying dielectric layers on 2D 

materials presents considerable difficulties because there are no dangling bonds or anchor 

points, which are crucial for the initial bonding of ALD precursors. The insufficient 

surface reactivity complicates the formation of a continuous and conformal ALD layer on 

the surface of the 2D material [104,105]. These issues can result in inadequate dielectric 

coverage, impacting the electrostatic control and overall efficiency of the device. 

Insufficient dielectric layers can lead to heightened gate leakage, diminished mobility, 
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and lower device reliability, all of which can significantly affect the performance of 2D-

material-based FETs. 

 Experimental research on back-gated WS2-FETs and their electrical 

characterization has been thoroughly investigated in this thesis. This work focuses on 

back-gated FET devices, which can help to reduce fabrication complexities. These 

devices were fabricated using commercially available SiO2 and the back side Si serves as 

the back-gate contact, which can reduce the fabrication costs and eliminate the need for 

advanced lithography and deposition techniques. Moreover, direct deposition of 

dielectrics on 2D materials can often introduce defects, charge traps, or stress, adversely 

affecting the electrical performance of the device. The comparison of top-gated, bottom-

gated, and dual-gated TMD-FETs is shown in Table. 2.3. 

Table 2.3: Summary of performances of different Top, bottom and dual-gated TMD-FETs  

TMD Dielectric Gate type µFE 

(cm2/V.s) 

ION/IOFF  SS 

(mV/dec) 

Vth 

(V) 

Ref. 

No. 

 

 

MoS2 

SiO2 Back - 1.9 x 106 59.51 -  

 

 

[88] 

Al2O3  

Top 

 

- 5.0 x 106 64.84 - 

HfO2 - 1.7 x 107 60.64 - 

TiO2 - 2.7 x 107 60.16 - 

 

WS2 

SiO2 Back - 2.2 x 106  58.91 - 

Al2O3  

Top 

- 5.2 x 106  59.31 - 

HfO2 - 1.5 x 107  60.53 - 

TiO2 - 2.5 x 107 60.12 - 

MoS2 SiO2 Back 1.71  ~103 5.16  [93]  

Al2O3 Top 0.31  ~105 1.61  

 

MoS2 

 

 

Al2O3 

Back ~33   

~106 

~69  

- 

- 

 

[95] Top ~145 

SiO2 

 

Back ~11  ~154 

Top ~38 

WS2 HfO2 Back - - >100 0.174 [96] 

Dual < 75 

 

WS2 

SiO2 Back 80  

- 

 

107 

-48   

[106] 

 
h-BN Back 163 -58 

h-BN Dual 183 

MoS2 SiO2 Back  

- 

 

- 

80  

- 

 

[107] HfO2 Top 300 

SiO2 and HfO2 Dual 200 

 

MoS2 

HfO2  

Dual  

  200   

[108] Al2O3 

 and Al2O3 

/HfO2 

100 ~106 60 -3.7 

MoS2 SiO2 Back 0.66  ~103  283 - 

 

[109] 

Al2O3 Top ~22 ~105 255  

WS2 SiO2  Back 1.44  - - - 

 

[110] 

h-BN Top 115 
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Numerous studies indicate that thin-film configurations of WS2 nanosheets offer 

significant advantages over conventional FETs, demonstrating improved electrical 

transport properties.  The performance of WS2-FET devices is influenced by factors such 

as thickness of the nanosheet, layer count and surface area, all of which contribute to 

differences in device characteristics. Efforts to enhance WS2-FET performance have been 

explored such as applying passivation layers, engineering metal contacts, and doping the 

surface with appropriate dopant atoms. These adjustments significantly influence key 

parameters including mobility, Vth, SS, Transconductance (gm), and the ION/IOFF current 

ratio. The study subsequently focused on junction modulation at the metal-semiconductor 

interface through contact engineering and examined the influence of surface doping on 

WS2 nanosheets, which are crucial for improving the performance of FETs.  

