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Abstract 

Since single-layer graphene was isolated from highly-oriented pyrolytic 

graphite in 2004, it led to the beginning of a new revolution in materials science 

due to its many applications in nano-electronic device technology. Two-

dimensional (2D) materials have attracted the most attention for capacitive energy 

storage applications. Amongst these most interesting studies, the most 

predominant has been on their atomic structures, mechanical, optical, electronic, 

thermal, and intrinsic and extrinsic defects, which serve as the basis for a variety 

of promising technologies.   

The recent progress in 2D materials is tungsten disulfide (WS2) nanosheets, 

which are considered the most prominent member of the transition metal 

dichalcogenides (TMDs) family due to their outstanding optical and electronic 

properties in creating ultraviolet- and visible-light-sensitive photodetectors. This 

material exhibits a unique electronic band structure that is characterized by its 

broadband spectral response, excellent light absorption, sensitivity to interlayer 

interactions, ultra-fast bleach recovery time, and tunable bandgaps ranging from 

1.3 to 2.05 eV according to the layer structure. Additionally, they also present 

particularly interesting properties owing to their high charge carrier mobility and 

high switching speed. The bulk composition of WS2 characterized by energy-

dispersive X-ray analysis showed an S/W ratio of 1.70. After mechanical exfoliation 

and fabrication of WS2 thin film on SiO2/Si substrates using the spin-coating 

technique, the S/W ratio was from about 1.2 to 1.34, which indicated certain 

deficiencies in the S atoms. This structure of the nanosheets seems to be highly 
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efficient in photoelectric conversion, given that they reached responsivity of 0.12 

and 12.74 mA/W at 670 nm under bias voltages of 0 and 2 V, with intensities of 5.2 

and 4.1 mW/cm2, respectively. The highest detectivity was 1.17 × 1010 cm Hz1/2, 

which is an acceptable value for low-bias photodetectors. In our study, we 

demonstrated that 2D WS2 nanosheets exhibit high photon absorption in a wide 

range of spectra from the near-infrared (IR) to near-UV spectrum. 

Instead, Two-dimensional hexagonal boron nitride nanosheets (BNNSs), 

one of the most widely studied 2D layered materials, have an electronic structure 

similar to that of graphene and are used to boost the mechanical, electrical, 

thermal, and optical properties of nanomaterials. The potential application of 

BNNSs in 2D electronics is limited because their insulating nature does not 

participate in charge carrier transport. In our research, carbon-doped 2D BNNS 

was obtained through a CO2—pulsed laser deposition (CO2—PLD) technique on 

silicon dioxide (SiO2) and molybdenum (Mo) substrates to minimize the band gap 

and form a thin film with semiconductor electrical properties, thus enhancement of 

O2 adsorption.  The results also showed hysteresis stable over a wide range of 

temperatures, which makes them a promising candidate for materials based on 

non-volatile memory devices. Due to its functional properties and its relation to the 

resistive switching phenomenon, this innovative material with n-type electronic 

properties could improve device performance and data retention. In this sense 

constitutes a good alternative to design two series of Schottky barrier models with 

Au/BNNS/Au lateral and Au/BNNS/Mo vertical structures. Thus, the addition of 

carbon to BNNSs creates boron vacancies, which exhibit partially ionic character 
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because of the electron pairs in sp2 hybridized B–N and weak van der Waals 

forces, which also helps to enhance its electrical properties at the metal- BNNS-

metal interface. 
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Chapter 1 

Introduction 

Since single-layer graphene was isolated from highly oriented pyrolytic 

graphite in 2004, it led to the beginning of a new revolution in materials science 

due to its many applications in nano-electronic device technology [1-3]. This fact 

generated interest in atomically thin layered two-dimensional (2D) materials with 

unique physical and chemical properties [4,5]; such as molybdenum disulfide 

(MoS2), tungsten disulfide (WS2), molybdenum diselenide (MoSe2), tungsten 

diselenide (WSe2), molybdenum ditelluride (MoTe2), silicon carbide (SiC), 

hexagonal boron nitride nanosheets (h-BNNSs), etc. Among these most 

interesting studies, the most predominant has been on their atomic structures, 

mechanical, electronic, thermal properties, and intrinsic and extrinsic defects [6], 

which serve as the basis for a variety of promising technologies. The recent 

progress in 2D materials beyond graphene is 2D WS2 nanosheets, which are 

considered the most prominent member of the 2D transition metal dichalcogenides 

(TMDs) family [7] due to their excellent optical and electronic properties in creating 

sensitive photodetectors in the ultraviolet, visible, and infrared regions. Instead, 

BNNSs are one of the most widely studied 2D layered materials with an electronic 

structure similar to graphene, excellent thermal conductivity, and prominent UV 

absorption characteristics [8]. These materials are being extensively studied due 

to their excellent applications in next-generation electronics and optoelectronics 

devices. According to their chemical compositions and structural configurations, 

2D materials are categorized as semiconducting, insulating, metallic, semi-
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metallic, and superconducting. However, many 2D are natural semiconductors that 

possess huge potential than silicon-based devices. 

For another hand, van der Waals gaps between neighboring layers and 

large specific surface areas in the form of sheets of 2Ds have attracted the most 

attention for capacitive energy storage applications [9,10], which can respond to 

energy and environmental concerns soon. In addition, these materials have 

exceptional importance to enhance the electrochemical properties and become a 

promising candidates for electrode material in supercapacitor devices [11]. Some 

studies also show that 2D materials often exhibit hysteresis in their electrical 

measurements when the measured current is in a voltage sweep direction with the 

form of a loop or hysteresis curve due to charge trapping [12], which makes them 

a promising candidate for materials based on non-volatile memory devices. 

This chapter will briefly introduce the perspectives on photodetectors, their 

recent advances, and some fundamental limitations which constrain their use in 

certain applications that require better photodiode response. Then, the electrical 

and optical properties of 2D materials will be discussed given their potential 

application in self-powered photodetectors, especially in transition metal 

dichalcogenides (TMDs) as an attractive option of materials that reveal a wide 

range of bandgap covering all visible spectrum than standard photodetectors. On 

the other hand, crystal lattice structures, components, and interlayer bonding 

properties of 2D hexagonal boron nitride nanosheets (BNNSs) will be described. 

Similarly, Carbon-doped BNNSs will be studied to investigate the electrical and 

optical properties of stacked layers. These changes will also provide high thermal 
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conductivity, stability over a wide temperature range, and excellent photoelectric 

performance in the high penetration rate ultraviolet (UV) spectral range. In addition, 

various semiconductor systems will be explored as photosensitive materials in 

photodetectors capability, each with certain advantages and disadvantages to 

enhance photodetection, stability, and performance. Finally, a general study of the 

energy band diagrams of Schottky diodes will be made. 

1.1 State-of-the-art photodetectors for electrical and optoelectronic devices 

Silicon photodetectors, with their indirect bandgap of 1.1 eV are utilized in 

such diverse applications as optical position sensors, beam alignment, medical 

imaging, optical communication, etc. There are two broad technologies based on 

silicon diodes, one on charge-coupled devices (CCD) and the other on 

complementary metal-oxide-semiconductor (CMOS) [13-15], which have 

dominated the market for decades. If applications in high-quality imaging are 

involved in which both high frame rates and high resolution are required, CMOS 

sensors are the first option due to that their millions of pixels achieve high image 

quality and provide very satisfactory results over CCDs in terms of speed and less 

power consumption [16,17]. Although CMS sensors have certain advantages over 

CCD sensors, there are some special applications for which CCDs continue to be 

highly valued in the technology industry, such as fluorescence microscopy, high-

resolution microscopy, and medical applications due to their low fixed pattern 

noise.  However, CMOS and CCD devices require an elevated design complexity, 

higher cost of production, and multi-tap technologies to achieve higher 

performance sensors.  
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On the one hand, silicon photodiodes have some fundamental limitations 

which constrain their use in certain applications that require better device response 

to light. For instance, CMOS sensors are subject to certain deficiencies by the 

time-varying circuit models and temporal noise sets that affect device 

performance, which become increasingly pronounced as CMOS technology scales 

[18]. Silicon photodiodes also exhibit a limited response time and require a 

constant temperature to maintain their performance. Similarly, photomultiplier 

tubes are incompatible with polymers and metals [19], further limiting their 

applications in medical equipment, analytical instruments, and industrial 

measurement technologies.  

Technological advances are on the threshold of a fascinating new era, the 

era of flexible and wearable electronic devices [20-22].  Optoelectronics systems 

that can be bent, wrapped, and stretched have attracted interest in flexible smart 

system applications like mobile, smartwatches, light-emitting diodes, sensors, 

field-effect transistors, energy storage, etc. Despite the high technological level of 

silicon, its applications in flexible and transparent optoelectronics are limited due 

to its indirect bandgap, which results in mediocre optical absorption and rather poor 

optical emission. Silicon photodetector active region has a large thickness in the 

order of microns to detect light efficiently, allowing some carriers to be absorbed 

deep and there are slowly diffused due to the low intensity of the electric field, 

making silicon detectors opaque and incompatible with flexible substrates. 

However, 2D materials can be deposited onto solid and flexible substrates to 
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achieve high-quality thin films, as the performance of samples largely depends on 

their stacked layer numbers, grain size, orientation, and morphology, respectively. 

1.2 Electrical and optical properties in 2D 

2D materials beyond graphene have triggered a new field of research as an 

attractive option of materials due to their excellent electrical and optical properties, 

namely transition metal dichalcogenides (TMDs) and BNNSs hold a special place 

for applications in optoelectronic devices. These van der Waals heterostructures 

have been developing extremely fast in the development of novel devices, such as 

tunneling transistors, resonant tunneling diodes, photodetectors, memory devices, 

etc. 

1.2.1 2D TMD-based devices 

TMDs are a family of two-dimensional layered materials(2DLMs) that forms 

compounds of the types MX2, where M is a transition metal (Mo, W, Re) and X is 

a chalcogen (S, Se, Te).  TMDs are promising for electronic and optoelectronic 

devices because of their semiconductor properties as opposed to semi-metallic 

graphene and better thermal stability than two-dimensional allotrope materials 

such as black phosphorus and silicene [23-25]. Due to their unique physical 

properties, TMDs can open the doors to a large number of devices and 

applications, unlike conventional semiconductors such as silicon (Si), germanium 

(Ge), or III-V [26, 27].  Moreover, flexible and transparent electronics are two such 

examples, which can also allow the integration of entirely new types of electronic 

components that can be compatible with all existing electronic chips, and with the 
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limitations of silicon chips. While the field is still in its infant, it has already shown 

very promising results in broader aspects such as integration techniques, 

compatibility, and high performance on large-area flexible substrates [28]. TMD-

based devices are promising candidates for next-generation photodetectors, as 

they are at the heart of the multitude of technologies that affect our daily lives. Its 

photodetection mechanisms, sensitivity, and performance allow us to understand 

the advantages of these devices in the face of the growing application demands 

across various branches of science. 

TMDs have sizeable bandgaps ranging from 1 to 2.5 eV, corresponding to 

ultraviolet (UV), visible, and infrared spectra (IR) ranges, which are optimal for 

optoelectronic and light-emitting devices, respectively. The band gap value 

decreases with the increasing size of the chalcogen atom and is less sensitive to 

the size of the transition metal [29]. For example, the band structure of bulk WS2 

has an indirect bandgap in the range 1.3 eV < ∆Eg < 1.4 eV, and it increases as 

the number of stacked layers decreases until reaching a value of 2.05 eV, 

corresponding to the total density of states for the WS2 monolayer [30,31].  

Similarly, typical values of the optical band gaps of some TMDs are 1.9 eV for 

MoS2, 1.65 eV for MoSe2, and 1.7 eV for WSe2, indicating that WS2 is among the 

most attractive 2D layered materials due to its higher broadband. The origin of 

these transitions is attributed predominantly to the interlayer coupling effect or 

quantum confinement, where the photoluminescence energy of excitons shows 

the evolution of the electronic structure as a function of the number of layers. In 

addition, the difference of energy between the valence band maximum (VBM) and 
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conduction band minimum (CBM) is located at the K point of the hexagonal 

Brillouin zone (BZ) and is mostly due to the localized d-orbitals of the transition 

metal atom [32-34]. Another significant feature of these band structures is optical 

transitions between the density of states (DOS) peaks and is treated as the 

transition from an indirect-to-direct bandgap in the UV, visible, and IR spectra.   

1.2.2 2D tungsten disulfide (WS2) nanosheets  

Tungsten disulfide is an inorganic chemical compound with a layer structure 

of tungsten and sulfur atoms with the chemical formula WS2, which occurs naturally 

as the rare mineral called tungstenite. This compound is part of the family of 

materials called the transition metal dichalcogenides. WS2 has a two-dimensional 

structure with tungsten atoms positioned between two layers of sulfur atoms 

appearing in trigonal prismatic coordination sphere-forming hexagonal crystals, 

where atoms within each layer are connected through an ionic bond with a 

contribution of covalent interaction, that provide stability in the three-layer stack, 

as shown in Figure 1.1 (a). Similarly, the single-layer or sheet projection of WS2 

(monolayer) onto the plane exhibits hexagonal structures (Figure 1.1(b)). In 

contrast, the multiple planes formed by the stacks are held together by weak van 

der Waals interactions. For example, the WS2 bilayer possesses a sandwich-like 

structure when two monolayers interact with each other, as shown in Figure 1.1(c). 
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Figure 1. 1 Crystal structure of WS2 with (a) tungsten atoms positioned between 

two layers of sulfur atoms, (b) single-layer projection of WS2 onto the plane, and 

(c) WS2 bilayer structure. 

The electronic structure of TMDs depends on the filling of the d-orbitals in 

the transition metal and the coordination environment [35]. For example, three 

possible stacking forms of WS2 are characterized by the 1T, 2H, and 3R structures, 

as shown in Figure 1.2(a). The 1T structure adopts a tetragonal symmetry (the D3d 

group) and octahedral coordination of the W atoms, while one of the sulfur layers 

is shifted compared to the others.  Instead, the 2H phase (or 1H in the case of a 

single layer) shows a hexagonal close packing (the D3h group) with coordination of 

triangular prisms of the W atoms, where the sulfur atoms are vertically aligned 

along the z-axis. The 3R structure exhibits a rhombohedral symmetry [36, 37].  On 

the other hand, the octahedral coordination of WS2 results in two energy levels 

represented by degenerate d-orbitals, dz
2,x2,y2, and dxy, xz, yz. Since the p orbitals 

of chalcogens are located at lower energy than the Fermi level, it means that only 

the filling of the d orbitals determines the type of structure in MX2 compounds. For 

the single-layer phases in the 2H and 3R structures, the d-orbitals split into three 
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energy levels dz
2, dx

2-y
2, xy and dxz, yz with an energy gap of Eg between the dz

2 and 

dx
2-y

2, xy orbitals, as shown in Figure 1.2(b). 

 

 

Figure 1. 2 (a) Crystal structure of WS2: Octahedral (1T), Trigonal prismatic (2H), 

and Trigonal prismatic (3R) unit cell structures. (b) Energy levels: Phase 

octahedral and phase trigonal prismatic. 

The 2H-WS2 monolayer is a semiconductor in group 6 TMDs with a direct 

band gap of about 2.05 eV, whereas the distorted 1T-WS2 possesses a metallic 
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character.  The difference between these two structures was also observed by G. 

Ozin et al. [38] by measuring the optical properties of the exfoliated samples. 

According to their analysis, the 1T-WS2 sample showed a gray color, while the 2H-

WS2 sample was brown-yellow. These changes also demonstrated the 1T-WS2 

dispersion efficiently absorbed light in the full spectral range (350−1200 nm), with 

a decrease of the absorbance with increasing wavelength. Instead, the 2H-WS2 

dispersion exhibited a strong increase in absorption at lower wavelengths. 

In our study, we present the 2D WS2 nanosheets which is a 2H-WS2 

structure of semiconducting behavior with excitonic features, corresponding to 

direct gap transitions A (1.95 eV) and B (2.35 eV) [39]. Figure 1.3(b) shows a 

single-particle energy diagram of the conduction and valence bands, with valley-

specific optical selection rules in monolayer WS2 at the K and K' points of the 

Brillouin zone (Figure 1.3(a)). The spin-orbit coupling (SOC) effect of the valence 

band splits the spin-up and spin-down components (by ∆v ~ 400 meV), giving rise 

to two spectrally well-separated characteristic optical transitions, involving the 

upper (A) and lower (B) excitons. The circularly polarized (σ+) light couples to both 

the A and B transition in the K valley, while opposites circularly polarized (σ-) light 

couples to the exciton transitions in the K' valley [40]. 
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Figure 1. 3 Brillouin zone of 2H- WS2 (a) in the conduction and valence bands and 

(b) valley-specific optical selection rules at the K and K' points. 

1.2.3 2D WS2 nanosheet-based devices 

Therefore, Among the group of TMDs, 2D WS2 nanosheets exhibit a unique 

electronic band structure that is characterized by its broadband spectral response, 

excellent light absorption, sensitivity to interlayer interactions, ultra-fast bleach 

recovery time, and tunable bandgaps ranging from 1.3 to 2.05 eV according to the 

layer structure [41,42]. This makes it a very promising semiconductor material for 

applications in catalysts, lasers, batteries, photodetectors, and lubricants. 2D WS2 

nanosheets could be a promising candidate in new generation solar cells [43,44], 

gas sensors [45,46], photoluminescence [47,48], collision detectors, biomedical 

imaging, humidity sensor [49], optically filtered detectors [50], etc. Additionally, they 

present particularly interesting structures, owing to their high charge carrier 

mobility, high switching speed, and optical properties. Y.H. Tsang et al. [51] 

confirmed that WS2 thin sheets contributed to a remarkably enhanced nonlinear 

optical absorption performance at 532 nm and 1064 nm. In our study, we will 

A B B A

a) b)
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demonstrate that 2D WS2 nanosheets exhibit high photon absorption in a wide 

range of spectra from the near-infrared (IR) to near UV spectrum.   

1.3 2D hexagonal boron nitride nanosheets (BNNSs) 

BNNSs are hexagonal structures composed of boron (B) and nitrogen (N) 

atoms, which construct a characteristic honeycomb crystal lattice structure based 

on six-membered B3-N3 hexagons (Figure 1.4(a)). Like the 2D WS2 nanosheets, 

the stacked layers are held together by weak Van der Waals forces, while the B 

and N atoms are bound by covalent bonds. The inter-planar spacing between two 

parallel layers of h-BN is 0.332 nm and the bond length between B and N atoms 

is 0.144 nm, as shown in Figure 1.4(b). These values are very similar to the 

interplanar separation and the bond length of graphene (0.333 nm and 0.142 nm). 

However, graphene holds nonpolar homo-nuclear C-C intra-layer bonds, while 

BNNS presents highly polar B-N covalent bonds resulting in different optimal 

stacking modes suggesting large differences in the dispersive component of the 

interlayer bonding [52,53]. Despite these differences, the binding energy curves of 

both materials are very similar.   

The interactions between single layers of BNNSs are often well 

characterized. These are determined by the balance between the London 

dispersion force, electrostatic interactions, and Pauli repulsions. Thus, 

understanding the relative contribution of interactions of interlayer bonding is 

essential for the effects of functionalization on the physical, mechanical, electronic, 

and electromechanical properties, as well as for the design of new materials. 
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Figure 1. 4 Structural models of (a) monolayer h-BN or BNNS and (b) few-layer 

h-BN or BNNSs. 

The ionic nature of the B-N bond also affects the stacking pattern of 

adjacent h-BNs. Layer-layer interactions are exerted by pseudo-delocalized out-

of-plane π orbitals and weak Van der Waals forces, as previously described. This 

structure exhibits extremely high chemical stability and resistance to oxidation in 

the range of 400-870 °C, where monolayer h-BN starts to oxidize at 700 °C and 

can sustain up to a temperature of about 850 °C, making it very attractive for a 

range of practical applications in the bulk phase, which chemical stability and 

effective structural integrity are required. Therefore, it is interesting to carry out 

chemical reactions involving other atoms in the bulk h-BN lattice while retaining 

the intrinsic properties of the sample. With the recent progress in the field of 2D 

nanosheets, It is necessary to propose alternative chemical strategies to integrate 

and use BNNS as a type of semiconductor material to expand its applications.  
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1.3.1 Carbon-doped 2D hexagonal boron nitride nanosheets 

BNNNSs exhibit a unique combination of wide bandgap semiconductors 

and layered crystal structures. However, these electronic properties have some 

limitations for applications in optoelectronic and electronic devices. For example, 

to make partial diodes or transistors, the BNNS layer needs to be doped by 

implanting impurities into the electronic structure. This process changes the energy 

levels and conductivity of the material, producing n-type and p-type 

semiconductors, respectively.   

There are several alternative doping methods for wide-band-gap materials, 

such as diffusion doping; ion implantation; in-situ doping, etc. But the plasma ion 

implantation technique seems to be the most effective to introduce impurities into 

the BNNSs as it allows for optimal precision and control, helping to lead to the 

formation of different layered structures, improving the electrical, optical, and 

semiconductor properties of the material. 