 

Fig. 2.6: The energy band diagram illustrates the Metal-Semiconductor interface for an 

n-type semiconductor: before and after contact, and the M-S junction can operate in three 

distinct modes: accumulation, neutral, and depletion 

2.4. Metal-Semiconductor Interface:  

 The Metal-Semiconductor interface is a critical factor significantly affecting the 

performance of semiconductor devices.  In transistors, Metal-semiconductor interfaces 

can exhibit two types of contacts: ohmic and non-ohmic, which correspond to linear and 

non-linear I-V characteristics, respectively [111]. Ohmic contacts are ideal for source and 

drain connections because they have low RC and SBH, allowing for easier electron flow 
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and enhancing device performance [112]. In silicon-based MOSFETs, ohmic contacts are 

formed by heavy doping in the region beneath the contact metal through ion implantation, 

increasing the tunneling current [113]. As a result, the voltage drop across the contact is 

minimal compared to the voltage drop across the channel regions. Poor interface quality 

at M-S junctions can lead to non-ohmic contacts, which may dominate the conductivity 

and mobility due to the presence of high RC and SBH.  

 Non-ohmic contacts are often explained using the Schottky-Mott theory, which 

links their behaviour to an interfacial layer at the M-S junction [113] In such contacts, the 

work function (Ф) is the energy difference between the Vacuum Level (EVAC) and the 

Fermi level (EF), with the semiconductor and metal work functions represented by ФS and 

ФM, respectively. The electron affinity of the semiconductor (𝜒𝑠) is the energy difference 

between EVAC and the bottom of the conduction band EC. The energy band diagram of an 

M-S junction highlights three types of energy barriers (ФB): accumulation (ФS < ФM), 

neutral (ФS = ФM), and depletion (ФS > ФM) as depicted in Fig. 2.6 [114]. When the 

semiconductor’s work function is lower than that of the metal (ФS < ФM), the SBH is 

reduced, facilitating electron transport and creating an ohmic contact. In contrast, when 

ФS > ФM, electron passage is restricted, leading to a larger depletion region, increased 

SBH, and higher RC. In the case of 2D materials, researchers have developed strategies 

to lower RC and SBH, such as carrier injection, doping to alter the atomic structure of 

WS2, using metals with lower work functions, and employing passivation layers to boost 

the performance of FET. 

2.4.1. Doping of 2H-WS2: 

 Doping in 2D materials is an essential method for adjusting their electronic band 

structure and improving functionality in electronic devices. In conventional 

semiconductors such as Si, doping is generally done using ion implantation or diffusion 

at elevated temperatures, which adds impurities (for example, phosphorus for n-type or 

boron for p-type) into the crystal lattice through substitutional doping [115–117]. 

Substitutional doping presents greater challenges because of the atomic thinness and 

distinctive surface properties of 2D materials. Instead, doping in 2D materials typically 

depends on different techniques, including surface doping, charge transfer doping, 

molecular doping, intercalation doping, chemical doping, etc. [118,119]. Doping in two-

dimensional materials can greatly improve electronic characteristics like bandgap, carrier 

density, and conductivity, leading to direct uses in electronic devices. Enhancing doping 
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density can decrease contact resistance and the Schottky barrier height at the metal-

semiconductor interface, crucial for effective charge injection and better device 

performance [120]. Numerous studies have demonstrated that doping techniques can 

effectively enhance the performance and reliability of devices based on 2D materials. 

     

Fig. 2.7: Schematic representation of the atomic lattice structure of WS2 with a dopant 

atom: (a) top view of the doped WS2 lattice, and (b) side view of the doped WS2, showing 

the dopant atom positioned on the top layer of WS2  

 To modulate the electrical transport properties of TMDs, various doping methods 

have been proposed to achieve p-type or n-type conduction by introducing suitable dopant 

atoms. While many previous reports have shown improvements in either RC, SBH, µFE 

etc., through various dopants such as LiF, hydrazine, Cu, or Rh-based organometallics. In 