In particular, BNNSs exhibit typical characteristics of p-type semiconductors 

when doped with beryllium and n-type with sulfur, boron, silicon, or co-doped with 

nitrogen and carbon [54]. Of all these possibilities, it is reported that partial 

substitution of C atoms with B and N atoms could lead to the formation of their 

alloys (Bx-Cy-Nz) with well-defined layer structures. Theoretical calculations have 

also shown that Bx-Cy-Nz structures are semiconducting, with band gaps ranging 

from 0.02 to 2.00 eV [55] and depend on the composition and electronic 

arrangement of B, C, and N elements in the 2D layer lattice. T. Shimada et al. [56] 
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also indicated that a direct sp3 covalent chemical bond was formed when C 

replaced adjacent B and N in different layers, which resulted in narrower band gaps 

(e.g., 0.37 eV). Thus, Bx-Cy-Nz hexagonal sheets seem to be the new generation 

of promising materials for the manufacture of nanoscale electronic devices. All this 

progress has stimulated our curiosity to investigate the electrical and optical 

properties of stacked layers of carbon-doped BNNSs.  

Carbon doping in BNNS lattices can construe several possible structures 

with a direct band gap at the Г point, which could open a wide range of advantages 

for optical applications due to their high sensitivity when compared with bulk silicon 

[57]. Figure 1.5 (a) shows the single-layer structure of BNNSs doped with carbon 

elements, while Figure 1.5 (b) shows several possible hybridized nanostructures 

BNNSs formed from some doping carbon atoms. For example, the structure of 

B3N3 can be hybridized in several possible ways, such as B2-C2-N2, B1-C3-N2, B2-

C3-N1, B3-C1-N2, etc. [58]. These resulting layers lead to a larger overlap in forming 

bonds, which offers the greatest opportunity to fabricate more hybridized materials 

via controllable heteroatom doping. 
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Figure 1. 5 (a) Schematic diagram of doped single-layer BNNS and (b) hybridized 

BNNSs structures with carbon atoms. 
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1.3.2 2D BNNS-based devices 

BNNSs, as a unique class of 2D nanomaterials, consist of one to few atomic 

layers of the hexagonal boron nitride (h-BN), which hold a special place due to its 

excellent thermal, chemical, and mechanical stability similar to graphene. 

Likewise, this material has low compressibility, high thermal conductivity, insulation 

properties, and a wide bandgap in the range of 4-6 eV. Making it a promising 

candidate for many groundbreaking applications, such as optoelectronics, 

spintronics, chemical sensors, catalysis, energy storage, etc. BNNSs also have 

stronger resistance to oxidation than graphene [59], making them more suitable 

for applications at high temperatures, especially in miniaturized modern devices 

with electrical insulation.  In addition to their chemical and crystalline qualities, 

these nanosheets exhibit a free exciton lifetime of 0.43 ns, confirming their 

interesting optical properties.  BNNSs do not luminesce in the emission spectral 

range of TMDs in the near-infrared of the electromagnetic spectrum when some 

form of energy is supplied but show an ultraviolet luminescence band at 215 nm, 

which opens a new science research field for future applications in deep-UV light 

emitting and laser devices [60,61]. Although known for its structural similarities to 

graphene and other 2D materials, the potential applications of BNNSs in 2D 

electronics are limited because their insulating nature does not participate in 

charge carrier transport. By doping with enough carbon (C), the band gap is 

minimized, and a set of discrete energy levels with semiconductor electrical 

properties are formed of high spin density and charge density [62], resulting in the 

enhancement of O2 adsorption. This allows the material to have enormous 
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potential for various applications, such as flexible electronics [63, 64], Junction 

Field Effect Transistor (JFET) [65,66], dielectric coating with excellent heat 

dissipation properties [67], etc. C. Zhao et al. [68] showed that carbon-doped 

BNNSs exhibited ferromagnetic hysteresis stable at room temperature and above, 

while they disappeared with the removal of carbon atoms from the BNNSs lattice. 

This suggests that the observed magnetism originated from carbon-doping rather 

than from extrinsic magnetic impurities, thus becoming a promising candidate for 

applications in materials based on non-volatile memory devices. 

1.4 What are we trying to achieve? 

In recent years, 2D layer materials have emerged as potential candidates 

for next-generation devices due to their intriguing mechanical strength, optical, 

flexibility, rigidity, and enhanced electrical. Within this family of materials, 2D WS2 

and BNNS nanosheets have attracted huge interest in scientific, medical, and 

industrial applications for their unique physical and chemical properties. Since they 

have semiconductor behaviors that include layered structures, layer-dependent 

optical bandgaps, and high-surface-area, it has given rise to the need to design a 

prototype with a metal-semiconductor-metal structure, capable of detecting light 

across a wider range of the visible spectrum than traditional light photodetectors. 

Thus, we believe that our back-to-back Schottky diode-based prototype is simple 

and low-cost to contribute to the needs of various applications, such as imaging, 

memory devices, environmental research, optical communication, chemical 

analysis, flexible electronics, health infrastructure, etc. This means that the device 

must have high sensitivity, higher stability, fast response time, and self-powering 
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properties; that is, operate in photovoltaic mode (zero bias) from the near-infrared 

(IR) to near UV spectrum. According to these considerations, the experimental 

results show the feasibility and effectiveness of fabricating a photodetector with 2D 

WS2 nanosheets, with nonlinear current–voltage characteristics, and a simple 

architecture than heterostructure-based photodiodes. Instead, BNNSs exhibit 

stable hysteresis characteristics over a wide range of temperatures, which makes 

them a promising candidate for materials based on non-volatile memory devices. 

Its electronic properties also have special features that can enhance the device's 

performance and data retention due to its functional properties, thermal-

mechanical stability, and its relation with resistive switching phenomena. 

Therefore, our work provides a facile route to develop self-powered photodetectors 

and memory devices with extremely low power consumption, opening up 

opportunities for future large-scale applications. 

1.5 Main prototypes of photodetectors 

Figure 1.6 illustrates the possible designs of the prototypes under which the 

photodetectors may operate over a wide range of illumination. The vast majority of 

PDs are composed of semiconductor materials that follow one of four fabrication 

mechanisms: photoconductors, metal-semiconductor-metal (MSM), Schottky 

barrier, and p-i-n photodiodes. Schematics of these prototypes, using 2D active 

semiconductors, provide the main forms to design detector and nonlinear current–

vo devices, such as Schottky contact optical systems with different-barrier heights, 

non-rectifying electrical junctions, or a combination of these mechanisms. 
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Figure 1. 6 Schematic of different prototypes applied to photodetectors. 

1.5.1 Photoconductors 

A photoconductor normally consists of a semiconductor active layer with 

two ohmic electrodes serially connected to resistance and an external bias voltage. 

When incident photons strike the active material that is present as a thin film, it 

changes the conductance of the semiconductor proportionally to the intensity of 

incident radiation. The main contributor to the conduction mechanism under 

illumination is the majority charge carrier that carries most of the electric charge in 

the semiconductor and they easily flow across the ohmic contacts [69]. Since the 

current depends in large quantity on majorities carriers, minority carriers 

accumulate at one of the ohmic contacts, causing additional majority carrier 

injection through minority carrier recombination. This effect induces again to large 

photoconductivity compared to other prototypes, which depends in particular on 
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the ratio between concentration (minority carrier lifetime) and majority carrier 

transit time [70]. The main disadvantage of photocurrent is the slow response time 

due to long carrier lifetimes before recombination and the relatively high dark 

current level. Therefore, photoconductors can be used for a variety of applications 

where response speed and dark current are not particularly important.  

1.5.2 Schottky barrier photodiodes 

Schottky barrier photodetectors consist of a thin metal layer deposited on 

the surface of a semiconductor which is in between two ohmic contacts.  The metal 

film is thin enough to allow a large fraction of the incident radiation to be absorbed 

in the metal-semiconductor (M–S) junction, where photogenerated electron-hole 

pairs are collected near the depletion region formed at the Schottky junction. This 

leads to the generation of photovoltage across the two contacts which gives the 

device acceptable responsivity and stability since the active region in 

photodetection is shielded from all surface contaminants, as well as high photon 

absorption in a wide range of spectra of the conducting layer.  

1.5.3 MSM Diodes  

MSM diode-based photodetectors are two back-to-back Schottky barriers 

with M-S and S-M contact interfaces, respectively. The active semiconductor 

sandwiched between two metallic electrodes requires sufficient external bias to 

become fully depleted; however, this largely depends on the amountltage of 

impurities added to the semiconductor. In addition, according to the technique used 

in the fabrication of MSM photodetectors, the performance of the devices can vary.  
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Since the model of an MSM prototype consists of alternating metal layers 

deposited on the semiconductor active layer, its structure represents a very simple 

photodetector design, which has a high bandwidth capability and suitability for 

integration with field effect when compared to other architectures. Their main 

limitation includes a relatively large dark current when a bias voltage is required, 

but many of these models act as self-powered photodetectors. 

1.5.4 p-i-n photodiodes 

The most common photodetector is the p-i-n photodiode. This device is 

based on the p-i and n-i junctions with a region of highly doped atoms. The p-type 

side is connected to the negative terminal and the n-type side is connected to the 

positive terminal of the battery. The width of the space charge region (SCR) is more 

in the intrinsic region, and it is narrow in the n-type zone. The increase in the 

thickness of the depletion region allows an increase in the surface area on which 

light falls, which produces more electron-hole pairs because it contains a low 

number of charge carriers.  Due to this, the conversion efficiency of a photodiode 

increases at the reverse bias, thus generating a large photocurrent. However, 

capacitance is inversely proportional to the width of the SCR, making the p-i-n 

diodes decrease their junction capability if the diode is forward biased since the 

depletion width gets thinner, resulting in an absorption adversely affecting the high 

performance of the photodetector. The major advantages of this p-i-n photodiode 

are the high response speed, high signal stability, and low noise-to-signal ratios. 

Nevertheless, one of the main disadvantages is that a small quantity of dopant 

atoms in the conducting regions can reduce resistance and produce a quite thin 
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depletion region. Thus, the prototype design will define the light-sensing 

mechanism in the visible spectrum. 

1.5.5 Schottky mechanism 

1.5.5.1 Schottky diode  

A Schottky barrier is a potential energy barrier for electrons formed between 

a metal and a semiconductor. These junctions have rectifying characteristics, 

suitable for use as a semiconductor diode. It is characterized by low forward 

voltage drop and a very fast switching speed than PN junction diodes, and low-

loss energy under high-frequency operating conditions. It is particularly useful in 

the electronics industry as it has many applications such as diode rectifiers, 

switching regulators, voltage clamping, discharge protection, charge control, radio 

frequency (RF), etc. It is also used as Schottky TTL in digital computers because 

these devices require fast switching diodes to improve the performance of their 

electrical components.  

The Schottky diode, also known as a Schottky barrier diode, uses 

conductive materials instead of P-type semiconductors, thus forming a metal-

semiconductor junction, as shown in Figure 1.7(a). The metal side acts as the 

anode while the n-type semiconductor acts as the cathode, which allows the 

charge to flow from the metal side to the semiconductor side, but not in the other 

direction due to the large Schottky-barrier height. A simple way to represent a 

Schottky diode is through a triangle adjoining by adding two additional legs on a 

line passing across one vertex, as shown in Figure 1.7(b). 
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Figure 1.7 a) Schottky diode formed by the junction of a metal with a 

semiconductor and b) schematic symbol. 

1.5.5.2 Energy band diagram of Schottky barrier  

To construct the band diagrams, first, let us consider the metal and 

semiconductor energy band diagram separately, as shown in Figure 1.8(a). Where 

𝛷𝑚 is the work function of the metal; 𝛷𝑠 is the work function of the semiconductor; 

𝝌 is the electron affinity of the semiconductor (𝑞𝜒𝑠); 𝐸𝐹𝑚  is the Fermi level of the 

metal; 𝐸𝐹  is the Fermi level of the semiconductor; 𝐸𝑉 is the valence band edge; 𝐸𝑐  

is the conduction band edge; and 𝐸𝑔 is the energy gap (the top and bottom of 

valence and conduction bands). The Fermi level of the n-type semiconductor is 

higher than the metal because there are sufficiently electrons that can occupy 

higher energy levels, allowing the work function of the semiconductor to always be 

lower than the metals.   When the metal-semiconductor junction is formed, the 

energy levels above the Fermi level tend to be empty of electrons while below they 

tend to be a cull. Consequently, electrons can flow from the semiconductor into the 
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metal, allowing the higher Fermi level to be lowered and the lower Fermi level to 

rise. Generating positive charges on one side of the semiconductor, negative 

charges on the metal side; and a contact potential, as shown in Figure 1.8(b). 

When the transfer is complete, the Fermi energies are lined up at equilibrium, 

leading to the formation of band diagrams, and the barrier height in the interface 

states. These junctions contribute to the formation of the Schottky barrier height 

(𝛷𝐵), the built-in-voltage barrier (𝑉𝑖), and the thickness of the depletion region (W0), 

which depends on the concentration of ionized acceptor atoms. 

Since the contacts are metal-semiconductor, the built-in voltage barrier in the 

Schottky junction is represented by the difference in work function 

                               𝑞𝑉𝑖 =  𝛷𝑚 − 𝛷𝑠 = 𝛷𝐵 − (𝐸𝑐 − 𝐸𝐹 )                                                  (1.1) 

                                                         𝛷𝐵 = 𝛷𝑚 − 𝑞𝜒𝑠                                                                   (1.2) 

If the semiconductor is n-type, the built-in-voltage barrier is also expressed by 

                                               𝑉𝑖 =
𝛷𝐵

𝑞
−

𝑘𝐵𝑇

𝑞
ln (

𝑁𝑐

𝑁𝐷
)                                                              (1.3) 

where 𝑞 is the elementary charge, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute 

temperature, 𝑁𝐶 is the effective state density in the conduction band that is 

constant for a given temperature, and 𝑁𝐷 is the donor doping level. If we use 

moderate to lower doped semiconductors, we can reduce the Schottky barrier 

even further.  
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Figure 1. 8 Energy band diagrams of Schottky barrier (a) before contact, (b) after 

contact, (c) forward bias, (d) and reverse bias. 

When an external voltage is applied under forward bias in the terminals of 

the metal-semiconductor junction, equilibrium between diffusion and drift is 

disturbed. Electrons tend to move toward a positive bias because the voltage drop 

from Vi to Vi − VF on semiconductor induces a narrow depletion region W1, resulting 

the Fermi energy of the metal to be reduced with respect to the semiconductor, as 

shown in Figure 1.8(c). Conversely, under reverse bias, the voltage drops 

increases from Vi to Vi  +  VR, which in turn causes a wide depletion region, as 
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shown in Figure 1.8(d). This behavior of the Schottky diodes is directly related to 

the concentration of dopants in the semiconductor material since a large amount 

of carriers are generated in the depletion region.  The current in a Schottky diode 

under forward is described by the equations (1.4) and (1.5). 

                                                𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞𝑉𝐷

𝜂𝑘𝐵𝑇
) − 1] ,                                                         (1.4) 

where 𝐼𝑠  is the saturation current (𝐼𝑠 ≈ 10-12 to 10-6 A), 𝑞 is the elementary charge 

(𝑞 = 1.602x10-19 C), 𝜂 is the ideality factor (𝜂 typically varies from 1 to 2), 𝑘 is the 

Boltzmann constant (𝑘𝐵 =1.38x10-23 m2Kgs-2K-1), 𝑇 is the absolute temperature, 

and 𝑉𝐷 is the voltage drop across the Schottky diode. 𝐼𝑠 is given by 

                                               𝐼𝑠 = 𝐴𝐴∗𝑇2𝑒𝑥𝑝 (−
𝛷𝐵

𝑘𝐵𝑇
) ,                                                         (1.5) 

where 𝐴 is the active Schottky diode area and 𝐴∗ is the Richardson constant 

(depends on the semiconductor material). The barrier height is also given by 

                                                  𝛷𝐵 = 𝑘𝐵𝑇𝑙𝑛 [
𝐴𝐴∗𝑇2

𝐼𝑠
] .                                                            (1.6) 

Equation 1.4 is a better approximation among experimental curves for 

voltages not including higher forward bias (positive voltage). If the ideality factor 

approaches unity, the current in the diode is not driven by the potential barrier 

height for voltages higher than the barrier, but by the series resistance that is 

always in the circuit. The voltage drop across the resistor increases with current 

and is critical for limiting current at higher voltages [71]. Therefore, the expression 

for the current is 
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                                    𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉 − 𝑅𝑠𝐼)

𝜂𝑘𝐵𝑇
) − 1] ,                                                          (1.7) 

thus 𝑉𝐷 = 𝑉 − 𝑅𝑠𝐼, where 𝑉 is the applied voltage and 𝑅𝑠 is the semiconductor 

resistance. 

1.6 Thesis Outline 

In this present work, we will address the synthesis, fabrication, 

characterizations, and applications of two different types of wide bandgap 

semiconductors for the development of self-powered photodetectors with ultra-

high sensitivity and stability and materials based on non-volatile memory devices. 

Chapter 2 will describe all experiment details to fabricate lateral and vertical 

structures of back-to-back Schottky diode modules to measure the optical 

responses and the current-voltage effects in a set of metal-semiconductor-metal 

barriers. In this sense, we will describe two techniques for growing high-quality, 

large-area, uniform thin films. First, we will synthesize by mechanical exfoliation 

method to produce 2D tungsten disulfide nanosheets from the bulk material. It will 

be deposited on a SiO2/Si substrate using the spin coating technique to obtain a 

thin film of the exfoliated nanosheets. Second, CO2 pulsed laser plasma deposition 

technique will be used to synthesize two-dimensional (2D) hexagonal boron nitride 

nanosheets (BNNS) on SiO2/Si and Mo substrates, using hexagonal boron nitride 

(hBN) target to grow mass-product nanostructures in a significantly short time.  

Based on both criteria, lateral (Au/WS2/Au, Au/BNNS/Au) and vertical 

(Au/BNNS/Mo) heterostructures will be built by deposition of gold atoms using the 

sputtering technique. 
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Chapter 3 will describe the main characterization techniques developed to 

measure the chemical compositions, chemical structure, phase, crystallinity, 

molecular structure, and absorbance of 2D WS2 and BN nanosheets; thus outlining 

their working principles and their relation to the studies carried out in this thesis. In 

this sense, a brief introduction will be made to the working principles of the 

characterization instrument, its importance in the analysis, and studies of samples. 

Therefore, scanning electron microscopy (SEM), energy dispersive X-ray 

spectroscopy (EDS or EDX), Raman spectroscopy, X-ray diffraction (XRD), and 

UV-Vis spectrophotometry will be used.  

Chapter 4 will focus on the fabrication and application of 2D WS2 

nanosheets for high-performance self-powered photodetectors. Therefore, for a 

detailed study of the synthesis of this material, it will be analyzed by SEM, EDX, 

XRD, Raman scattering, and UV-visible absorption spectra. A schematic diagram 

of the bandgap alignment in carrier transport will then be presented, where the 

Au/WS2/Au symmetric lateral junction will be studied as a back-to-back Schottky 

diode, without and with bias voltage under light and dark conditions. Likewise, a 

schematic set-up for the characterization of the circuit photodetector will be shown, 

which will be measured in photovoltaic mode operation and bias effect. The device 

will exhibit photocurrent-time cyclical curves under the illumination of switched 

on/off at biases from 0 to 2.0 V and will be set in periods of 20 s during several 

testing cycles when the device will be exposed from 420 to 605 nm at room and 

high temperatures. 
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Chapter 5 will study the fabrication and application of 2D boron nitride 

nanosheets with hysteresis effect in the Schottky junctions. Based on this topic, 

BNNS structure will be characterized by Raman scattering, SEM, and XRD. The 

energy band diagram of back-to-back Schottky barriers will then be presented to 

understand the mechanism of charge carrier transport in Au/BNNS/Au symmetric 

lateral junction and Au/BNNS/Mo asymmetric vertical junction, respectively. Set up 

and operation of the current-voltage measurement system will be shown, which 

will be measured on scales from 0 a 3 V in steps of 0.01 V, both in forward and 

reverse bias voltages. Hysteresis stability will be exhibited at temperatures from 

20 to 170 °C, which will be important for future memory devices or electronic 

systems.  If the operating conditions of Au/BNNS/Au and Au/BNNS/Mo Schottky 

diodes will be taken from 0 to ±20 V in steps of ±0.1 V, non-ohmic behavior will be 

dominant, and the hysteresis of BNNS film will be negligible from 20 to 170 °C. 

However, its applications as rectifiers remain promising due to its low energy loss 

and high thermal stability. 
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Chapter 2 

Experimental methods 

In this study, experiments were conducted to fabricate lateral and vertical 

structures with simple back-to-back Schottky diode modules designed to measure 

the optical responses and the current-voltage effects in a set of barrier 

metals/semiconductors/metals. Based on this criterion, Au/WS2/Au, Au/BNNS/Au, 

and Au/BNNS/Mo heterostructures were built with particularly interesting features 

in the application of 2D materials. Hence, the main purpose will be to present all 

details of the experiments and the mechanism of operation under specific 

measurement conditions to determine the electrical and optical properties of the 

device. In addition, schematics of the purpose of the method will be remarked on 

for a precise-comprehension aid of the principal parts of this thesis.  

2.1 Experiment purpose 

Back-to-back Schottky junction devices were fabricated in this experiment 

with Au electrodes on 2D WS2 and BN nanosheets on SiO2/Si and Mo substrates. 

Especially, the prototypes present lateral and vertical geometries, where 

Au/WS2/Au and Au/BNNS/Au contacts are on the same horizontal plane, while 

Au/BNNS/Mo is a vertical structure. The electric and optical properties of these 

devices are attractive due to their remarkable high sensitivity bandwidth, ease of 

fabrication, and integration with other electronic components into monolithic 

integrated circuits. Of all these possibilities, lateral photodetectors seem to attract 

a great deal of interest due to their low capacitance Schottky barrier diode. M.E.P. 
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Tweedie et al. [1] developed a transparent ultrathin all-two-dimensional lateral 

Gr/WS2/Gr photodetector array on flexible substrates, with ease of large-scale 

fabrication. The device presented a highly stable photoconductance over a range 

of illumination powers, demonstrating that lateral heterostructure designs are a 

new simpler way of high-performance optimal photodetectors. Similarly, O. 

Tenghui et al. [2] investigated a lateral photodiode based on MoTe2/WS2/MoTe2 

heterojunctions, in which electron-hole pairs were generated in the 2D layers and 

Schottky junctions upon light illumination, which greatly benefited photodetection.  

R. Steinhagen et al. [3] also studied the use of fiber-coupled ultra-fast metal-

semiconductor-metal photodetector as a possibility to measure signals derived 

from electro-optical, synchrotron-light-source-based diagnostics systems. Since 

modern particle accelerators are often governed by the ability to control beam 

stability. A. Aldalbahi et al. [4] presented BNNS-based DUV photodetectors in an 

Au–BNNS Schottky lateral contact, where the prototype was very good 

repeatability and stability features in a wide temperature range for the wavelength 

region from 250 nm to 350 nm. These results suggest that electron mobility and 

concentration-related charge carrier transport properties in BNNS structures seem 

to be highly attractive for future technologies, which has motivated the search for 

more improved structures for potential applications. Vertical contacts are a special 

case of back-to-back Schottky diodes of higher capacitance than lateral contacts. 

The design of its construction enables it to produce a more stable hysteresis under 

certain current-voltage curve measurements, even in high-temperature 

environments. These remarkable characteristics may be used in non-volatile 
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memory technologies.  A. F. Zhou et al. [5] characterized vertical Al/BNNS/Mo deep 

UV photodetectors and demonstrated a stable operation from room temperature 

to 100 °C.  This confirmed that the prototype also had a good spectral response. 

However, in the fabrication of MSM devices, our experimental technique is more 

effective and simpler, as it can cover wide wavelength detection ranges starting 

from the near-infrared (IR) to near UV spectrum. Thus, marking the difference with 

the rest of the devices similar to ours.  

As for the metal contacts, Au was elected as the contact electrode because 

it is a good conductor of both electricity and heat. Copper and silver are also 

considered the best conductors, but gold connections can outlast both of them 

because they do not tarnish, which means it remains conductive for a longer time. 

In addition, H. A. Atwater et al. [6] demonstrated that Au was homogeneously 

semitransparent and that there were no visible bubbles created during the metal 

transfer process with the TMD. N. Bernhardt et al. [7] deposited a sputtered gold 

film about hBN \and resulted in a stronger bond to the topmost layers, thus allowing 

better adherence to the sample. These junctions contributed to the uniformity of 

the photocurrent in the Schottky junction photovoltaic device. On the other hand, 

the SiO2/Si substrates are suitable materials for growing high-quality, large-area, 

uniform thin films. It is characterized by having good abrasion resistance, high 

thermal stability, electrical insulation, and amorphous nature.  

Hence, the main purpose of this study was to design lateral and vertical 

contact back-to-back Schottky diode prototypes by forming Au electrodes on 2D 

WS2 and BN nanosheets on SiO2/Si and Mo substrates. Following this model, it is 
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intended to suggest an innovative and economically viable design device with a 

simple fabrication procedure for broadband photodetection and optoelectronic 

device applications. 

2.2 Spin coating technique  

The spin coating technique is used to deposit uniform thin films in the 

thickness range of micrometer to nanometer onto flat substrates by using 

centrifugal force. The force of inertia, viscous force, gravitational force, and surface 

tension are forces that are used for the spin coating process; and are the main 

causes of flat deposition on the surface. Thanks to its simplicity and 

inexpensiveness, the apparatus is widely used by the microelectronics industry, 

research, and technology sectors. There are many advantages offered by the 

coating operation with its primary benefit being the absence of coupled process 

variables. The thin film thickness is easily changed by changing the spin speed of 

the spin coater or switching to a different viscosity of the liquids. As compared with 

other deposition techniques, where there are too many parameters that need to be 

controlled and more complex methods, the spin coating process can produce high-

quality thin films at a low-cost production and with a fast-porting time. T. D. 

Anthopoulos et al. [8] demonstrated that spin coating was the simplest and most 

cost-effective technique than that synthesized by chemical vapor deposition (CVD) 

processes during the growth of MoS2 and WS2 thin film as a hole transport layer 

for applications in highly efficient organic solar cells. J. A. Mera-Córdoba et al. [9] 

also indicated that the technique was useful to synthesize Perovskite thin films of 

high crystalline quality and nanometric size. Similarly, R. Mastria et al. [10] showed 
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the in-plane aligned colloidal 2D WS2 nanoflakes deposited on glass substrates by 

spin coating were compact and homogeneous in a wide range of organic solvents. 

Thus, demonstrating that it is possible to obtain thin films with smooth and compact 

morphology under this method.  

2.2.1 Spin coating operation 

This section describes the details of the spin coating operation, as well as 

all the essential instruments to clarify how the system works. In this sense, we 

examine the parameters that must be optimized in the growth process of two-

dimensional WS2 thin films under atmospheric conditions, room temperature, and 

controllable humidity.   

The vacuum pump and nitrogen tank are the main elements in the operation 

of the spin coating in a house vacuum environment, as shown in Figure 2.1(a). 

WS-400B-6NPP/LITE/8k spin coater has characteristics identical or equal to a 

variety of equipment that exists in industries and labs. Due to its weight, size, 

space, and easy transportation, it is accessible to researchers and students, which 

makes them the most widely used in several scientific applications. It is necessary 

to understand the operating mechanism of the equipment, before being carried out 

the deposition of the sample on the given substrate. Therefore, we present the 

details and main steps for the proper handling of the instrument. 



49 
 

 

 

Figure 2. 1 shows (a) Spin coater system components; (b) WS-400B-

6NPP/LITE/8k spin coater fitted with an O-ring and vacuum chuck; (c) The back of 

the machine connected to a power source, vacuum extractor, a nitrogen inlet port, 

and an on/off switch; and (d) digital controller unit with LCD. 
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The first step is to turn on the house vacuum on the wall to remove 

impurities and humidity from the environment that could be detrimental to the 

growth of thin films. Then the cover is opened, place the wafer on top of the chuck 

using a tweezer, and close again, as shown in Figure 2.1(b). When turning on the 

spin coater (Figure 2.1(c)), CDA should be immediately displayed on the liquid-

crystal display (LCD) of the controller, indicating there is no vacuum applied yet 

(Figure 2.2(d)). Now we make sure the nitrogen tank valve is open and that the 

pressure meter shows 60 Psi., which is the magnitude required in the equipment 

operation. The valve connecting the nitrogen to the spin coater is then slowly 

opened, which will change from CDA to LID guaranteeing that there is enough 

vacuum to allow spin from 300 to 5000 rpm. Pressing the "Vacuum" button on the 

digital control unit locks the substrate wafer down on the chuck, making the display 

stop flashing the word “VACUUM,” and instead display a number between 23.5 to 

25.5. It is important to verify that the wafer is well placed and that it covers the 

entire chuck to exceed the number 23.5; otherwise, will not run the spinner. If we 

want to change the speed and spin times, we press the "Program select" button 

and select the values using the UP/DOWN arrow keys, confirming with the ''F1" 

key. If we need to customize any program or create a new one, we hold down the 

“F1” key and follow the programming instructions [11,12]. When all changes have 

been made, we press RUN/STOP, which will start the spin of the chuck with the 

wafer.  Immediately after the spin coating cycle, the gas flow must close and CDA 

must be indicated on the LCD. This procedure will be the method used for the 

fabrication of the thin film. 
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2.3 Fabrication Procedure 

The following section thoroughly describes how the synthesis was carried 

out in the fabrication of an Au/WS2/Au photodetector on a SiO2/Si substrate. In 

addition, providing the reader with comprehensive information about the 

techniques used. 

2.3.1 Synthesis 

WS2 nanopowder (99% trace metal basis) and 90 nm avg part size were 

synthesized at a concentration of 1 mg/ml in a mixture of ethanol 90%, methanol 

5%, and isopropanol 5%. 1.5 g of WS2 was dispersed in a 500 ml Pyrex beaker 

with a magnetic stir bar placed within a solution volume of 250 ml, as shown in 

Figure 2.2. A digital stir plate drives the stir bar's motion beneath the vessel 

containing the solution for 2 hours at 450 rpm. Then it was sonicated in a 500 W 

ultrasonic processor at 60 Hz amplitude with pulse On and Off times of 10 s for 10 

hours until a complete suspension of the powder in the solvent was achieved. 

Centrifugation at 3500 rpm for 30 min separated the suspended nanosheets from 

partially exfoliated WS2. After standing for a few days in the Falcon beaker of 50 

ml, three-fifths of the supernatants were collected using a 5 ml pipette, respectively. 

The low boiling point of solvents allows exfoliated nanosheets to have no extra 

steps required to remove the solvents since these are not pristine. Bulk TMDs 

crystals which have been exfoliated in solvents such as polymer solutions, N-

Methyl-2- pyrrolidone (NMP), dimethylformamide (DMF), or surfactant solutions, 

are usually difficult to remove from the surface of exfoliated nanosheets [13-15]. 
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Figure 2. 2 Preparation of liquid-phase exfoliation of WS2 nanopowder at a 

concentration of 1 mg/ml in a mixture of ethanol, methanol, and isopropanol. 

We chose a 1x1 cm2 SiO2/Si substrate to assess the optimum conditions of 

the 2D WS2 nanosheets. The material was carefully placed in a beaker and enough 

acetone was added to ensure it was fully immersed, as shown in Figure 2.3.  This 

was supported over the tap water in the ultrasonic cleaning tank using a beaker 

cover or basket that immersed it about 3 cm in the water. The ultrasonic energy 

penetrated the glass walls for 15 minutes removing organic impurities or foreign 

contaminants; followed by isopropanol, which removed contaminated acetone 

before it could form streaks on the substrate surface; then, it was dried at 100 °C 

for 15 minutes using a hot plate. The spin coating method was used to produce 

thin films with uniform thickness ranging. The exfoliated liquid was loaded onto the 

center of the substrate and spun for 15 seconds at 1200 rpm until the coating 

material spread on the whole surface edge. This sample was dried at 200 °C on a 

WS2 nanopowder SonicationDigital stir Centrifugation WS2 nanosheets 
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hot plate for 2 minutes to remove the solvent from the solution and monitor film 

growth. This procedure was repeated until a uniform surface of the WS2 

nanosheets was achieved, leaving a thin film of coating on the substrate. Then, 

the gold electrode elements were deposited in a vacuum chamber under an argon 

gas environment at a pressure of 5 to 8 mTorr by a sputtering technique at a power 

level of 150 watts, where the aluminum foil was used as a mask to protect the 

middle portion of the thin film. The sputtering for 1 minute yielded around 6 nm 

gold film on a 52 nm thick, 5 mm wide, and 1 mm long WS2 film. 

 

Figure 2. 3 Preparation in the fabrication of an Au/WS2/Au photodetector by spin 

coating and sputtering techniques. 2D WS2 nanosheets cover the entire surface of 

SiO2/Si, while the thin film of the gold layer is deposited on two edges of the sample 

for the photogenerated charge carrier collection.  
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2.4 Pulse Laser Plasma Deposition Technique  

Pulsed laser deposition (PLD) is a physical vapor deposition technique that 

uses high-energy laser light to evaporate target material, creating a deposition 

vapor into the vacuum chamber that can then condense onto the surface of the 

substrate to produce versatile thin films of different materials. This technique 

typically uses high-temperature and low pressure to grow BNNSs and has proven 

to be one of the most attractive methods for synthesizing high-yield thin films. One 

of the advantages of our PLD system is that it largely prevents contamination of 

the film layer after deposition, thereby avoiding changes to its high purity after 

condensation has taken place. Additionally, the laser is installed outside the 

chamber; this makes the operation of plasma deposition a highly flexible laser 

optical system, placing the system in a unique position to support a range of 

research.    

In the fabrication of BNNS, the role of carbon dioxide (CO2) in the PLD 

system was also considered. The CO2 laser produces coherent radiations in the 

far infrared (FIR) range, 10.6 micrometers, and is used for produces a larger 

heating effect upon impact on the target surface to produce a plasma plume 

composed of high energy ions due to electronic relaxation of excited C, N, H, O, 

ionic fragments C+, C2+, C3+, C4+, and molecular features of C2 [16], thereby the 

reactive species of the material to be deposited are created. Plasma plume 

morphology may have spherical to cylindrical geometry changes, depending on 

the varying pressure levels of the deposition environment within the vacuum 

chamber [17]. T. Donnelly et al. [18] presented the high electrical efficiency of a 
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CO2 laser as a simple plasma shutter device, where the long wavelength (10.6 μm) 

of CO2 laser radiation ensured that the laser-produced plasma emission in a 2% 

band centered on 13.5 nm was the leading candidate in high-volume 

manufacturing of computer processors and memory components than optical and 

near-infrared lasers.  

In our study, we installed a CO2-pulsed laser plasma deposition (CO2-PLD) 

system for the quick synthesis of BNNSs in a series of experiments, using the hBN 

target to grow mass-product nanostructures in a significantly short time. 

2.4.1 Steps for the installation of CO2-Pulsed Laser Plasma Deposition 

System 

In this experimental section, we installed a CO2-pulsed laser plasma 

deposition (CO2-PLD) system to quickly produce BN nanostructures and 

nanosheets by a simple method. Each part of CO2- PLD system consists of a laser 

beam, sample holder, shutter, heater, type of gas, and gas flow rate, which can be 

controlled independently to assess the different experimental conditions in the 

growth of BNNS thin film on the substrate surface. After the equipment was 

installed, a series of experiments were carried out using h-BN targets. SEM 

analysis revealed that the entire surface of the substrate was covered with disk 

shape BN nanostructures; indicating a relatively short time to grow large-scale 

materials. 
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2.4.2 Experimental parameters 

During this process, several experimental parameters were set to install 

CO2-PLD system. The main components in the equipment operation are a laser 

machine, deposition chamber, CH4 tank, vacuum pump, CO2 tank, temperature 

box, heater DC power supply, and motor DC power supply, shown in Figure 2.4(a). 

While in the equipment back is connected to CO2 gas inlet and out, cooling water 

in and out, and digital control, as shown in Figure 2.4 (b). Inside the vacuum 

chamber, devices, and equipment are installed to optimize and control the 

condensing of the plasma vapor on a substrate, as shown in Figure 2.4(c). It is 

important to keep the vacuum chamber clean because water molecules can slow 

the pump downtime.  The humidity from the air normally attaches to the chamber 

walls or can get embedded deep within crevices, generating additional charges to 

the gas. The schematic diagram of the vacuum chamber and deposition 

mechanism is shown in Figure 2.4(d), where the designed components consist of 

a heater, a thermocouple, a substrate holder, a target, and a motor, which are 

carefully optimized before each deposition process. In addition, the PLD system 

has a digital remote control with key switches used to control the laser and a 

display to monitor the laser state and error messages, as shown in Figure 2.4(e).   
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Figure 2. 4 (a) CO2-PLD system components, (b) CO2-PLD reverse part 

components, (c) inside view of the deposition chamber, (d) schematic view of the 

deposition chamber, and (e) digital remote control with emission indicator. 

2.4.3 PLD operation 

First, the target on the target holder is placed until this is tightly held. It is 

important to not over-tighten the screws, or else the target will break. Then we 

check the rotating motor and target holder to make sure it is working properly.  

Secondly, the previously washed substrate is placed (see synthesis process) on 

the holder. This requires that the screw of the holder clamps be loosened to place 

the substrate, and it is screwed down until tight with the substrate. A temperature 
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meter is then placed on the surface of the substrate holder to control deposition 

conditions. Finally, the chamber closes.  

Third, the CO2 tank is loosened, and the laser is switched on using the first 

right key and then the left one. The next step is to press the Set-Up Button, then 

look for EXTERNAL by using up and down arrows. When found, EXTERNAL must 

be selected and changed to INTERNAL. Once everything is ready, the shelter is 

opened, which is in front of the laser. 

Fourth, it must be connected the temperature box to the AC power supply 

and perform accurate temperature monitoring of the substrate through a digital 

display. Then vacuum the pump and unscrew slowly turn it on until it is on 

maximum. This process will remove air and other gases, which will create a low-

pressure environment in the deposition chamber. When the pressure hand points 

within the 400 mTorr, the water-cooling system can be turned on, and then the 

turbo pump for 15-20 minutes to accelerate air extraction until the pressure meter 

points at 0. To heat the substrate, the heater and supply DC voltage turn on in 

abeyance for 2 minutes when it arrives at 5 V, 10 V, and 15 V. 

Fifth, the DC motor turns on to rotate the target (24 rev/min) with constant 

speed to ensure uniform ablation. Next is to write down the number of shots on the 

laser screen, which starts when START and STOP are pressed to stop. Each time 

this sequence is repeated, the numbers must be written again. 

To shut down the PLD system, the steps are: (1) close the shelter of the 

laser, (2) close the CH4 tank valve; (3) lower voltage and current slowly and switch 
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off the power supply; (4) turn off the turbo pump (we make sure vacuum pump is 

working until turbo pump stops spinning), (5) close the cooling water system; (6) 

turn off the laser (First keys, second button), (7) close the CO2 tank valve of the 

laser. When the system has cooled, the chamber clamp can be slowly loosened 

and opened to take the deposited sample. 

2.5 Fabrication procedure of lateral and vertical contact 

The following section thoroughly describes how the synthesis was carried 

out in the fabrication of Au/BNNS/Au and Au/BNNS/Mo prototypes on SiO2/Si and 

Mo substrates. 

 2.5.1 Synthesis  

A hexagonal Boron Nitride (hBN) sputtering target of 99.9% pure and 2.00" 

diameter x 0.125" thickness was chosen as shown in Figure 2.5 (a). Similarly, 

SiO2/Si and Mo substrates of 5x1 mm2 and 1 cm diameter x 0.5 mm thickness were 

used (Figure 2.5 (b)) to assess the optimum conditions of BN nanosheet 

structures. To remove organic impurities or foreign contaminants from the 

substrates, a Pyrex graduated beaker was used with enough acetone on regular 

tap water for ultrasonic cleaning for 15 minutes. Then, it was dried at 100 °C for 15 

minutes using a hot plate.  

A CO2-pulsed laser-produced plasma deposition (CO2 - PLD) technique 

with a laser wavelength of 10.6 μm and an output power of 75 W was used. Pulsed 

laser beam irradiated hexagonal Boron Nitride (hBN) target at 200 mTorr pressure 

of CH4 environment in the vacuum chamber, as shown in Figure 2.5 (c). The 
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distance (d) between the target and the substrate (SiO2/Si or Mo) could be adjusted 

to control the BNNS film growth rate, in the present case, d = 3 cm was selected.  

The idea was to achieve stoichiometric nanostructure growth with a B/N ratio near 

1. Since the laser plasma deposition consists of ionic and molecular processes, it 

is possible that at a longer distance, boron and nitrogen ions recombine into 

molecules before reaching the substrate, which might affect the boron/nitrogen 

(B/N) ratio. At higher beam energies, the distance between the substrate and the 

target must be larger so that the high-energy plasma ions would not destroy the 

initially grown sample. 

In contrast, the laser incident angle relative to the target plane was set at 

45° to avoid overlapping with the plume, as shown in Figure 2.5 (d). The power 

density was 2×108 W/cm2 per pulse, and the pulse repetition frequency was 5 Hz.  

In addition, two special lenses were used; the first was for focusing and the second 

was as CO2 laser window so that the laser pulses hit the target accurately. If the 

angle was too small, the location of the light spots would have been difficult to 

control, while if the angle was too larger, the substrate holder would have 

obstructed the incident beam. Thus, the angle is an important parameter in the 

PLD technique. To get uniform deposition, the DC motor was optimized at 24 rpm; 

this way, the plasma plume also rotated with the target and covered the entire 

substrate surface. The deposition was kept at 300 °C for 20 min until thin films 

were achieved, as shown in Figure 2.5(e).   

Then, the sputtering coating technique was used to deposit gold atoms in a 

vacuum chamber under an argon gas environment at a pressure of 5 to 8 mTorr 
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and a power level of 150 watts. The aluminum foil was used as a mask to protect 

the middle portion of the sample, where the sputtering for 1 minute yielded around 

6 nm gold film on a 4 nm thickness BNNS films, as shown in the actual and 

illustrative image (Figures 2.5 (f) and (g)). Finally, prototypes of lateral and vertical 

contact were obtained, as shown in Figure 2.5 (h). 

 

Figure 2. 5 In the synthesis of BNNS thin films with lateral and vertical contact, 

the following materials are used: (a) an hBN target of 99.9% pure, (b) SiO2/Si 

and Mo substrates; (c)-(d) a plasma deposition chamber with a laser incidence 

angle of 45 relatives to the target plane. After deposition, (e) substrate surfaces 

are completely covered by BNNSs. Then, (f)-(g) the sputtering coating deposit 

gold atoms on the aluminum foil and BNNS samples. (h) Finally, Au/BNNS/Au 

and Au/BNNS/Mo contact prototypes are gotten. 