TMDs like WS2, the doping approach can be tailored based on the targeted atomic sites 

are Transition metal-site (W) or chalcogen-site (S) in the case of WS2. According to Li et 

al., doping at the S-site, rather than the W-site, improves the material stability [118]. The 

dopant in the S-site is pictorially depicted in Fig. 2.7. Ghaffar et al. recently showed that 

substitutional doping at TMD interfaces can achieve Fermi level depinning, improve 

adhesion strength, and reduce the tunneling barrier, representing a significant 

improvement over conventional doping methods [119]. This approach offers a promising 

solution for inducing p-type contact polarity and reducing contact resistance in TMDs, 

paving the way for optimized TMD-based electronic devices. The modulation of the top 

S-vacancy site by the chemical dopant atom of N+/𝑁2
++ resulted in a tenfold higher doping 

concentration and a fourfold increase in the Coulomb scattering coefficient demonstrated 

by Kim et al. [121]. This effect is attributed to the formation of shallow doping levels 

within the bandgap caused by S-vacancies, which makes them chemically active. The 

tunable p-type doping and favourable FET characteristics, such as low contact resistivity 
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of (8 ± 1)x102 Ω.cm were achieved after grown Nb doping in WS2 films which promising 

for 2D-TMD transistors [122]. Siao. et. al reported that the dopant atom is simultaneously 

introduced into the lattice when WS2 is growing through CVD technique [123]. 

Introducing a non-metallic dopant atom like Tin-oxide, Cl, etc. at the S-site in 2D 

materials can improve the metal-semiconductor interface, enhancing carrier 

concentration at the material's surface [124, 125]. This doping approach can lower the 

energy barrier, facilitating better charge transport and increasing tunnelling current, which 

is valuable for optimizing device performance in electronic applications. The n-type 

molecular doping process in WS2 introduces additional electrons from dopant species into 

the semiconductor, significantly boosting carrier density based on factors like doping 

duration and dopant concentration in solution. A negative threshold voltage shift in 

Pentamethylrhodocene Dimer (RhCpCp∗)2-treated WS2 FETs, observed after just 1 

minute of treatment, highlights strong n-doping effects, as reported by Zhang et al. [126]. 

This results in an enhanced channel current, improved device field-effect mobility, and a 

higher current on/off ratio. However, Prolonged treatment durations result in the 

deterioration of doping efficiency in WS2. A summary of various dopant atoms in TMD-

FETs and their electrical properties is presented in Table 2.4. The reported work 

demonstrates a simultaneous and significant enhancement in all the electrical key 

parameters using a straightforward chlorine doping approach. Additionally, this work 

systematically compares the effect of doping on two different metal contacts (Cr and Ti) 

and demonstrates that the combined effect of work-function engineering and Cl doping 

leads to tunable and enhanced performance. 
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2.5. Methodologies/Approaches Applied: 

 In this research, the focus is on the preparation of WS2 nanosheets for the 

fabrication of FET devices and the optimization of the parameters for the fabricated WS2-

FET devices. The research objectives were completed in the following phases: 

• WS2 Nanosheet Synthesis and Spectroscopic Characterization: Bulk WS2   

nanosheets were exfoliated using a low-cost, eco-friendly liquid-phase exfoliation 

process to reduce the nanosheet thickness from bulk WS2 nanosheets. The exfoliated 

nanosheets were optimized using various spectroscopic instruments to identify 

material properties. 

• Optimizing the Doping Process on WS2 Nanosheets: For doping optimization on 

the WS2 nanosheets, a straightforward doping method was employed. An n-type 

dopant material was used for the WS2 nanosheets, achieved through a simple 

absorption process on the nanosheet surface. 

• Measurement of the IV Characteristics of Doped WS2 Nanosheets: The 

conductivity of doped and undoped WS2   nanosheets was optimized by measuring 

the I-V characteristics. 

• Process Optimization for Fabrication of WS2-based FETs: For fabricating the 

FET, the laser writing lithography process was used to pattern the contact area and 

define the channel length and width. The fabrication process flow and metal 

deposition for the source-drain contact pads were also optimized. 

• I-V Measurement of the Fabricated WS2-FET: The electrical parameters of the 

final fabricated WS2 FET device were characterized by measuring the I-V 

characteristics using Keithley 4200 SCS parameter analyzer in a probe station. 
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