 



62 
 

2.6 References 

[1] M.E.P. Tweedie, C.S. Lau, L. Hou, X. Wang, Y. Sheng, J.H. Warner, 

Transparent ultrathin all-two-dimensional lateral Gr:WS2:Gr photodetector 

arrays on flexible substrates and their strain induced failure mechanisms, 

Materials Today Advances. 6 (2020). 

https://doi.org/10.1016/J.MTADV.2020.100067. 

[2] T. Ouyang, X. Wang, S. Liu, H. Chen, S. Deng, A Complete Two-

Dimensional Avalanche Photodiode Based on MoTe2−WS2−MoTe2 

Heterojunctions With Ultralow Dark Current, Frontiers in Materials. 8 (2021) 

303. https://doi.org/10.3389/FMATS.2021.736180/BIBTEX. 

[3] R. Steinhagen, M. Boland, T. Lucas, R. Rassool, T. Geoffrey Lucas, R. Paul 

Rassool, Application of Metal-Semiconductor-Metal (MSM) Photodetectors 

for Transverse and Longitudinal Intra-Bunch Beam Diagnostics, (2013). 

[4] A. Aldalbahi, M. Rivera, M. Rahaman, A.F. Zhou, W.M. Alzuraiqi, P. Feng, 

High-Performance and Self-Powered Deep UV Photodetectors Based on 

High Quality 2D Boron Nitride Nanosheets, Nanomaterials (Basel). 7 

(2017). https://doi.org/10.3390/NANO7120454. 

[5] P. Feng, A. Aldalbahi, A.F. Zhou, Vertical metal-semiconductor-metal deep 

UV photodetectors based on hexagonal boron nitride nanosheets prepared 

by laser plasma deposition, Optical Materials Express, Vol. 6, Issue 10, Pp. 

3286-3292. 6 (2016) 3286–3292. https://doi.org/10.1364/OME.6.003286. 



63 
 

[6] C.M. Went, J. Wong, P.R. Jahelka, M. Kelzenberg, S. Biswas, M.S. Hunt, A. 

Carbone, H.A. Atwater, A new metal transfer process for van der Waals 

contacts to vertical Schottky-junction transition metal dichalcogenide 

photovoltaics, Science Advances. 5 (2019). https://doi.org/10.1126/SCIADV 

.AAX6061/SUPPL_FILE/AAX6061_SM.PDF. 

[7] N. Bernhardt, N. Bernhardt, S. Kim, S. Kim, J.E. Fröch, S.J.U. White, N.M.H. 

Duong, Z. He, B. Chen, J. Liu, I. Aharonovich, I. Aharonovich, A.S. Solntsev, 

A.S. Solntsev, Large few-layer hexagonal boron nitride flakes for nonlinear 

optics, Optics Letters, Vol. 46, Issue 3, Pp. 564-567. 46 (2021) 564–567. 

https://doi.org/10.1364/OL.416564. 

[8] B. Adilbekova, Y. Lin, E. Yengel, H. Faber, G. Harrison, Y. Firdaus, A. El-

Labban, D.H. Anjum, V. Tung, T.D. Anthopoulos, Liquid phase exfoliation of 

MoS2 and WS2 in aqueous ammonia and their application in highly efficient 

organic solar cells, Journal of Materials Chemistry C. 8 (2020) 5259–5264. 

https://doi.org/10.1039/D0TC00659A. 

[9] J.A. Mera-Córdoba, M.A. Mera-Córdoba, C.A. Córdoba-Barahona, J.A. 

Mera-Córdoba, M.A. Mera-Córdoba, C.A. Córdoba-Barahona, Spin Coating 

technique for obtaining nanometric thin films in the system 

La0.7Sr0.3MnO3, Revista Facultad de Ingeniería. 26 (2017) 125–133. 

https://doi.org/10.19053/01211129.V26.N44.2017.5293. 

[10] R. Mastria, R. Scarfiello, D. Altamura, C. Giannini, A. Liscio, A. Kovtun, G.V. 

Bianco, G. Bruno, V. Grillo, A.H. Tavabi, R.E. Dunin-Borkowski, C. Nobile, 

https://doi.org/10.1126/SCIADV


64 
 

A. Cola, P.D. Cozzoli, S. Gambino, A. Rizzo, In-plane Aligned Colloidal 2D 

WS2 Nanoflakes for Solution-Processable Thin Films with High Planar 

Conductivity, Scientific Reports 2019 9:1. 9 (2019) 1–13. 

https://doi.org/10.1038/s41598-019-45192-1. 

[11] LAURELL SPIN COATER OPERATION 1. Equipment Operation, (n.d.). 

[12] Laurell Spin Coater Standard Operating Procedure, (n.d.). 

[13] V. Vega-Mayoral, C. Backes, D. Hanlon, U. Khan, Z. Gholamvand, M. 

O’Brien, G.S. Duesberg, C. Gadermaier, J.N. Coleman, Photoluminescence 

from Liquid-Exfoliated WS2 Monomers in Poly(Vinyl Alcohol) Polymer 

Composites, Advanced Functional Materials. 26 (2016) 1028–1039. 

https://doi.org/10.1002/ADFM.201503863. 

[14] C. Berrueco, P. Álvarez, S. Venditti, T.J. Morgan, A.A. Herod, M. Millan, R. 

Kandiyoti, Sample contamination with NMP-oxidation products and 

byproduct-free NMP removal from sample solutions, Energy and Fuels. 23 

(2009) 3008–3015. https://doi.org/10.1021/EF900036M/ASSET/IMAGES/ 

LARGE/EF-2009-00036M_0011.JPEG. 

[15] A. O’Neill, U. Khan, J.N. Coleman, Preparation of High Concentration 

Dispersions of Exfoliated MoS2 with Increased Flake Size, Chemistry of 

Materials. 24 (2012) 2414–2421. https://doi.org/10.1021/CM301515Z. 

[16] J.J. Camacho, L. Díaz, M. Santos, D. Reyman, J.M.L. Poyato, Optical 

emission spectroscopic study of plasma plumes generated by IR CO2 

https://doi.org/10.1021/EF900036M/ASSET/IMAGES/


65 
 

pulsed laser on carbon targets, J Phys D Appl Phys. 41 (2008) 105201. 

https://doi.org/10.1088/0022-3727/41/10/105201. 

[17] P.K. Diwakar, S.S. Harilal, A. Hassanein, M.C. Phillips, Expansion dynamics 

of ultrafast laser produced plasmas in the presence of ambient argon, J Appl 

Phys. 116 (2014) 133301. https://doi.org/10.1063/1.4896169. 

[18] T. Donnelly, M. Mazoyer, A. Lynch, G. O’Sullivan, F. O’Reilly, P. Dunne, T. 

Cummins, CO2 laser pulse shortening by laser ablation of a metal target, 

Review of Scientific Instruments. 83 (2012) 035102. 

https://doi.org/10.1063/1.3690066. 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

Chapter 3 

Processing and characterization techniques 

This chapter will briefly describe the main processing characterization 

techniques developed in the measurement of 2D WS2 nanosheet thin film, outlining 

their working principles and their relation to the studies carried out in this thesis. 

3.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) uses a focused electron beam to 

generate a variety of two-dimensional images by scanning the surface of a sample 

(Figure 3.1). It also provides millimeters to nanometer-scale imaging with high 

magnification and resolution by analyzing selected point locations.  

The working principle of SEM is that a high-energy electron beam is 

accelerated at high voltage, which is typically 1-10 kV, and penetrates the sample 

surface to a depth of around 1 µm, resulting in signals that can be used to reveal 

information about the surface topography, orientation, and crystalline structure with 

higher spatial resolution than optical microscopy. Collected data over a selected 

region contains an overview of the entire material volume. The most common 

mode in SEM analysis is secondary electrons emitted by atoms excited by the 

electron beam with energies < 50 eV, which allows imaging of the surface 

structures from which they originate. This is because the low-energy electrons can 

only escape from a thin layer near the sample's surface. It is also important to note 

that non-conductive materials such as organic residues are transparent to 

electrons due to their weak interaction with the primary beam, i.e., without an 
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appreciable scattering of light, so they may not appear at all in SEM. If these 

materials are in higher quantities such as in low-conductivity substrates, such 

charging-induced imaging instability could be of tolerance, particularly at higher 

voltages where atomic structure imaging at high resolution is attempted to map. 

On the other hand, SEM can be used to identify phases in the qualitative 

chemical analysis due to the generation of X-ray photons in the samples by the 

electron beam. Displacement of core-level electrons alters the chemical 

environment due to transitions of valence electrons to the vacancy shell, 

generating the emission of an X-ray of characteristic energy, which is particularly 

useful for qualitatively determining chemical compositions using Energy Dispersive 

X-Ray Spectroscopy (EDS or EDX). 

 

Figure 3. 1 Schematic diagram of scanning electron microscope (SEM). 
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3.2 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique typically based on 

inelastic scattering of incident light through the excitation of vibrational modes of 

solids or molecules when photons gain or lose energy by absorbing or exciting 

phonons. Rayleigh scattering is the predominantly elastic scattering of light, which 

naturally affects the number of photons transmitted or reflected. Instead, the 

Raman effect is far less probable because it affects only about 1 in 107 photons, 

but modifies their energy by molecular vibration in the material. This is due to an 

incident photon stimulating a system from the ground state to an excited virtual 

state, followed by relaxation to a higher vibrational level of the ground state, which 

results in the scattering of a photon with some reduction in energy due to the 

difference between the ground and vibrational state, as shown in Figure 3.2. This 

behavior increases the energy of the molecules, resulting in scattered photons 

being redshifted, which is known as Stokes-Raman scattering. If a system is in an 

excited vibrational state, it transfers energy to the photons through a virtual state, 

by relaxing into the ground state, causing the spectrum of the scattered light to be 

blueshifted and is known as anti-Stokes Raman scattering, which essentially 

occurs at a reduced intensity due to the smallest number of molecules in the 

excited vibrational state at a given instant of time.  

In addition, since the vibrational modes of molecules are characterized by 

their well-defined energy states related to the distortion of the bonds between 

lattice atoms, Raman scattering has resulted in an optical process where incoming 

excitation light interacting with nanoparticles and molecules can be identified by 
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vibrational signatures. The Raman spectrometer typically consists of an optical 

microscope to visually identify samples at high magnification using visible 

wavelength laser excitation (Figure 3.3), with a certain bandwidth, capable of 

providing high spectral resolution [1]. Raman scattered light is usually collected 

and either dispersed by a spectrograph or interferometer using interference 

patterns [2]. Raman spectrometers also use charge-coupled devices (CCD) or 

array detectors, which are suitable for the analysis of different wavelength ranges, 

since they are extremely sensitive to light [3]. It is often necessary to separate the 

Raman scattering from the Rayleigh scattering signal and reflected laser signal to 

collect the highest quality Raman spectra using a laser rejection filter to attenuate 

the scattered energy reaching the detector. The measured spectrum is identified 

as a function of Raman shift, which is the difference between excitation and 

scattering wavenumbers associated with well-known modes for material 

identification and analysis. 

 

Figure 3. 2 Energy level diagram involved in Raman spectroscopy. 
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2D materials are usually Raman active, and intensities and frequencies of 

their vibrational modes are particularly sensitive to the number of layers and lateral 

size of sub-micrometers to a few micrometers due to interlayer coupling. In this 

sense, Raman spectroscopy was used for exfoliated 2D WS2 nanosheets to 

analyze the chemical structure, phase, and crystallinity in a wide distribution of size 

and thickness compared to commercial WS2 nanopowder [4-6]. Thus, providing 

detailed information on their impact on the electrical properties of materials when 

characterizing them. 

 

Figure 3. 3 Schematic diagram of dispersive Raman spectroscopy setup. 
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3.3 X-ray diffraction 

X-ray diffraction (XRD) is a technique used for determining the atomic and 

molecular structure of a crystal when an incident X-ray beam is diffracted into many 

specific directions. By measuring the diffraction angles and intensities of these 

beams, a crystallographer can produce a three-dimensional representation of the 

electron density picture within the crystal [7]. Thereby determining the positions of 

the atoms, chemical bonds, crystallographic disorder, and other information 

surrounding the material.   

In single-crystal X-ray diffraction, it is mounted a goniometer to position the 

crystal at selected orientations. By illuminating a monochromatic beam of X-rays 

onto the crystal, a diffraction pattern of spaced-apart spots is produced, called 

reflections. These are collected as two-dimensional images in different orientations 

by an area detector, which is then converted into a three-dimensional model of the 

electron density map within the crystal using Fourier transform mathematical 

methods, combining with two or more chemical data known from the sample for 

atomic model reconstruction, as shown in Figure 3.4. 

In all X-ray diffraction-based methods, the scattering of the atoms is elastic; 

the scattered beams maintain the same wavelength as the incoming beams. In 

contrast, inelastic X-ray scattering methods are used to study the excitation of the 

sample, rather than the distribution of its atoms [8]. 
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Figure 3. 4 Schematic diagram of X-ray diffraction (XRD). 

Crystalline solids are periodic arrays of atoms, ions, or molecules with an 

interatomic spacing of about 1A. The wavelength of the incident X-ray should be 

on the same order of magnitude as the spacing of atoms. This allows the atoms to 

scatter X-ray waves through the electron cloud surrounding the atoms and emit 

secondary spherical waves originating from the electron (scatterer). This effect is 

particularly known as elastic scattering since the energy of the scattered wave is 

conserved. In this sense, a regular array of scatterers produces a regular array of 

spherical waves that are destructive in most directions (the reflected waves cancel 

each other out), but in some cases constructive [9]. However, these add 

constructively in a few directions following Bragg's law: 

                                                                 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                               (3.1) 

 

Fourier

transformation

Goniometer

X-ray beam

Single

crystal

Diffraction

pattern

Electron

Density picture

Atomic

model

Diffracted

beam



73 
 

where d is the distance between diffracting planes, θ is the angle of incidence, n is 

the order of reflection, and λ is the wavelength of the X-ray source. These specific 

directions appear as bright spots on the diffraction pattern known as reflections. X-

ray diffraction occurs when an electromagnetic wave interacts with a periodic 

atomic structure or a regular array of scatterers whose repeat distance is about the 

same as the wavelength of the beam, allowing us to predict the angles at which X-

rays are diffracted by the material, as shown in Figure 3.5. Thus, the diffracted 

beam must be in phase to emit a signal. Only angles that satisfy the following 

condition will register: 

                                                                𝑠𝑖𝑛𝜃 =
𝑛𝜆

2𝑑
                                                                    (3.2) 

 

Figure 3. 5 Schematic representation of Bragg's law. 
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3.3.1 Crystal structures  

A crystal structure is a periodic arrangement of the unit cell into a lattice 

(Figure 3.6(a)). The unit cell contains a single atom or atoms with the smallest unit 

of volume with identical symmetries, which stack together in all directions to 

construct the entire crystal lattice, as shown in Figure 3.6(b). Thus, a crystal 

consists of planes of symmetrically organized atoms that are spaced a distance d 

apart but can be separated into some atomic planes, each of different spaces.  

The lengths a, b, and c and the angles 𝛼, 𝛽 and 𝛾 are lattice constants or 

parameters that can be precisely determined by XRD, allowing us to know the 

structure of crystalline sample and molecular formula of the crystalline compound. 

 

Figure 3. 6 (a) Unit cell and (b) crystal lattice. 
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lattices. These crystals are cubic, tetragonal, hexagonal, rhombohedral, 

orthorhombic, monoclinic, and triclinic. 

Table 3. 1 Seven crystal systems. 

Crystal class Axis system 

Cubic  𝒂 = 𝒃 = 𝒄, 𝜶 = 𝜷 = 𝜸 = 𝟗𝟎° 

Tetragonal 𝒂 = 𝒃 ≠ 𝒄,   𝜶 = 𝜷 = 𝜸 = 𝟗𝟎° 

Hexagonal 𝒂 = 𝒃 ≠ 𝒄,   𝜶 = 𝜷 = 𝟗𝟎°, 𝜸 = 𝟏𝟐𝟎° 

Rhombohedral 𝒂 = 𝒃 = 𝒄,   𝜶 = 𝜷 = 𝜸 ≠ 𝟗𝟎° 

Orthorhombic 𝒂 ≠ 𝒃 ≠ 𝒄,   𝜶 = 𝜷 = 𝜸 = 𝟗𝟎° 

Monoclinic 𝒂 ≠ 𝒃 ≠ 𝒄,   𝜶 = 𝜸 = 𝟗𝟎°, 𝜷 ≠ 𝟗𝟎° 

Triclinic 𝒂 ≠ 𝒃 ≠ 𝒄,   𝜶 ≠ 𝜷 ≠ 𝜸 ≠ 𝟗𝟎° 

 

3.3.2 Miller Indices 

There are two ways to define the Miller indices [10]. Considering as a point 

in the reciprocal lattice or determining the inverse intercepts through the lattice 

vectors. In either case, the direct lattice vectors a1, a2, and a3 that define the unit 

cell are chosen. Then, the reciprocal lattice vectors normal to the direct lattice 

planes are also determined, denoted by 𝒃𝟏, 𝒃𝟐, and 𝒃𝟑.  

The Miller indices (hkl) are planes orthogonal to the reciprocal lattice vector 

defined by  

                                             𝒈ℎ𝑘𝑙 = ℎ𝒃𝟏 + 𝑘𝒃𝟐 + 𝑙𝒃𝟑                                                              (3.3) 
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where (ℎ𝑘𝑙) indicates a normal to the family of lattice planes in the basis of the 

reciprocal lattice vectors. Also, the plane (ℎ𝑘𝑙) denotes fractional intercepts of the 

points 𝑎1/ℎ, 𝑎2/𝑘, and 𝑎3/ℓ, as shown in Figure 3.7(a).  Thus, the Miller indices 

result from the inverses of the intercepts of the plane, based on the lattice vectors, 

representing the edges of a unit of a lattice. If the crystal plane is parallel to one of 

the axes, the intersect is at infinity, so one of the indices 1 ∞⁄ , or zero. For example, 

in Figure 3.7(b), the axial lengths are 4Å, 8Å, 3Å, and the intercept lengths are Å, 

4Å, 3Å. The fractional intercepts of these two lengths turn out to be 1⁄2, 1⁄2, 1; and 

the Miller index of the plane is (221), respectively. The analysis for the plane (100) 

is performed similarly, with the only difference being that the intersections of the 

planes in the b and c directions are at infinities.  

 

Figure 3. 7 Miller indices of (a) the reciprocal lattice of the fractional intercepts of 

the a/h, b/k, and c/l axes. (b)  Describes the family of planes with Miller indices 

(221) and (100). 
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To measure the perpendicular d-spacing between adjacent lattice (hkl) 

planes is related to the nearest neighbor distance of the reciprocal lattice vector 

orthogonal to the planes (Figure 3.8), by the following formula: 

                                                                  𝑑 =
2𝜋

|𝒈ℎ𝑘𝑙|
                                                                  (3.4) 

It should be noted that the notation [ℎ𝑘ℓ] describes the direction: ℎ𝒂𝟏 + 𝑘𝒂𝟐 + 𝑙𝒂𝟑. 

This is the representation of the direct lattice basis, which is not necessarily normal 

to the (ℎ𝑘𝑙) planes, except in a simple cubic lattice, where the lattice vectors are 

orthogonal and of equal magnitudes, denoted by 𝑎. Therefore, the Miller indices 

(ℎ𝑘ℓ) and [ℎ𝑘ℓ] only represent normal/directions in a three-dimension cartesian 

coordinates system, as shown in Figure 3.9. 

                                                        𝑑 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
                                                             (3.5) 

 

Figure 3. 8 Miller indices of atomic planes and their d-spacings in a simple cubic. 
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Figure 3. 9 Indexing of planes and directions. 

In the case of hexagonal and rhombohedral lattice crystals, directions and 

planes are designated by the four indices (ℎ𝑘𝑖𝑙) as established in the Bravais-Miller 

systems, which obey the constraint. 

ℎ +  𝑘 +  𝑖 =  0 

where ℎ, 𝑘, and ℓ are identical to the Miller indices, and 𝑖 is a redundant index. For 

example, the notation (110) ≡ (1120) and (120) ≡ (1210) is more apparent when 

the indices have redundant information, as these point in three directions. Figure 

3.10 shows that the (001) plane remains unchanged in a rotation of 2π/3 rad or 

120°, while the [100], [010], and [110] crystallographic direction vectors are similar. 

If the notation 𝑆 indicates the intercept of the plane with the [110] axis, then 𝑖 =

 1/𝑆. 

On the other hand, in a hexagonal lattice system, the interplanar distance 

is calculated in the form: 

a b

c(111)
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c(110)

Direction: [111] Direction: [110]
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                                           𝑑 =
𝑎

√4
3

(ℎ2 + 𝑘2 + ℎ𝑘) +
𝑎2

𝑐2 𝑙2

                                                  (3.6) 

 

Figure 3. 10 Miller-Bravais indices of hexagonal structure. 

3.4 UV-Visible spectrophotometer   

UV–visible spectrophotometry (UV/Vis) is a technique for measuring light 

absorbance based on frequencies or wavelengths in the ultraviolet and visible 

regions of the electromagnetic spectrum. Absorption wavelengths normally range 

from 200 to 700 nm and are widely used in diverse applications such as in the 

analysis of organic compounds [11], biological chemicals, proteins [12], paintings, 

manuscripts, textiles, etc [13]. The only condition is that the sample absorbs in the 

UV/Vis region, where the energy difference between two separate molecular 

orbitals is mainly in the visible spectrum range.  
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The spectrophotometer consists of a monochromator that contains an 

entrance slit to direct white light to a dispersive element that separates the colors 

of light. This also has a mechanism for directing the selected color to the exit slit, 

which focuses monochromatic light onto the solution for subsequent analysis in 

the detector, as shown in Figure 3.11.  When light strikes the sample, generates 

an increase in the energy of the molecules or atoms that compose them. The 

absorbed radiation excites the electrons from the ground state to another higher 

energy state. This allows the formation of an absorption line, many of which form 

an absorption spectrum, which in particular appears as a pattern of dark lines. The 

incident light (monochromatic light) of a UV-visible spectrophotometer is between 

the ultraviolet range (185-400 nm) and visible range (400-700 nm) of the 

electromagnetic spectrum. The rotating slit of the device selects a specific 

wavelength of light with sufficient energy to allow electrons to attain a higher 

energy state when excited. The fraction of incident radiation absorbed results in 

the formation of the absorption spectrum, which is measured in terms of 

absorbance, also known as optical density (OD), which is the quantity of light 

absorbed by a solution. This process depends on the number of excited electrons 

in the ground state, as well as on the concentration of molecules in the sample. 

Likewise, the plot of absorbance (A) versus wavelength (λ) produces the spectrum, 

which helps identify an unknown compound. For example, the more easily the 

electrons are excited, the longer the wavelength of light that the compound 

absorbs.   
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Figure 3.11 UV–visible spectrophotometry (UV/Vis). 

Figure 3.12 shows four possible types of electronic interactions or 

transitions that can be considered. These are π–π*, n–π*, σ–σ*, and n–σ*. The 

order of these interactions is classified according to the energy, these are: σ–σ* > 

n–σ* > π–π* > n–π*.  Thus, the spectrum arises because of the electron transition 

in a molecule when they are excited from a lower energy level to a higher energy 

level. Since the σ–σ* and n–σ* transitions need larger energy to take place, most 

absorption organic compounds are not based on these transitions but on π–π* y 

n–π* transitions. This is due to the absorption peaks falling in an experimentally 

determined region of the spectrum (200 - 700 nm). 

 

Figure 3. 12 Possible types of electronic transitions in UV-visible 

spectrophotometer analysis. 
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Chapter 4 

Fabrication and application of two-dimensional tungsten disulfide 

nanosheets for self-powered photodetectors in the visible spectrum 

2D WS2 nanosheets are considered promising materials for highly sensitive 

self-powered photodetectors based on Au/WS2/Au lateral contact. Its favorable 

bandgap and atomically thin profile have allowed for outstanding achievements 

with novel applications due to their semiconducting properties, large absorption 

coefficient, sensitivity to interlayer interactions, and tunable bandgaps ranging from 

1.4 to 2.1 eV according to the number of layers, which are fundamental properties 

of semiconductors that regulate many electronic device characteristics. In addition, 

the material exhibits some particularly interesting properties, such as high charge 

carrier mobility, high switching speed, and high photon absorption in a wide range 

of spectra [1,2], making it a promising candidate for next-generation photovoltaic 

technology [3]. Y. Gao et al. [4] indicated that WS2 nanosheets can be used for 

ultrashort pulse generation and a wide spectral range optical absorber, ranging 

from 450 to 700 nm. This implies huge applications including broadband saturable 

absorbers, photoluminescence, optical computer, biomedical imaging, 

communications, optically filtered detectors, and so on.  

In this investigation, we showed a self-powered photodetector based on 

Au/WS2/Au junctions, in which the responsivity reached 0.12 mA/W at 640 nm light 

illumination with 5.2 mW/cm2 at a bias of 0 V. Instead, the Rλ was 12.74 mA/W at 

640 nm with an intensity of 4.1 mW/cm2 and at a bias of 2 V, respectively. Y.J. Yoon 
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et al. [5,6] developed the direct WS2 photodetector fabrication on a flexible 

substrate; the WS2 film was less deficient in S, with an S/W ratio of 1.83, while the 

most deficient was 1.76. Rλ value was 0.53 mA/W at 635 nm with an intensity of 

10.7 mW/cm2 at a bias voltage of 10 V. Thus, S/W ratios are higher than our bulk 

material and even higher than exfoliated nanosheets, which also explains the need 

to apply a high bias. K. Huang et al. [7] also obtained an Rλ of 4.04 mA/W at 532 

nm with an intensity of 59.09 mW/cm2 at a bias of 5 V for a flexible broadband 

photodetector based on WS2 nanosheets. The device exhibits a lower electrical 

output per photon input than our prototype over the entire visible spectrum.  

Since our device presented an excellent photoresponse to the mere action 

of light without the addition of an external power supply. It was discovered that the 

WS2 film could activate the broader optical spectrum than the visible range, which 

makes it more attractive for applications of solar cells and broadband 

photodetectors (PDs). Xu et al. [8] studied oxygen-incorporated and layer-by-layer 

stacked WS2 nanosheets for broadband and found that the photodetector is still 

sensitive at a wavelength in the NIR region (1100–2000 nm). These discoveries 

suggest great potential for future applications. Z. Wang et al. [9] also investigated 

a flexible self-powered photoelectrochemical-type photodetector based on 2D 

WS2-graphene heterojunction, recording a photocurrent density of 1.4 μA/cm2 at 

an illumination intensity of 30 mW/cm2. This Promotes the rapid migration of 

carriers and enhances the optical response of TMDs.  
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4.1 Structural analyses of 2D WS2 nanosheets 

          In the fabrication of the 2D nanostructures, several methods have been used 

to obtain the WS2 thin films on SiO2/Si substrates. The most common TMDs were 

synthesized by chemical vapor deposition (CVD) [10], Magnetron Sputtering [11], 

Pulsed-Laser Deposition (PLD) [12], and sulfurization of metal films [13,14]. 

However, the liquid exfoliation method seems to be the most effective, particularly 

for quickly obtaining nanomaterials for light sensing applications, where a large 

quantity of 2D nanosheets with inherent defects are favorable for high carrier 

mobility. M. Terrones et al. [15] showed that chemical exfoliation methods have a 

scalability advantage over CVD. The challenge is to achieve the intercalation of 

bulk layered materials followed by efficient exfoliation without damaging the 

sheets. T.D. Anthopoulos et al. [16] informed that liquid-phase exfoliation of WS2 

yielded high-concentration suspensions, where the extracted 2D nanosheets 

exhibited high structural and stoichiometric quality. This behavior is related to 

structural defects and strongly influences their optical properties. 

          As described in synthesis methods, 2D WS2 nanosheets were obtained via 

liquid phase exfoliation with a large number of randomly orientated sheets in a 

solvent mixture. The spin coating technique was used to successfully produce thin 

films with a uniform thickness of about 52 nm on a 1x1 cm2 SiO2/Si substrate. 

Every single plane of WS2 is composed of a two-dimensional structure with 

tungsten atoms positioned between two layers of sulfur atoms in trigonal prismatic 

coordination, where the projection of sheet WS2 (monolayer) onto the plane 

exhibits a clear hexagonal honeycomb structure. In addition, each 2D WS2 
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nanosheet is composed of stacked 2D WS2 atomic layers with a wide distribution 

of monolayers per nanosheet, as shown in Figure 4.1. Thus, to describe the 

properties of the crystal structure of nanosheets, various features of the sample 

are explored, such as surface morphology, chemical composition, crystallinity, and 

absorbance, using SEM, EDX, Raman scattering, XRD, AFM, and UV/Vis 

techniques; outlining their relation with other previous studies carried out. 

 

Figure 4. 1 Illustration of 2D WS2 nanosheets  on a SiO2/Si substrate. 

4.2 Scanning Electron Microscopy (SEM) with EDX Analysis 

           Figure 4.2(a) shows the SEM image of the bulk WS2 nanopowder precursor 

of a density of 7.5 g/mL with 99% trace metal basis and a 90 nm average part size. 

SEM did not provide a clear image of the surface topography of the thick sheet 

structures at the 5-µm scale but may show smaller powder particle sizes. Instead, 

on the 1 µm and 100 nm scales (Figures 4.2(b) and (c)), the bulk material exhibits 

several thick hexagonal sheets of different diameters ranging from 40 to 80 nm. 

These conditions are favorable for obtaining a thinner layer when separating the 

2D WS2 nanosheets film

2D WS2

nanosheet 

Monolayers
Thickness



89 
 

nanosheets. After ultrasonic exfoliating, a large amount of flexible 2D nanosheets 

is visible as shown in Figure 4.2(d), which is characteristic of multilayer thin films.  

In particular, the asymmetric growth of the nanosheets could be due to the weak 

interlayer coupling and the non-uniform size of the bulk sample. In addition, the 

horizontal and vertical orientation in certain substrate regions is partly attributed to 

the compression and extrusion between nanosheets with an average width smaller 

than nanopowder.  X. Zhang et al. [17] reported nanosheet thicknesses in the order 

of 6 nm and spacing between single sheets of about 0.64 nm, corresponding to 

two adjacent (002) basal planes of WS2. These values can range from 0.62 to 0.65 

nm according to the number of stacking layers in the mechanical exfoliation. Since 

the morphology of the nanosheets is similar to that of Zhao, we can attribute that 

the measurement range is very close to that of our sample. 

          EDX analysis of bulk WS2 precursor showed spatial distribution of elements 

through mapping, where the peak positions of each atomic structure were found in 

both the bulk material and the WS2 thin film. The most intense sharp peaks of W 

and S have atomic percentages of 23.38 and 39.88, which gives an S/W ratio of 

1.70, characteristics of the accurate composition of the bulk sample, as shown in 

Figure 4.3(a). After exfoliation, the atomic percentages of the elements in the WS2 

film were 1.85 and 2.49, respectively, and the S/W ratio was 1.34, which showed 

S atom deficiencies (Figure 4.3 (b)). We can verify that the S vacancies start in the 

mechanical exfoliation since the bulk material exhibits a higher S/W ratio than the 

dispersed nanosheets on the SiO2/Si substrate.  
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Figure 4.2 Scanning electron microscopy (SEM) images of the bulk WS2 precursor 

on scales of (a) 5 µm, (b) 1 µm, and (c) 100 nm. (d) 2D WS2 nanosheets on SiO2/Si 

substrates after liquid-phase exfoliation. 

The weak van der Waals interactions between WS2 individual layers allow 

easy exfoliation of the bulk structure, affecting some ionic-covalent bonds at the 

edges of the WS2 monolayer that generate structural defects, mainly S vacancies, 

which in turn are substituted by oxygen atoms so as not to create defect states in 

space or an optically accessible subgap state in the WS2 crystal structure. Byeong-

Kyu Lee et al. [18] also showed that S atoms substituted for oxygen atoms during 

the oxidation process did not change the morphology structure of WS2, but only 

(a) (b)

(c) (d)
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the concentrations of the elements, which is consistent with the EDX results. But 

the chemisorbed oxygen can act as an electron receptor that alters the local 

intrinsic charge density, leading to recombination and optical properties changes. 

Previous studies by E. Stratakis et al. [19] demonstrated that chemisorbed oxygen, 

as well as physisorbed molecules (mainly O2), affected the emission properties of 

exfoliated WS2 single layers when sulfur was replaced by oxygen at the edges. 

These statements effectively support our analysis method on the mechanical 

exfoliation evolution of the bulk sample to the 2D WS2 nanosheets.  

S. Salehi and A. Saffarzadeh [20] studied that sulfur vacancies on the 

electronic structure of the monolayer induce a midgap band in the vicinity of the 

VBM, manifesting itself as defect states, which shift the Fermi level to the bottom 

of the conduction band due to unsaturated electrons in the Mo and W orbitals 

around the vacancy defect. This property suggests that the defect states induced 

by S vacancies in transition metal dichalcogenides can activate higher carrier 

mobility in the 2D WS2 nanosheets and improve the photodetector's responsivity. 

A.K. Sharma et al. [21] observed a huge S deficiency in all WS2 films deposited 

using the PLD technique. Where WS2 film showed interesting linear and nonlinear 

optical properties, these arguments consolidate our assertions about the optical 

properties of S-deficient 2D WS2 nanosheets. 

On the other hand, EDX analysis of the atomic % of oxygen showed a 

relative increase from 2.07 to 5.05 % after the exfoliation process. Since WS2 has 

a two-dimensional structure with tungsten atoms positioned between two layers of 

sulfur atoms, the atomic % of W (1.85 %) is expected to be less than S (2.49 %). 
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If the sample is pure, the ratio of S and W must be 2 to 1, which is impossible under 

ambient conditions and even in vacuum environments due to the interstitial defects 

of the lattice in the film growth process. In addition, the atomic % of carbon in the 

bulk sample and the thin film was reported to be much higher than the rest of the 

elements, this usually happens when a thin layer of carbonaceous material is found 

on the air-exposed samples, which is generally known as adventitious carbon. 

 

Figure 4. 3 EDX analyses of (a) bulk WS2 precursor and (b) 2D WS2 nanosheets 

after liquid exfoliation. 

4.3 X-ray diffraction (XRD) patterns measurements  

The nanosheets ' X-ray diffraction (XRD) patterns were compared with the 

commercial WS2 nanopowder, as shown in Figure 4.4. The bulk WS2 and the 

exfoliated products have a highly crystalline structure with the most intense and 

sharp peak at 2θ = 14.15°, corresponding to the (002) crystallographic plane 

consistent with the hexagonal phase WS2 (2H-WS2), as shown in Figure 4.4(a). 

However, nanosheets do not exhibit other peaks as in the bulk material ((004), 
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(100), (103), (106), (105), (110), and (112)); there is only the addition of the silicon 

peak due to the contact between the substrate and the sample, as shown in Figure 

4.4(b). These absences confirm that the nanosheets were exfoliated along the 

(002) plane, leading to the enhanced intensity in XRD measurement preferentially 

orientated into substrates with the (002) basal plane parallel to the substrate. 

Compared with the intensity of bulk WS2, those of the nanosheets were reduced 

by more than half. This is a consequence of the effective lateral size reduction and 

the high degree of delamination of the bulk sample in the exfoliation process. The 

obtained diffraction peaks indicated that the surface of the nanosheets did not 

show other impurities that could significantly affect the crystallinity and original 

structure of the sample. Another detail of the XRD pattern is the disappearance of 

planes (100) and (110), corresponding to the 33.34° and 58.52° angles. This 

proves that the number of stacked layers decreases significantly compared to the 

bulk WS2, i.e., exfoliation-assisted nanosheets consist of few layers, which 

reduces energy states. Using Bragg’s law, we calculated the interlayer distance at 

WS2 film through relation 𝑑 =
𝑛λ

2𝑠𝑖𝑛𝜃
, where λ is the wavelength of the x-ray source 

(λ = 1.54 Å), 𝑛 is the order of reflection (𝑛 = 1), and 𝜃 is the angle of incidence in 

degrees of the plane (002). The interlayer spacing of 2D WS2 nanosheets turns 

out to be ~ 0.6 nm, respectively. This value suggests that the stacked nanosheets 

are sturdily coupled due to the strong van der Waals interactions. 
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Figure 4. 4 X-ray diffraction (XRD) patterns of the (a) commercial WS2 

nanopowder and (b) nanosheets of the bulk sample after the exfoliation process. 

4.4 Raman scattering measurements 

          Figure 4.5(a) shows the Raman spectra of bulk 2D WS2 powder precursor. 

In this figure, bands belonging to W-S bonds at 349.05 and 414.60 cm-1 were 

identified. These bands correspond to the Raman active vibrational modes, 

assigned to the E1
2g phonon mode of W+S movement in the x-y plane and the A1g 

phonon mode of the S movement in the z-axis [22]. Raman spectra also revealed 

that crystalline WO3 was formed in the dashed lines belonging at 696.21 and 

804.42 cm-1; the band at 696. 21 cm-1 is assigned to the O-W-O stretching vibration 

of WO3 • nH2O, while the band at 804.42 cm-1 is attributed to the asymmetric 

stretching vibration of oxygen bridges (O-W-O) [23,24]. The WO3 structure is 

formed by distorted corner shared WO6 octahedrons extending in three 

dimensions. Accordingly, the peaks in the Raman spectrum are generated by the 

distortion of the W03 structure from the ideal octahedral arrangement of Re03 
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[25,26], where the distortion of each octahedron can lead to cubic, hexagonal, 

monoclinic, tetragonal, orthorhombic, and triclinic structures, respectively [27]. 

          In 2D WS2 nanosheets, neither crystalline nor amorphous WO3 was formed. 

According to the results in Figure 4.5 (b), no signals of the displacement of 

crystalline WO3 are shown, as attested by the absence of broad peaks illustrated 

in Figure 4.5 (a). The exfoliated nanosheets seem to considerably reduce bonds 

at cell edges of the bulk material so that the thin film surface also affects the 

electronic states that act as recombination sites and electrochemical corrosion. As 

a result, the O-W-O bands exhibit no orientations in basal planes perpendicular to 

the substrate surface. In contrast, only peaks are shown at 351.46 and 419.91 cm-

1 belonging to the A1g and E1
2g vibrational modes. The peak at 519.64 cm-1 

corresponds to the substrate (i.e., crystalline SiO2/Si). In addition, the decrease in 

the number of layers results in the decreasing separation between E1
2g and A1g 

vibration modes, where 69.5 cm-1 is for bulk material and 68.45 cm-1 is for 

nanosheets. F. Wang et al. [28] showed the intensity of the photoluminescence 

peaks in WS2 dropped significantly as the number of layers increased.  This fact 

confirms that few-layer and multilayer films can absorb photons that excite 

electrons to a higher energy level in atoms, generating more recombination of 

photogenerated electron-hole pairs.  

           As the A1g mode always has a stronger peak than that E1
2g mode, A1g can 

be used as a mechanism to trace the signature of mono, and a few layers in the 

TMD samples since the vibrational spectrum is sensitive to the number of layers. 

For example, as the WS2 layer thickness increases, the A1g mode intensity 
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increases due to the increase in S atoms. Since it rests on the separation between 

the short-range interatomic force constants, the weak interlayer interactions are 

dominant. Thus, the exchange of S atoms with the nearest layers is crucial in A1g-

mode changes to the interlayer coupling. Meanwhile, E1
2g is attributed to the long-

range Coulomb interactions with macroscopic electric fields acting in the shift in 

frequency between longitudinal optical (LO) and transverse optical phonons (TO) 

about the neighborhood of the Brillouin zone center. The origin of this LO-TO 

splitting can be understood most readily if one considers the arguments of P. 

Giannozzi et al. [29]. 

 

Figure 4. 5 Raman scattering spectrum of (a) bulk WS2 precursor and (b) 2D WS2 

nanosheets after liquid exfoliation. 

4.5 The optical absorbance spectra 

Figure 4.6 shows the UV-visible absorption spectra of the 2D WS2 

nanosheets with A and B excitonic peaks at 634 nm and 528 nm corresponding to 

the direct transitions at the K point of the Brillouin zone in the 2H-WS2 structure 
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(2H-phase trigonal prismatic). Instead, the C and D bands at 456 nm and 413 nm 

originate from inter-band transitions from the occupied dz2 orbital below the Fermi 

level to the unoccupied dxy, dx
2
-y

2 and dxz, yz orbitals in few-layered WS2 

nanosheets. Optical transitions between the density of states (DOS) in the valence 

and conduction bands, it is attributed to the transition from an indirect-to-direct 

bandgap. The origin of these transitions is attributed predominantly to the interlayer 

coupling effect or quantum confinement, which controls the bandgap evolution 

according to the spatial confinement of electron-hole pairs in one or more 2D WS2 

nanosheets. L. Zhang and A. Zunger [30] also suggested that the dominating 

physical factor on the layer thickness for all the MX2 (M = Cr, Mo, W and X = S, Se, 

Te) was the quantum confinement effect, where the energy level of nanostructures 

increased as the result of increased kinetic energy when the size of nanostructures 

reduced. Electronic energy levels in this configuration are discrete, so the 

nanosheets' optical energy absorption is within allowed levels—these contrast with 

the excitonic energy levels and the optical absorption of light in the visible range. 

Thus, the photoluminescence energy of excitons helps us understand the evolution 

of the electronic structure as a function of the number of layers.   

The band structure of bulk WS2 has an indirect bandgap in the range 1.3 

eV < ∆Eg < 1.4 eV, and it increases as the number of stacked layers decreases 

until reaching a value of 2.05 eV, corresponding to the total density of states for 

the WS2 monolayer, which is the direct bandgap at the K point of Brillouin zone 

[31,32]. In bulk, transitions A and B observed by absorption spectroscopy are direct 

optical transitions at K point and calculated as excitons A (1.95 eV) and B (2.35 
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eV), using the equation 𝐸𝑔 =
ℎ𝑐

𝜆
 , where 𝐸𝑔 is the energy gap, ℎ is the Plank’s 

constant ( 6.6267 × 10-34 J.s), 𝑐 is the speed of light (3.0 × 108 m/s), and 𝜆 is the 

wavelength of light. Thus, the UV-visible absorption spectrum data confirms the 

existence of a few-layer WS2 film and is consistent with the previous analysis 

reported in the literature. The first peak at the long wavelength of 634 nm, 

corresponding to WS2 nanosheets, has an optical bandgap of 1.95 eV, higher than 

the bulk sample value of about 1.35 eV. An increase in bandgap is a clear indication 

of quantum confinement among the stacked few layered. In addition, 1.95 eV < 

2.05 eV, confirming that the binding energy of the monolayer WS2 is higher than 

that of nanosheets. Therefore, exciton transition A allows us to identify the quality 

of the exfoliation and the optical absorption of the sample. 

 

Figure 4. 6 UV-visible absorption spectra of the 2D WS2 nanosheets. 
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4.6 Schematic bandgap alignment diagram in the carrier transport 

On the one hand, in a back-to-back Schottky diode, it can be written as two 

different voltage drops on single diodes with forward and reverse bias [33,34]. 

Figure 4.7 shows the schematic energy band alignment diagrams for the case of 

two back-to-back Schottky diodes in Au/WS2/Au contacts. Under dark conditions 

and without applying a bias voltage, the device exhibits a symmetric Schottky 

structure under the same vacuum level, as shown in Figure 4.7(a). Alignment of 

Fermi energy leads to the formation of band diagrams in the Au/WS2 interface 

states. Since each Schottky barrier acts as a current rectifier, electrons can move 

from the semiconductor to metal and be controlled by two sides of the interface in 

equilibrium (constant barrier height) if there is no external effect on the system. 

However, electron-hole pairs are generated when an amount of voltage is supplied, 

creating the charge flow and voltage drops on single diodes, as shown in Figure 

4.7(b). Electrons tend to move toward a positive bias because the voltage drop 

from V2 (V2 < Vi) induces a narrow depletion region (W2) than V1 (V1 >Vi) with W1, 

which changes the Schottky barrier height, as well as the direction and magnitude 

of the dark current. In addition, not all valence electrons become free electrons, so 

lattice defects trap some of them in the two-dimensional layers of the 

semiconductor. The increased external power supply will lower the barriers and 

extract more charge carriers from the trap states, thus increasing the net dark 

current due to a larger electric field.  
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Figure 4. 7 Schematic energy band alignment diagrams for two Schottky barriers 

connected back-to-back (a) without and (b) with bias voltage. 

Since the current through the diodes is the same, the diode equations can 

be expressed as 

                                    𝐼 = 𝐼𝑠1 [exp (
𝑞𝑉1

𝜂1𝑘𝐵𝑇
) − 1] ,                                                                 (4.1) 

                                 𝐼 = −𝐼𝑠2 [exp (−
𝑞𝑉2

𝜂2𝑘𝐵𝑇
) − 1] ,                                                             (4.2) 

where 𝑉1 and 𝑉2 are the voltage drops on single diodes, 𝑘𝐵 is the Boltzmann 

constant, 𝜂 is the ideality factor, 𝑞 is the electron charge, 𝐼𝑠 is the leakage current, 

and 𝑇 is the absolute temperature, respectively.   

Under illumination and zero bias voltage, the barrier heights depend on the 

generation and recombination of photogenerated charge carriers when the 

photodetector device absorbs the light. The excitation of an electron or other 

charge carrier to a higher-energy state produces an electrical potential by the 

separation of charges by diffusion. Therefore, depending on the concentration of 

carriers in the metal-semiconductor junction, the photocurrent can take any 

direction, as shown in Figure 4.8(a). Instead, under bias voltage and illumination, 
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photogenerated charge carriers start distribution at metal/semiconductor 

interfaces. Depending on the charge accumulation process, the Schottky barrier 

height of the two interfaces tends to vary further due to bandgap light excitation 

and the addition of voltage, which allows the magnitude of the electric field to 

increase further, as shown in Figure 4.8(b). Thus, additional photogenerated 

charge carriers are swept from the trap states of the photodetector and move by 

hopping process from the semiconductor to the barrier interfaces, thus generating 

a reduction in the resistance of the device and an increase in the photocurrent due 

to the tunneling of carriers. 

 

Figure 4. 8 Schematic energy band alignment diagrams for MSM diode-based 

photodetectors, under illumination (a) without and (b) with bias voltage. 

Thus, MSM-based photodetector under illumination builds up an electric 

field which leads to the separation of photogenerated charge carriers (electrons in 

the metal region and holes in the n-type region). This additional charge flow in the 

semiconductor is incorporated into the back-to-back Schottky diode current, giving 

rise to a photocurrent, which is expressed in equations (4.3) and (4.4), respectively. 

                                                         𝐼𝑝ℎ = 𝐼𝐿 − 𝐼𝐷 ,                                                                      (4.3) 
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where 𝐼𝑝ℎ is the photocurrent, 𝐼𝐿 is the light-generated current, and  𝐼𝐷 is the back-

to-back Schottky diode current. Since the photocurrent is the same for both voltage 

drops and series resistance, we can write the diode equation in forward bias. 

                                          𝐼𝑝ℎ = 𝐼𝐿 − 𝐼𝑠1 {𝑒𝑥𝑝 [
𝑞𝑉1

𝜂1𝑘𝐵𝑇
] − 1}.                                              (4.4) 

In this case, 𝑉1 = 𝑉 − 𝑉2 − 𝑅𝑠𝐼𝑝ℎ, where 𝑅𝑠 is the series resistance between 

back-to-back connected diodes.  

4.7 Photocurrent measurement 

According to the circuit diagram shown in Figure 4.9, Au/WS2/Au prototype 

was connected in series to a resistor R0 of 38 kΩ and a power supply with 

adjustable voltage from 0 to 2 V. Then, a lamp was placed approximately 20 cm 

from the device to illuminate the middle portion of the 2D WS2 nanosheets thin film. 

The device was fixed on a variable temperature plate with settings from 18 to 90 

°C, respectively. Analog input C of the 850 universal interface was connected in 

parallel to the resistor to measure the voltage signal due to the photocurrent 

generated by the photodetector; instead, analog input D was used as a voltage 

monitoring sensor of the circuit power supply. In addition, a USB cable between 

the interface and the computer for data acquisition in PASCO Capstone Software 

was used. The methodology was to evaluate the spectral response of the device 

in the On and Off state of the light in periods of 20 s during several testing cycles, 

controlled by a synchronized digital timer. Measurements were made over a wide 

range of visible spectra, i.e., from near-UV to near-infrared (IR). Where, first, the 
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photodetector was examined in photovoltaic mode at zero bias. Then, the device 

was re-evaluated under different temperature conditions generated by a hot plate 

in contact with the sample substrate. The thermocouple thermometer was used on 

the gold thin film layers because the substrate base indicated less than the top 

surface. The procedure was repeated at a power supply from 0.5 to 2 V, exploring 

the features of the photocurrent spectral response as a function of time under 

on/off light illumination. 

 

Figure 4. 9 Schematic set-up for the characterization of the circuit photodetector. 

4.8 Photovoltaic mode operation 

Succeeding characterizations, the photoelectric current was studied in a 

photosensitive device designed as a back-to-back Schottky diode under the light 

on/off mode, as shown in Figure 4.10(a). In this test, no external power supply was 

used. Only 670 nm light-induced photocurrents (Iph) at the illumination intensity 
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(Iintensity) of 5.2 mW/cm2 on the surface of the active layer were measured. When 

the illumination was applied, the light-induced photocurrent was immediately 

generated up to 3.06 × 10-8 A, and when the light was turned off, it was instantly 

restored to zero. Such a photovoltaic effect was reproduced during multiple testing 

cycles in 20 s. These results indicate that the developed photosensitive 

semiconductor device shows an excellent photoresponse to illumination in the 

near-infrared region of the electromagnetic spectrum. Similarly, at ranges of light 

wavelengths from 420 to 605 nm, the photodetector device responded selectively 

and stably, revealing a strong photoresponse at 670 nm, as shown in Figures 

4.10(b) and (c). Alternation of the excitation source between the green and red 

light for the integrated photodiode results in switching of photocurrents between 

2.45 ×10-8 A and 3.1 × 10-8 A, respectively, the latter being because of higher 

photon absorption in the near-infrared than the rest of the spectra. Photocurrent 

transport properties in the photovoltaic semiconductor are dependent on light 

excitation frequencies. This behavior is closely related to the photoelectric effect, 

as well as to physical and chemical phenomena. In both cases, the light spectrum 

absorbed by the 2D WS2 nanosheets is dominated by discrete energy states that 

condition the charge carrier excitation to a higher energy level that is still contained 

within the sample. This effect generates photovoltage by separating charges by 

diffusion, and the illumination pattern must have sufficient energy to overcome the 

potential barrier for excitation. If we look at Figure 4.10(b) and (c), we can see that 

each colour of light has a different wavelength and, therefore, excitation energy 

change defines the generation of charge carriers in the Au/WS2 contact. 
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The behavior of the 2D WS2 nanosheets as a multilayer structure seems to 

have high efficiency in absorbing photons in a wide range of frequencies to the 

mere action of light. The top layer nanosheets absorb shorter wavelengths, and 

the bottom converts the longer ones, as UV-visible absorption spectrum data 

confirms, giving significantly better conversion efficiency and better photocurrent 

output. Newer photovoltaic cell designs achieve higher efficiency by converting 

more light into useful electrons, so expectations are promising for future 

applications. In addition, 2D WS2 nanosheets with deficient S atoms could 

minimize the energy barrier and charge accumulation at the interface to enhance 

the extraction of photoinduced charge separations and carrier-transfer dynamics 

in photovoltaic devices.  

To further study the effect on the performance of the photodetector device, 

we define the photocurrent as: 

                                                              𝐼𝑝ℎ = 𝐼𝑙𝑖𝑔ℎ𝑡 − 𝐼𝑑𝑎𝑟𝑘 ,                                                     (4.5) 

                                                              𝐼𝑝ℎ = 𝑐(𝐼𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)
𝛼

,                                                      (4.6) 

where 𝐼𝑙𝑖𝑔ℎ𝑡 is the photocurrent under illumination, 𝐼𝑑𝑎𝑟𝑘 is the dark current or the 

unwanted leakage current, 𝑐 is a proportionality constant of 6×10-10. 𝛼 is an 

empirical value of 0.93 between 0.5 and 1, indicating that the saturation is mainly 

due to the photogenerated carriers' kinetics involving recombination states and 

carrier-carrier interactions. This behavior plays a vital role in determining the 

performance of fast optoelectronic devices. 
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Figure 4. 10 Photodetector device designed as back-back Schottky diode (Au/ 

WS2/Au). (a) Photocurrent-time cyclical curve under cyclical illumination at 5.20 

mW/cm2, (b) photocurrent-time curves at light intensities from 1.63 to 5.20 

mW/cm2, (c) photocurrent-wavelength curve, and (d) photocurrent-time curves 

excited with 670 nm light at different illumination intensities.  

The illuminating of the light source (𝑃) and the responsivity of an ideal 

photodetector (𝑅𝜆) are described by equations: 

                                                          𝑃 = 𝐼𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝐴 ,                                                            (4.7) 

                                                                  𝑅𝜆 =
𝐼𝑝ℎ

𝑃
 ,                                                                    (4.8) 
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where  𝐴  is the active layer surface of the WS2 film (5×10-6 m2). The responsivity 

of the device with a bias voltage of zero reached values from 0.1 to 0.12 mA/W in 

almost the full spectrum of visible light under intensities from 1.63 to 5.2 mW/cm2. 

Previous studies by Y.J. Yoon et al. [35] showed the Rλ value in large-area and 

low-temperature synthesis of few-layered WS2 films for photodetectors, fabricating 

by sputtering with 3 kV EBI was 0.19 mA/W at a wavelength of 635 nm with the 

intensity of 10.7 mW/cm2 at a bias voltage of 10 V. Similarly, Y.J. Yoon et al. [36] 

developed the direct WS2 photodetector fabrication on a flexible substrate using 

1kV EBI treatment, where Rλ value was 0.53 mA/W, respectively. These measures 

are not significantly large compared to the Rλ of our material, characterized under 

zero bias. This may be because the light S atoms are not so deficient in WS2 thin-

film growth since the S vacancies generate most carrier generation and carrier 

recombination. According to Yoon, the WS2 film was less deficient in S, with an 

S/W ratio of 1.83, while the most deficient was 1.76. These values are higher than 

our bulk material (S/W = 1.70) and even higher than exfoliated nanosheets (S/W 

= 1.3), which also explains the need to apply a high bias in photodetectors 

fabricated with kV EBI treatment. M. Terrones et al. [37] also characterized 

photosensor devices based on few-layered WS2 films, where the smallest spectral 

photoresponse was 2.0 μA/W, a value measured for the red laser of 647 nm, while 

the highest recorded photoresponse corresponded to 21.2 μA/W, measured with 

the blue laser of 458 nm at a bias of 5 V. The optical signal magnitudes of our 

prototype are much higher than the photosensors of Terrones fabricated using the 

CVD technique. Although the article did not report the atomic concentrations of S 



108 
 

and W, we believe that the absence of S vacancies could be the answer to the low 

signal at a high bias. An additional advantage of the works of Ali Aldalbahi et al. 

[38] in the mechanical exfoliation of two-dimensional atomic layer molybdenum 

disulfide showed high responsivity at wavelengths of 670 nm, where photocurrent 

measurements were also comparable to the values of 2D WS2 nanosheets. 

Therefore, S deficiency and layer stacking of the bulk sample seem to induce 

higher mobility of charge carriers at low light intensity.  

Given that 𝑅𝜆 is used to evaluate the sensitivity of a photodetector, we can 

say that our material generates a higher photocurrent at low illumination of the light 

source. This is attributed to the fact that the setting curve follows a power law of 

photocurrent and light intensity, resulting in more photocurrent generated through 

the metal-semiconductor junction with a low trapping effect in the width of the 

depletion region is broadened. Captured carriers are reduced with increasing light 

power intensity; conducting, more photogenerated electron-hole pairs can 

contribute to the photocurrent. 

When the distance between the light source and the WS2 thin film was 

varied, the light intensity on the surface of the active layer decreased as the 

distance increased, as shown in Figure 4.10(d). The 670 nm light-generated 

photocurrent was 3.1×10-8 A at 5.2 mW/cm2, 1.8×10-8 A at 4.1 mW/cm2, and finally 

0.82×10-8 A at 2.4 mW/cm2, respectively. The photocurrent value decreases as the 

light power density decreases. 
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Table 1 shows the performance of some WS2-based photodetectors on 

different substrates, fabrication methods, and illumination intensities in the visible 

spectrum. 

Table 4. 1 Comparisons of the performances of WS2-based photodetectors. 

 

This mechanism is because there is an inverse relationship between 

distance squared and light intensity, i.e., as the distance away from a light source 

increase, photons of light become spread over a wide area before reaching the 

WS2 thin film. The responsivity of the device also decreases slightly, as it is directly 

proportional to the photocurrent or power law of intensity. However, the periodic 

On/Off cycles of 20 seconds showed excellent stability under environmental 

conditions, except for the photocurrent changes due to the decrease in light 

intensity. 
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Temperature-correlated photocurrent measurement was performed to 

validate its viability under normal operating conditions of the photodetector, where 

the 2D WS2 nanosheets showed higher sensitivity to light in a wide range of 

wavelengths. The results verify the effectiveness and stability of the device up to 

an acceptable temperature range, as shown in Figure 4.11(a) and (b). As the 

temperature goes up, the absorption depth of light decreases slightly, which could 

be due to a significant amount of carriers being recombined because of the non-

uniform concentration of WS2 atoms by the vacancies of S. Therefore, changes in 

environment temperature affect the device more in photovoltaic mode than in the 

photoconductive mode of operation (reverse biasing). According to the back-to-

back Schottky diode’s biasing conditions, the anode and cathode are at the same 

potential in a photovoltaic implementation, i.e., the diode is zero-biased. This 

implies that the device depends on the generation and recombination of 

photogenerated charge carriers, the wavelength of the incident light, and the 

Schottky barrier heights. In addition to this is the temperature dependence of the 

bandgap, which varies according to the number of stacked layers of the 2D WS2 

nanosheets. For example, the liquid exfoliation of the bulk WS2 sample showed a 

direct optical transition of 1.95 eV, which was lower than that of the monolayer 

(2.05 eV). This allows us to infer that nanosheets with a reduced number of layers 

may be more resistant to degradation as temperature increases. 

On the other hand, the weak Schottky barrier allows the prototype to act as 

an ohmic contact for a self-powered photodetector in the entire visible spectrum at 

intensities from 1.6 to 5.2 mW/cm2, as shown in Figure 4.11(c). Electrical current 
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can be conducted in both directions of the M-S contact when the WS2 nanosheets 

absorb the photons of light to generate pairs of electrons and holes; such the 

electron diffuses from the metal to the semiconductor, thus increasing the 

concentration of electrons and not causing depletion of the semiconductor near 

the junctions. Photodetectors with these features are required since external 

contacts to a photovoltaic cell need to be ohmic to prevent an unnecessary voltage 

drop at the contact. Therefore, the low contact resistance and a junction between 

M-S that has a linear photocurrent-photovoltage curve, as with Ohm's law, are 

critical for the performance and reliability of semiconductor devices.  

The rise and decay times of the WS2-based prototype exposed to 670 nm 

light illumination were also measured. The rise time (1.20 s) was slightly longer 

than the decay time (1.21 s) but with a difference of 0.01 s in the switching change. 

When the light source was On mode, the photocurrent quickly rose to a high-level 

steady state, followed by a relatively slow tail, while a reversed behavior was 

observed when the light switched off, as shown in Figure 4.11(d). This response 

speed is faster than highly responsive and broadband photodetection based on 

large-area multilayered WS2 films grown by pulsed-laser deposition, as reported 

by G. W. Yang [39]. In our case, we characterized it with zero bias.   
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Figure 4. 11 (a, b) Temperature-correlated photocurrent curves under operating 

conditions from 19 to 90 °C at a light intensity of 5.2 mW/cm2, (c) photocurrent-

photovoltage curve at ranges of light wavelengths from 420 to 605 nm and 

intensities from 1.63 to 5.2 mW/cm2, and (d) rise and decay times of Au/WS2/Au 

photodetector device under the illumination of switched On/Off in periods of 20 s. 

The detectivity (D*) evaluates the device's sensitivity to weak optical 

signals. The equation that describes this parameter is:    

                                                       𝐷∗ =
𝑅𝜆𝐴1/2

(2𝑞𝐼𝑑𝑎𝑟𝑘)1/2
 ,                                                             (4.9) 
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where  𝐴 is the area of the photosensitive region of the detector and 𝐼𝑑𝑎𝑟𝑘 is the 

dark current (1.84×10-7 A). When performing the calculation, a value of 1.35×108 

cm Hz W-1 was obtained at 5.2 mW/cm2, representing the acceptable value of a 

high-performance photodetector under zero bias. A device with these 

characteristics can be attributed to the higher mobility and absorption of the 

present WS2 nanosheet-based film, associated with increased carrier 

recombination dynamics and excellent photoresponse at low light intensities. Thus, 

confirming that the signal/noise ratio is within the allowed standards for a self-

powered photodetector. However, as the temperature increases, the detectivity of 

the device decreases due to increased signal/noise. 

4.9 Bias effect  

Variation characteristics as a function of time have been explored for the 

photodetector device to a 670 nm light illumination at different applied biases and 

a light intensity of 4.1 mW/cm2, as shown in Figure 4.12(a). Similar to the previous 

case, the illumination of switched on/off was set in periods of 20 s during several 

testing cycles. The device exhibited switching behavior and repeatability without 

degradation at bias voltage ranges from 0.5 to 2 V. The typical photocurrent 

response of the device to the light source increased from 2.0 ×10-7 to 2.6 ×10-6 A 

with an increase of bias. Thus, a high bias and light irradiation favor the fast 

separation and transportation of the photoinduced charge carriers to the working 

electrodes, increasing the photocurrent, as shown in Figure 4.12(b). As the width 

of the depletion region is broadened, the built-in electric field of the optical metal-

semiconductor heterostructure is enhanced, generating recombination of photo-
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generated electron and hole pairs favoring the rapid separation of the 

photogenerated charge carriers, resulting in the increment of photocurrent and a 

faster response time to the On/Of light cycles as the bias voltage increases. With 

the depletion layer (forward bias) reduction, charge traps generated by interstitial 

impurities, S vacancies, and lattice defects are minimized, which also contributes 

to a higher photocurrent between WS2/Au junctions. 

Performing cyclic tests under On/Off mode at a bias of 2.0 V, good 

repeatability and a stable baseline was visible when the device was exposed to 

670, 420, and 450 nm at the same distance between the sample and the light 

source, respectively. When generating light-induced photocurrents, the prototype's 

conversion efficiency for red illumination appears to be higher than that for the 

violet and indigo spectra (Figure 4.12(c)), reaching a responsivity of 12.74 mA/W 

to 670 nm, as shown in Figure 4.12(d). This value is more significant than that of 

the growth of wafer-scale standing layers of WS2 for self-biased high-speed UV–

visible–NIR optoelectronic devices grown by the CVD technique, where the 

responsivity and intensity were 450 mW/cm2 and 5 mA/W at a bias voltage of 10 

V, according to the measurements obtained by J.C. Ho et al. [40]. Similarly, K. 

Huang et al. [41] characterized a flexible broadband photodetector based on WS2 

nanosheets films obtained by the vacuum filtration method, reaching a spectral 

photoresponse of 4.04 mA/W at 532 nm with an intensity of 59.09 mW/cm2 at the 

bias of 5 V. These values exhibit a lower electrical output per photon input than our 

photodetector device. In addition, under 2 V detectivity reached up to 1.2 × 1010 

cm Hz1/2 W-1, which confirms the intrinsic quality of the prototype. This 
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photodetector device that exhibits highly sensitive to light intensity is even better 

than WS2 photodetectors shown in Table 1 due to the rapid separation of the 

photogenerated carrier at the Au/WS2 interface.  

Therefore, 2D WS2 nanosheets exhibit a better absorption for the light 

spectra of 420 nm and 670 nm, the latter being the maximum intensity in the visible 

range due to the higher number of optically generated carriers with an excitation 

photon energy of about 1.85 eV of the bandgap. This value is within the range of 

the direct optical transitions at the K point of the Brillouin zone for exciton A. 

Accordingly, the quantum confinement in WS2 nanosheets defines the absorption 

of light in the visible range. If adding a bias voltage of 2 V is on the illuminated 

nanosheet terminals, the magnitude of the electric field increases, generating 

additional photogenerated charge carriers from the semiconductor to the barrier 

interfaces, which improves responsivity and detectivity. 
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Figure 4. 12 The bias voltage effect on the fabricated photodetector was exposed 

to the light intensity of 4.1 mW/cm2. (a) Photocurrent-time curve under On/Off 

mode with bias from 0.5 to 2 V on the spectral response of 670 nm, (b) 

photocurrent-voltage curve from 0 to 2 V, (c) photocurrent-time curve under On/Off 

mode on the spectral responses from 420 to 670 nm at 2 V, and (d) responsivity-

wavelength curve at 2 V. 
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4.10 Conclusions 

2D nanosheets deficient in S showed a higher photon absorption in the 

near-infrared range with a photocurrent output of 3.06 × 10-8 A and a detectivity of 

1.35 × 108 cm Hz W-1 at 5.2 mW/cm2, which is the acceptable value of a high-

performance photodetector under zero bias. Similarly, the responsivity of the 

device reached a deal of ~0.12 mA/W, several orders of magnitude larger than 

photosensor devices based on few-layered WS2 films grown by the CVD 

technique. These results suggest that the high degree of delamination of the bulk 

sample improves the light absorption in 2D WS2 nanosheets in a wide range of the 

visible spectrum. In addition, the defect states induced by S vacancies in the 

quantum confinement process improve the mobility and photogenerated charge 

carriers. The direct optical transition of 1.95 eV, close to the band structure of 

monolayer transition, allows the exfoliated nanosheets along the (002) plane to be 

highly stable to light On/Off cycles, even more resistant to degradation in higher 

temperature environments.  

At 2 V, the responsivity was 12.74 mA/W and a photocurrent of 2.6× 10-6 A 

at 4.1 mW/cm2, which is better electrical output per light input than flexible 

broadband photodetectors based on WS2 nanosheets films obtained by the 

vacuum filtration method. This value was also larger than that of the growth of 

wafer-scale standing layers of WS2 for self-biased high-speed UV–visible–NIR 

optoelectronic devices grown by the CVD technique, where the responsivity and 

intensity were 450 mW/ cm2 and 5 mA/W at a bias voltage of 10 V. In addition, the 

detectivity of 1.2 × 1010 cm Hz1/2 W-1 exhibited high sensitivity to the light intensity 
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than WS2 photodetectors fabricated by sputtering with EBI treatment and CVD 

technique, where the values ranged from 107 to 109 cm Hz1/2 W-1 at bias voltages 

of 10 and 5 V, respectively. Thus, nanosheets exhibit high sensitivity and enhanced 

photoresponse when the built-in electric field of the optical Au/WS2/Au 

heterostructure is increased. The rapid recombination and separation of the 

photogenerated carriers significantly reduce charge traps in the Au/WS2 interface; 

similarly, the depletion layer becomes narrower and allows the barrier to carrier 

injection in the forward bias direction to be reduced. Illumination at 670 nm also 

provides a higher density of carriers from the bandgap to the conduction band, 

thus showing a higher optical signal than the rest of the visible spectrum.  

Our studies also showed that WS2 thin film with inherent defects and 

transparent sample improves light absorption over a wide range of the optical 

spectrum. Hence, on a transparent substrate, it is possible to obtain a better 

photoresponse of the device with appropriate control in the growth of the layers 

since almost all light passes directly through them. Unlike the most expensive 

instruments, the liquid exfoliation method of 2D materials offers a facile and low-

cost technique to produce mono- and few-layer 2D nanosheets in a commercially 

viable way. 
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Chapter 5 

Fabrication and application of 2D boron nitride nanosheets with hysteresis 

effect in the Schottky junctions 

2D hexagonal boron nitride nanosheet (BNNS) exhibits a honeycomb 

structure analog of graphene. The spacing between 2-layers is about 0.332 nm, 

and the lattice distance between the B–B or N–N atom separations is 0.22 nm. It 

shows a strong (002) diffraction peak in the XRD spectrum [1, 2]. Moreover, BNNS 

presents good thermal conductivity and stability over a wide range of 

temperatures. BNNS bandwidth is in the range of 4–6 eV, by doping with enough 

carbon (C) [3, 4], the bandgap is minimized, and a set of discrete energy levels are 

formed in the gap of BNNS. Previous research has already shown that the 

electronic and electrical structures could be improved with the C content [5–8]. 

Furthermore, BNNS film appears to have stable features even at high 

temperatures, so it has a variety of applications in polymeric [9, 10], flexible 

electronics [11, 12], Junction Field Effect Transistor (JFET) [13, 14], magneto-

optics [15], and optoelectronics based on 2D crystals [16], etc.  

Based on the special properties of the BNNS film, we propose two models 

of back-to-back Schottky diodes with specific characteristics. First is an 

Au/BNNS/Au type model grown onto the SiO2/Si substrate [17]. The second is 

Au/BNNS/Mo, where BNNS is deposited directly on the molybdenum substrate.  

In the I–V representation, Au/BNNS/Au-based rectifiers exhibit symmetric 

characteristics, while Au/BNNS/Mo is asymmetric. When measured under low bias 
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voltage, both have their hysteresis switching characteristics. These are consistent 

with the analysis of the Poisson equation in the metal/semiconductor interface (n-

type material) [18, 19]. This behavior of the 2D material offers a way to achieve a 

high hysterical switching quality in both the ‘set’ and ‘reset’ states at low power 

consumption, which may propose an improvement to recent studies carried out on 

memory devices with a thinner BNOx layer [20], as well as in the Ni/n-type 4H-SiC 

Schottky structure [21, 22]. For example, BN monolayer-based resistance 

nonvolatile studied under different electrodes that showed stable bipolar and 

unipolar nonvolatile switching was studied [23–25]. In the same manner, in a 

multilayer structure, it is possible to grow the thickness of the h-BN film, which 

enhances the charge capture center to achieve better Poole-Frenkel conduction 

[26–28], comparable to the Schottky effect. This behavior of BNNS shows promise 

for several applications, such as non-volatile memory devices [29], pulse voltages, 

etc. In previous studies, hysteresis has only been tested in 2D materials with 

graphene oxide and molybdenum disulfide [30–32]. Although these showed 

charge traps in the oxide dielectric layer, these observations were limited to higher 

room temperature, so the BNNS film may be an ideal candidate to obtain a more 

stable hysteresis over a wide temperature range [33]. 

During the last several years, great progress has been made in resistance 

switching and electrical hysteresis investigations. This is partially attributed to 

newly developed nanotechnologies that were used to effectively control material 

nanostructures and MEMS (Micro-Electro-Mechanical Systems) fabrication [34, 

35]. The BNNS samples used in the present work are very different from previous 
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work where a single atomic or multi-layer sheet was used. The present sample 

consists of a large number of super-thin BN nanosheets randomly distributed over 

the entire surface of the substrate [36, 37]. Fabrication is extremely simple and 

MEMS techniques are not necessary. 

5.1 BNNS structure characterizations 

SEM image of the BNNS film indicated that the obtained sample had a 

uniform and compact surface of round-shaped layers at the 10 µm scale, as shown 

in Figure 5.1(a). Following an increase at the 5 µm scale, several small sheets 

were exhibited, which is characteristic of multilayer films as shown in Figure 5.1(b). 

Instead, the Raman spectrum of the BNNS exhibits a peak around 1350 to 1360 

cm-1 belonging to the Raman active vibrational mode (E2g) [39, 40], as shown in 

Figure 5.1(c), which is compatible with measurements analogous to these and is 

directly related to a hexagonal phase of BNNS. 

X-ray diffraction (XRD) about BNNS film has a highly crystalline structure 

with the most intense and sharp peak at 2θ = 26.77°, corresponding to the 

crystallographic plane (002), as shown in Figure 5.1(d) [41]. Using Bragg’s law, we 

calculated the interlayer distance at BNNS film through relation.  

                                                              𝑑 =
𝑛𝜆

2𝑠𝑖𝑛𝜃
 ,                                                                     (5.1) 

where 𝑑 is the interlayer distance of the crystalline plane measured in nm, λ is the 

wavelength of the X-ray source (λ = 1.54 Å), n is the order of reflection (n = 1), and 

𝜃 is the angle of incidence in degrees of the plane. If analyzing the crystalline plane 
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(002), the interlayer distance is 0.332 nm, which is within the range of the values 

established previously [42]. 

 

Figure 5. 1 The structure of the BNNS film is shown through (a) - (b) scanning 

electron microscopy (SEM) on the 10 um, 5 μm scale bar, (c) Raman scattering 

spectrum, (d) and X-ray diffraction. 

Very detailed descriptions of measurements of sheet thicknesses can be 

found in our previous work [43, 44]. A high-resolution TEM (Transmission Electron 

Microscope) was used to estimate the thickness of the single sheet by measuring 

the fringe pattern at the sheet’s edge. Each fringe is related to a single atomic layer 

(b)(a)
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with a thickness of around 0.33 nm. Accordingly, the thickness of the obtained 

BNNS can be estimated at around 3-4 nm (8-11 layers). 

5.2 Energy band diagram of back-to-back Schottky barriers 

In this section, we propose a model based on energy band theory for the 

special case of two back-to-back Schottky diodes with two identical (Au-Au) and 

different contacts (Au-Mo). First, in the equilibrium state, Au/BNNS/Au contacts are 

a symmetric Schottky structure under the same vacuum level, as shown in Figure 

5.2 (a). Alignment of Fermi energy leads to the formation of band diagrams and 

the barrier height in the metal/semiconductor interface states. These junctions 

produce different energy values in the Schottky barrier, where 𝛷𝑚 is the work 

function of the gold (5.2 eV), 𝛷𝑠 is the work function of the semiconductor, 𝛷𝐵 is 

the barrier height (𝛷𝐵 = 𝛷𝑚 − 𝑞𝜒𝑠),  𝑞𝜒𝑠 is the electron affinity of the semiconductor 

(the electron affinities of Au and Mo are 222.8 kJ/mol and 71.9 kJ/mol), 𝐸𝐹𝑚 is the 

Fermi level of the gold (5.20 eV), 𝐸𝐹 is the Fermi level of the semiconductor, 𝐸𝑉 is 

the valence band edge, 𝐸𝐶 is the conduction band edge, 𝑉𝑖  is the built-in-voltage 

barrier (𝑞𝑉𝑖 = 𝛷𝑚 − 𝛷𝑠 = 𝛷𝐵 − (𝐸𝑐 − 𝐸𝐹)), and 𝑊 is the thickness of the depletion 

region, which depends on the concentration of ionized acceptor atoms. In contrast, 

Au/BNNS/Mo contacts have different barrier heights relative to the vacuum level 

in the equilibrium state, resulting in a symmetric structure, as shown in Figure 5.2 

(b). Molybdenum band diagrams differ from gold at the metal/semiconductor 

interface, which is represented by prime values; where 𝛷𝑚
′ is the work function of 

the molybdenum (4.6 eV), 𝐸𝐹
′is the Fermi level (4.20 eV), 𝛷𝐵

′ is the barrier height, 

etc. 
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Since the contact is metal and the semiconductor is n-type, the built-in-

voltage barrier is expressed by 

                                                          𝑉𝑖 =
𝛷𝐵

𝑞
−

𝑘𝑇

𝑞
ln (

𝑁𝐶

𝑁𝐷
) ,                                                   (5.2) 

where 𝑞 is the elementary charge, 𝑘 is the Boltzmann constant, 𝑇 is the absolute 

temperature, 𝑁𝐶 is the effective state density in the conduction band that is 

constant for a given temperature, and 𝑁𝐷 is the donor doping level. If we use 

moderate to lower doped semiconductors, we can reduce the Schottky barrier 

even further. 

When an external voltage is applied to the back-to-back Schottky diodes, 

electron-hole pairs are generated, creating the charge flow and voltage drops on 

single diodes, as shown in Figure 5.2(c). Electrons tend to move toward a positive 

bias because the voltage drop from Vi to Vi-VF on a 2D semiconductor induces a 

narrow depletion region (𝑊). On the contrary, under negative bias, the voltage drop 

increases from Vi to Vi + VR, which in turn causes a wide depletion region. This 

behavior of the back-to-back Schottky diodes is directly related to the 

concentration of dopants in the semiconductor material. In the case of BNNS, the 

carbon concentration also causes a narrow depletion region, allowing electrons to 

move above their thermal equilibrium value. Since a large amount of carriers are 

generated in the depletion region, not all valence electrons become free electrons, 

so some are trapped by the impurities in the sample, so these are also related to 

the hysteresis effect. 
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Au/BNNS/Mo Schottky barriers are analogous to those of Au/BNNS/Au. 

However, when interacting with two types of contacts, barrier heights are 

asymmetric. In other words, their values are not the same. This behavior could be 

observed from their I–V characteristic curves that would be discussed later. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2 Back-back Schottky barrier formed at metal-semiconductor-metal 

junctions. (a)–(b) Energy band diagrams of metal and semiconductor (n-type) after 

contacts, (c) energy band diagrams with external bias voltage. 

5.3 Set up and operation of current-voltage measurement system 

          Two back-to-back Schottky barrier structures were fabricated in the present 

study to obtain different electrical properties. First were performed with 

Au/BNNS/Au junctions, as shown in Figure 5.3(a). According to the synthesis 
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method, BNNSs were deposited onto the SiO2/Si substrates. Then, the gold 

electrode elements were deposited in an argon gas environment at a power level 

of 250 watts by a sputtering method. The sputtering rate was 10 seconds to 

produce the gold film of 80 nm on 1 μm thick BNNS film where the typical thickness 

of single sheet is around 3–4 nm. The separation between the gold electrodes was 

1 mm to form the back-to-back Schottky diode. In the same way, for Au/BNNS/Mo 

junctions, BNNSs were grown on the Mo substrate using the same techniques as 

the first case, as shown in Figure 5.3(b). Each of the Schottky diodes was 

connected to an external power supply whose voltage variable (V) was 0 to 20 V, 

and fixed resistance (R0) was 10 MΩ. Then, a heater was used to change the 

operating conditions of the Schottky structure on the I–V curve in the range of 0 to 

170 °C. 

 

 

 

 

 

Figure 5. 3 Schematic representation of the I–V measurements setup in 

Au/BNNS/Au and Au/BNNS/Mo contacts. (a) and (b) illustrate the Schottky 

contacts deposited on SiO2/Si and Mo substrates. Au and Mo are solid conductors 

while the BNNS film is a two-dimensional crystalline form of the h-BN. 

(a) (b)
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5.4 Transport properties  

Now, we focus on analyzing the electrical properties of BNNS films with two-

dimensional features in Au/BNNS/Au and Au/BNNS/Mo Schottky contacts. Then, 

we will study the effect of temperature on the current voltage (I–V) characteristic 

curve. 

BNNSs exhibit very promising electrical properties when a very small 

amount of current passes through them. Previous experiments have shown that 

C-doped BNNS could increase the adsorption energy of NO and NO2 [45], thereby 

changing its electronic structure and band gap value. This change in settings 

makes it exhibit stable hysteresis characteristics, especially when analyzing under 

low voltage levels between terminals. Consequently, BNNS thin film shows a 

hysterical region close to the origin point when measured on scales from 0 to 3 V 

in steps of 0.01 V, both in forward and reverse bias voltages, as shown in Figures 

5.4(a) and (b). When the temperature changes between 20 and 100 °C, a 

hysteresis symmetric structure in the range of ± 0.1 to ± 0.2 V can be seen, and 

high thermal stability is maintained. This makes it a promising candidate for a 2D 

material with the hysteresis characteristics of two back-to-back connected 

Schottky junctions. In addition, it is observed that the hysteresis at 100 °C is slightly 

higher than that at 20 °C, which may be due to the increase in electron tunneling 

oscillating near that interval and boron vacancies that act as trapping centers. 

These electrical changes can be seen in detail in the upper part of the I–V 

illustrations. Many factors will affect the hysteresis effect. Doping content and 

interface structure may play a dominant role in these phenomena. A high degree 
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of hysteresis stability over a wide range can be achieved in a heavily doped wide-

bandgap material where charge trapping is justified and enhanced. This should be 

important for future memory devices or electronic systems. 

A more in-depth study is essential if hysteresis is to be obtained over a wide 

range of voltage since until now the stability of the Schottky contact with hysteresis 

at low voltages has been demonstrated. One of the techniques to enhance the 

electrical properties of BNNS is to decrease the bandgap through doping; in this 

case, a small amount of carbon was added, which in turn created Boron vacancies, 

thus converting it into a material with n-type characteristics. 

If the operating conditions of Au/BNNS/Au Schottky diodes are taken from 

0 to ±20 V in steps of ±0.1 V, non-ohmic behavior is dominant, and the hysteresis 

of BNNS film is negligible at 25 and 100 °C, as shown in Figures 5.4(c) and (d). 

Previous studies have shown that charge trap states at the SiO2/h-BN interface 

were not sufficiently changed in hysteresis because they were occupied by 

electron-hole pairs, which suggests the h-BN film is sufficiently thick and prevents 

electron tunneling, thus creating a clean and inert interface. Through carbon 

doping, h-BNNS layers show improved conductivity, generating a small amount of 

free charges on the SiO2/BNNS interface by the action of a low voltage supply (0 

to 3 V in steps of 0.01 V) through Au/BNNS/Au junctions. Conversely, if the voltage 

increases from 0 to 20 V in steps of 0.1 V, this effect is not appreciated. Therefore, 

the Schottky barrier potential acts as a high-speed current rectifier at the metal-

semiconductor junction, where hysteresis is not appreciable due to its small 

interaction surface, thereby reducing charge traps in the junctions. 
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On the other hand, in Au/BNNS/Mo Schottky barrier diodes, hysteresis is 

dominated at small forward bias voltages taken from 0 to 3 V in steps of 0.01 V, 

forming various charge traps around 0.09 and 0.17 V, as shown in Figure 5.5(a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 4 Au/BNNS/Au Schottky contacts with and without hysteresis on Si/SiO2 

substrates taken in 0.01 V and 0.1 V steps at temperatures of 20 °C and 100 °C in 

the I–V curve. (a) At a low level of forward bias, (b) at a low level of reverse bias, 

(c) at a high level of forward bias, (d) at a high level of reverse bias. 

The temperature change from 20 to 170 °C does not change its hysteresis 

characteristics thus ensuring the maximum stability in high-temperature 

environments. Instead, under the reverse bias voltage, the hysteresis becomes 
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unstable, and the change is not sufficiently visible, which may contradict the 

analyzed precondition, as shown in Figure 5.5(b). This effect may be due to the 

change of the Schottky barrier height by the junctions of two metals with different 

work functions and the semiconductor. In addition, the contact area between the 

junctions is not the same, so an asymmetric curve appears in the I–V curve. The 

obtained experimental data clearly indicated that the samples are very stable over 

a wide temperature range. Doping content and the interface structure may be a 

dominant factors in back-to-back contacts. Differences in symmetry and applied 

voltages due to the different structures of BNNS/Au or BNNS/Mo suggest that 

charge traps reduce its mobility at the metal/BNNS interface. 

Au/BNNS/Mo Schottky contacts taken from 0 to ±20 V in steps of ±0.1 V 

have peculiar characteristics in the forward and reverse bias region with higher 

speeds at higher temperatures in the I–V curve, as shown in Figures 5.5(c) and 

(d). Increased tunnel current and thermal voltage affect the Schottky barrier 

heights, which depend on the work function of the metal and semiconductor [46, 

47]. When characterizing the Au/BNNS/Mo junctions, we observed that the 

Au/BNNS contact gives faster recombination of the electrons and holes than that 

of the Molybdenum.  These changes allow the behavior of the back-to-back 

Schottky contact to be asymmetric as discussed above. In addition, charge traps 

of the majority carriers (electrons) by sample impurities in the bandgap region are 

considerably reduced by the presence of a large electric field, without the need for 

so much thermal energy. 
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Figure 5. 5 Au/BNNS/Mo Schottky contacts (a) – (b) with and without hysteresis 

effect taken from 0 to ± 3 V in steps of 0.01 V in the I-V curve, (c) – (d) with and 

without hysteresis effect taken from 0 to ± 20 V in steps of 0.1 V. 

As we have seen symmetric and asymmetric contacts, the electron 

tunneling mechanism and electron emission are universal. Because of the different 

methods that exist in the transfer of electrons; as for example, Poole-Frenkel 

emission, Schottky emission, Space-Charge-Limited-Conduction, trap-assisted 

tunneling, and hopping conduction are attributed to both tunneling and electron 

emission. However, these effects largely depend on the junction of the material 

and its characteristic electrical properties. In the case of two-dimensional 
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hexagonal boron nitride nanosheets, this is attributed to electron tunneling at the 

metal/semiconductor interface and electron emission caused by temperature 

changes. 

The novelty of this material is that it can enhance the device’s performance 

and data retention due to its functional properties, thermal-mechanical stability, 

and its relationship with resistive switching phenomena.  

The current-voltage characteristic of a Schottky diode is described by the equation 

                                                                 𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞𝑉𝐷

𝜂𝑘𝑇
) − 1] ,                                          (5.3) 

where 𝐼𝑠 is the saturation current (𝐼𝑠 ≈ 10-12 to 10-6 A) [48,49], η is the ideality factor 

(η typically varies from 1 to 2), 𝑘 is the Boltzmann constant (𝑘 = 1.38x10-23 m2kgs-

2K-1), 𝑇 is the absolute temperature, and 𝑉𝐷 is the bias voltage. 

Equation (5.3) is a better approximation among experimental curves for 

voltages not including higher forward bias (positive voltage). If the ideality factor 

approaches unity, the current in the diode is not driven by the potential barrier 

height for voltages higher than the barrier, but by the series resistance that is 

always in the circuit. 

                                                     𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉 − 𝑅𝑠𝐼)

𝜂𝑘𝐵𝑇
) − 1] ,                                         (5.4) 

thus 𝑉𝐷 = 𝑉 − 𝑅𝑠𝐼, where 𝑉 is the applied voltage and 𝑅𝑠 is the semiconductor 

resistance. 𝐼𝑠 is given by 

                                                                    𝐼𝑠 = 𝐴𝐴∗𝑇2𝑒−
𝛷𝐵
𝑘𝑇  ,                                                    (5.5) 
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where A is the active Schottky diode area (𝐴𝐴𝑢/𝐵𝑁𝑁𝑆/𝐴𝑢 = 3x10-11 m2, 

𝐴𝐴𝑢/𝐵𝑁𝑁𝑆/𝑀𝑜 = 7.85x10-5 m2), A* is the Richardson constant (A* = 3.12x105 Am-2K-

2), and 𝛷𝐵 is the barrier height. The barrier height is also given by 

                                                  𝛷𝐵 = 𝑘𝐵𝑇𝑙𝑛 [
𝐴𝐴∗𝑇2

𝐼𝑠
] .                                                            (5.6) 

Just like there are two Schottky contacts connected back-to-back, 

equations (5.4) can be written as two different voltage drops on single diodes, one 

polarized in the forward and the other in the reverse direction. Since the charge 

flowing through them are the same, we may express the diode equations with 

ideality factors [50, 51]. 

                                            𝐼 = 𝐼𝑠1 [𝑒𝑥𝑝 (
𝑞𝑉𝐷1

𝜂𝑘𝑇
) − 1]  𝐹𝑜𝑟𝑤𝑎𝑟𝑑 ,                                         (5.7) 

                                           𝐼 = −𝐼𝑠2 [𝑒𝑥𝑝 (−
𝑞𝑉𝐷2

𝜂𝑘𝑇
) − 1]  𝑅𝑒𝑣𝑒𝑟𝑠𝑒 ,                                    (5.8) 

where 𝑉𝐷1 and 𝑉𝐷2 are the voltage drops on single diodes. The equations are then 

                                                              𝑉𝐷1 =
𝜂𝑘𝑇

𝑞
𝑙𝑛 (

𝐼

𝐼𝑠1
+  1) ,                                            (5.9) 

                                                          𝑉𝐷2 = −
𝜂𝑘𝑇

𝑞
𝑙𝑛 (−

𝐼

𝐼𝑠2
+  1) ,                                     (5.10) 

and their sum is equal to the external voltage (𝑉𝐷1 + 𝑉𝐷2 = 𝑉).  By performing some 

mathematical techniques, we can express the current in the form of back-to-back 

Schottky diodes as 
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                                         𝐼 =
2

𝐼𝑠1

𝐴1

𝐼𝑠2

𝐴2
sinh (

𝑞𝑉𝐷

2𝜂𝑘𝑇
)

𝐼𝑠1

𝐴1
𝑒𝑥𝑝 (−

𝑞𝑉𝐷

2𝜂𝑘𝑇
) +

𝐼𝑠2

𝐴2
𝑒𝑥𝑝 (

𝑞𝑉𝐷

2𝜂𝑘𝑇
)

  ,                                (5.11) 

where 𝐴1 and 𝐴2 are the contact areas of the single diodes.  

In real asymmetric structures, the variation of barrier heights makes it 

unlikely that the ideality factors of the two contacts are the same. This type of 

contact cannot be described by simple analytical equations, and it is necessary to 

consider the series resistance, which allows better analysis of the experimental 

results. In this case, the current through the contacts is expressed for voltage drops 

on single diodes with their respective ideality factor. 

                                         𝑉1 =
𝜂1𝑘𝐵𝑇

𝑞
𝑙𝑛 (

𝐼

𝐼𝑠1
+ 1) ,                                                              (5.12) 

                                      𝑉2 = −
𝜂2𝑘𝐵𝑇

𝑞
𝑙𝑛 (−

𝐼

𝐼𝑠2
+ 1) .                                                        (5.13) 

The external voltage (𝑉) between metal-semiconductor-metal is distributed 

into the voltage drops 𝑉1 and 𝑉2 on the series resistance  

                                                     𝑉 = 𝑉1 + 𝑉2 + 𝑅𝑠𝐼 ,                                                             (5.14) 

               𝑉 =
𝜂1𝑘𝐵𝑇

𝑞
𝑙𝑛 (

𝐼

𝐼𝑠1
+ 1) −

𝜂2𝑘𝐵𝑇

𝑞
𝑙𝑛 (−

𝐼

𝐼𝑠2
+ 1) + 𝑅𝑠𝐼 .                                 (5.15) 

Equation 5.15 is a general V-I expression for back-to-back Schottky diodes 

in devices containing an MSM, respectively. 

The Schottky barrier plays a central role in lowering the metal work 

functions, whose values range from 4.6 (molybdenum) to 5.2 eV (gold). The barrier 
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heights of Au/BNNS/Au Schottky diodes range from 0.332 to 0.732 eV in the 

forward and from 0.326 to 0.723 eV in the reverse. These slight variations do not 

significantly modify the symmetry of the I–V curve shown in Figures 5.4(c) and (d). 

Instead, in Au/BNNS/Mo junctions, values range from 0.763 to 1.043 eV in the 

forward (BNNS/Mo) and from 0.570 to 0.976 eV in the reverse (BNNS/Au). In fact, 

results show that BNNS/Au junctions reduce Schottky barrier heights better than 

BNNS/Mo junctions, which also influence the asymmetry of the I–V curve 

presented in Figures 5.5(c) and (d). Also, when changing the environment 

conditions from 20 to 170 °C, the barrier heights increase, which may be to the 

current increase through the metal/semiconductor junction since more electrons 

have sufficient energy to surmount the higher barrier due to thermal voltage.  

On the one hand, in the symmetrical structure, the leakage current 

decreases slightly with the increase in temperature, both in forward (1.53x10-6 to 

8.51x10-8 A) and reverse bias (1.90x10-6 to 1.01x10-6 A). This abnormal behavior 

of the diode indicates that recombination of carriers is affected by thermal voltage 

as well as trap-assisted tunneling current. Instead, in the asymmetric structure is 

the opposite both forward (1.57x10-7 to 6.38x10-6 A) and reverse bias (1.13x10-6 to 

5.03x10-6 A), which is typical of Schottky diodes when the absence of charge is 

higher in the junctions. This effect is also related to the contact area of the 

asymmetric junction (3x10-11 m2) is much larger than the symmetric contact 

(7.85x10-5 m2), which generates larger recombination of electron tunneling through 

the Schottky contact surface, thereby increasing the leakage current as of the 

temperature increases.  
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The parameter that allows specifying the metal-semiconductor junction is 

the ideality factor η. When Schottky diodes are dominated by ideal thermionic 

emission the ideality factor η has a range of 1. However, when other physical 

mechanisms are added to thermionic emissions, such as thermally assisted 

tunneling and field-enhanced tunneling, η becomes larger than 1. In the back-to-

back Schottky diode, the calculation of the ideality factor is based on the 

mechanism of the voltage drop across the individual barriers. The values obtained 

in Au/BNNS/Au contacts are in the forward range from 2.50 to 1.22 and in the 

reverse range from 4.38 to 1.66. In this procedure, we observed that η decreases 

with increasing temperature from 20 to 100 °C. Likewise, in Au/BNNS/Mo contacts, 

η is in the range from 1.79 to 1.04 in the forward, and from 4.16 to 1.83 in the 

reverse, which is similar to the previous case, but this time the conditions were 

from 20 to 170 °C. This indicates that diffusion currents are increased due to the 

thermionic effect, and the thermal energy provided to the charge carriers is larger 

than the work function of the conductor material. 

Since electrons pass through the BNNS film at a low energy level than the 

Schottky barrier height, the tunneling effect affects the hysteresis characteristics 

of the material. Solving the Schrodinger equation in one dimension allows us to 

understand these physical details through the transmission coefficient, which is 

proportional between the modules of the square wave function as  

                                                 𝑇 =
|𝛹𝐵|2

|𝛹𝐴|2
= [1 +

𝑈0
2𝑠𝑖𝑛ℎ2(|𝑘|𝑑)

4𝐸(𝑈0 − 𝐸)
]

−1

,                             (5.16) 
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                                                        𝑇~ exp (−2√
2𝑚(𝐸 − 𝑈0)

ħ2
𝑑) ,                                  (5.17) 

where 𝛹𝐴 is the wave function in the conductor region, 𝛹𝐵 is the wave function in 

the semiconductor, 𝑈0 is the barrier potential (𝑈0 = 𝛷𝐵), 𝑑 is the depletion zone 

width, 𝐸 is the energy of the electron (𝐸 < 𝑈0), 𝑚 is the mass of the electron, and 

𝑘 = √
2𝑚(𝐸−𝑈0)

ħ
. When the depletion zone is about 10 nm or less, it promotes 

electron tunneling, which is conducive to charge flow and reduces hysteresis. 

Since the thickness of BNNS is around 3-4 nm, the tunneling effect would affect 

the hysteresis characteristics, leading to a lowering of the energy barrier due to the 

interaction with the electric field in the metal-semiconductor interface. 
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5.5 Conclusions 

Au/BNNS/Au Schottky contacts favor the reduction of the tunneling effects 

and carrier recombination, maintaining an almost constant flow of electrons 

through the BNNSs film. Under low bias voltage, it exhibits a stable symmetric 

hysteresis and improved adsorption energy by the concentration of a slight amount 

of carbon in the BNNS two-dimensional atomic layers. 

On the other hand, Au/BNNS/Mo Schottky barrier exhibits stable hysteresis 

characteristics under low bias voltages in environments up to 170 °C. When 

electrons tunnel from the Mo-BNNS to the BNNS-Au interface, the hysteresis effect 

is reduced in the sequential I–V seeping. This suggests that in reverse bias there 

is little effect on the emission of the electron traps due to the action of a large 

electrical field at the junction, which is compatible with the Poole-Frenkel effect. 

When the charge switching speed increases rapidly with a slight increase in bias 

voltage and temperature, the hysteresis area becomes smaller and smaller, which 

makes it a rectifier with low energy loss. 

It can be concluded that the hysteresis loops in Au/BNNS/Au and 

Au/BNNS/Mo Schottky diodes are directly affected by variable parameters of 

series resistance and barrier lowering. The mechanism of the charge traps could 

be attributed to the electrons directly tunneling on the interface, and the release of 

trapped electrons due to thermionic emission. This is convincing with observations 

made at the Schottky barrier when current- voltage (I–V) operating conditions 

change at the BNNS film. 
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Chapter 6 

Summary and Future Work 

The research performed in this thesis has contributed significantly to recent 

advances and important new developments in 2D materials “beyond graphene”, 

providing details on the dynamics of synthesis, atomic scale nanosheet 

characterization, crystal structure evolution between adjacent layers, and their 

applications in photodetectors and non-volatile memory. We also review new 

challenges in the 2D family, especially in TMDs and BNNS, as they cover a wide 

range of electrical, optical, thermal, mechanical, and chemical properties, 

respectively. The important advancements are briefly described in this section.  

In chapter 2, we used WS2 nanopowder at a concentration of 1 mg/ml in a 

mixture of ethanol 90%, methanol 5%, and isopropanol 5% to produce 2D WS2 

nanosheets. Obtaining micron-layered materials for few-layered nanosheets 

remains a challenge even with the most sophisticated techniques. However, 

mechanical exfoliation is the most straightforward and universal method for 2D 

materials due to the weak Van der Waals' force between the adjacent layers. We 

also demonstrated that it was possible to obtain high-quality nanosheets for thin 

films on SiO2/Si substrates using the spin coating method. In comparison to 

different fabrication techniques, the apparatus is widely used by the 

microelectronics industry, research, and technology sectors due to its weight, size, 

space, simplicity, easy transportation, and low cost, which makes them the most 

widely used in several scientific applications. Instead, CO2-PLD proved to be one 
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of the most attractive methods for synthesizing BNNS thin films on SiO2 and Mo 

substrates with a hBN sputtering target of 99.9% pure, preventing post-deposition 

contamination and changes to its high purity. Due to the CH4 environment in the 

vacuum chamber, BNNS thin films with carbon atom concentrations were achieved 

when the deposition was kept at 300 °C for 20 min. SEM analysis revealed that 

the entire surface of the substrate was covered with disk shape BN nanostructures, 

which indicated a relatively short time to grow large-scale materials. Finally, to 

fabricate lateral and vertical structures, gold atoms were deposited by sputtering 

technique to obtain prototypes of the Au/WS2/Au, Au/BNNS/Au, and Au/BNNS/Mo 

shapes, designed to measure optical responses, and the current-voltage effects.  

In chapter 3, the main characterization techniques were briefly described, 

outlining their theoretical working principles and their relation to the studies carried 

out in this thesis. In this sense, the SEM analysis mechanism can reproduce a 

variety of two-dimensional images, scanning the surface of a sample, and 

revealing information about the surface topography, orientation, and crystalline 

structure. But EDS or EDAX is an X-ray technique used to identify the chemical 

compositions of materials. Instead, Raman spectroscopy is based on the inelastic 

scattering of incident light through the excitation of vibrational modes of solids or 

molecules and provides detailed information about phase, chemical structure, 

crystallinity, and molecular interactions. While,  X-ray diffraction (XRD) allows for 

determining the positions of the atoms, chemical bonds, crystallographic disorder, 

and molecular structure of a crystal when an incident X-ray beam is diffracted into 

many specific directions. The scattering of the atoms is elastic, and the scattered 
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beams maintain the same wavelength as the incoming beams. Finally, UV/Vis 

measures light absorbance based on frequencies or wavelengths in the ultraviolet 

and visible regions. This process depends on the number of excited electrons in 

the ground state, as well as on the concentration of molecules in the sample. The 

absorbance (A) versus wavelength (λ) produces the spectrum, which is helpful for 

identifying an unknown compound. 

In chapter 4, we studied 2D WS2 nanosheets for self-powered 

photodetectors on Au/WS2/Au junctions under the visible spectrum.  Our device 

presented an excellent photoresponse to the mere action of light without the 

addition of an external power supply. This behavior was related to structural 

defects and strongly influenced their optical properties. For example, If the WS2 

sample is pure, the ratio of S and W must be 2 to 1, which is difficult under ambient 

conditions and even in vacuum environments due to the interstitial defects of the 

lattice in the film growth process. In our bulk material (nanopowder), energy-

dispersive X-ray analysis showed an S/W ratio of 1.70 while exfoliated nanosheets 

were around 1.2 to 1.34, which indicated certain deficiencies in the S atoms. These 

changes induced localized states within the bandgap of pristine WS2, resulting in 

a higher conductivity in photoelectric conversion. In addition, S vacancies were 

substituted by oxygen atoms so as not to create defect states in space or an 

optically accessible subgap state. On the other hand, the UV–visible absorption 

spectra of the WS2 nanosheets exhibited a prominent peak at 634 nm and a small 

peak at 528 nm corresponding to the characteristic excitonic A band and indirect 

B excitonic transition. The first peak corresponds to an optical bandgap of 1.95 eV, 
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higher than the bulk sample value of about 1.35 eV. An increase in bandgap is a 

clear indication of quantum confinement among the stacked few layered. These 

changes have given rise to a self-powered photodetector, with the ability to detect 

light across the entire visible spectrum, thus revealing a strong photoresponse at 

670 nm. The responsivity of the device reached 0.12 mA/W at 5.2 mW/cm2 with a 

bias of 0 V., while at 2.0 V was 12.74 mA/W and detectivity of 1.2 × 1010 cm Hz1/2 

W-1 at 4.1 mW/cm2.  

In future research, we believe that 2D WS2 nanosheets will have a wide 

range of applications due to their semi-conducting properties, large absorption 

coefficient, sensitivity to inter-layer interactions, and tunable bandgaps ranging 

from 1.2 to 2.05 eV according to the layer structure. Z. Huang et al. [1] reported a 

novel flexible self-powered PEC-type photodetector based on 2D tungsten sulfide 

(WS2)-graphene heterojunction, fabricated on indium-tin-oxide (ITO) substrate. S. 

C. Zhao [2] fabricated a photodetector based on 2D-WS2/organic semiconductor 

materials, where the application of Poly-TPD/PCBM organic blend film enhanced 

light absorption. T. D. Anthopoulos et al. [3] also showed that the hole transport 

layers comprising WS2 exhibited higher uniformity on indium tin oxide than those 

of MoS2, and consistently yield solar cells. Recently, we discovered that our 

material can also measure UV light in the range of 200 to 370 nanometers. These 

are some of the many applications being realized in the field of photodetectors, 

and more are likely to be discovered as the properties of the material are explored. 

However, for future work it is proposed to fabricate an asymmetric lateral junction 

photodetector to improve the response time to illumination, since in a symmetric 
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M-S-M device, the Schottky barrier heights (hole and electron) are restricted by 

the bandgap of the semiconductor [4]. Thus, photocurrent direction depends on 

the concentration of carriers in the metal-semiconductor junction, which 

sometimes generates hole current and sometimes electron current due to the low 

Schottky height. The rationality of this project will be based on the fact the device 

will be made of different metal elements with optimal Schottky barrier heights at 

the M-S and S-M interfaces, which will allow better optimization of each barrier and 

will reduce charge buildup at the heterointerface. This will result in a low signal-to-

noise ratio, reduce leakage current, facilitate electron transfer, provide abundant 

free electrons, and improve sensing capabilities. 

In Chapter 5, we investigated carbon-doped BNNS on SiO2/Si and Mo 

substrates by the CO2-PLD technique. The studies were performed in the form of 

back-to-back Schottky diodes on Au/BNNS/Au and Au/BNNS/Mo junctions. Our 

device presented a stable hysteresis over a wide range of temperatures, which 

makes them a promising candidate for materials based on non-volatile memory 

devices. BNNS bandwidth was in the range of 4–6 eV, and by doping with enough 

carbon (C), the bandgap was minimized, such that the material exhibited the 

electrical properties of a semiconductor. The carbon concentration also created a 

narrow depletion region that enabled electrons to move above their thermal 

equilibrium value. Due to the large amount of carriers generated in the depletion 

region, not all valence electrons become free electrons, some are still trapped by 

impurities in the sample, so these are also related to the hysteresis effect. The 

carbon addition also created boron vacancies, thus becoming a partially ionic 



162 
 

material with n-type electrical properties.  In addition, the band-gap reduction of 

BNNS lead to measurements of current-voltage (I–V) curves that showed 

symmetrical and non-symmetrical characteristics at low and high bias voltages.   

BNNS thin film exhibited hysterical regions close to the origin (± 0.1 to ± 0.2 

V) when measured at forward and reverse bias voltages on scales from 0 a 3 V in 

steps of 0.01 V. This effect was observed between 20 and 170 °C, which indicated 

high thermal stability, while non-ohmic behavior was dominant when the operating 

conditions were from 0 to ±20 V in steps of ±0.1 V, and the hysteresis of BNNS film 

was negligible. However, we observed that the leakage current was higher for 

symmetric lateral contacts than for asymmetric vertical contacts. This indicated 

that characteristics of the contacts, such as the Schottky barrier heights are very 

important parameters that determine the electrical behavior of both ohmic and 

rectifying contacts to avoid further leakage current due to the low Schottky height.  

Our contribution to this topic may lead to practical application in the future. 

This work provides an avenue for understanding the interaction of two-dimensional 

nanomaterials in applications of non-volatile memory devices and highly stable 

back-to-back Schottky diodes. E. Wang et al. [5] observed the disappearance of 

the ferromagnetic response upon removal of the carbon from the BN lattice, 

suggesting that the observed magnetism originated from doping.  These changes 

in their electrical properties could be used to extract the uranium by the 

photocatalytic reduction technique [6]. We extend the application of carbon-doped 

BNNSs as a new alternative for high-stability photodetectors from UV to visible 

light in lateral and vertical asymmetric contact. In a study conducted by M. Sajjad 
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[7], BNNS photodetector was shown to be highly sensitive to deep UV light sources 

but did not show any results in the visible spectrum (400–700 nm), which would be 

a new opportunity to test the prototype. Due to their variable band energy, C-doped 

BNNS could be a highly sensitive material for the detection of toxic gases for both 

reducing and oxidizing elements. F. A. Rad et al. [8] showed that C-doped BNNS 

enhanced the adsorption energy of NO and NO2 and was able to significantly alter 

the electronic structure of nanosheets, which can be evidenced by the variation of 

the band-gap value. In addition, our recent discoveries reported that BNNSs 

decorated with silver nanoparticles (AgNPs) could be on their potential application 

for high-performance photodetectors, from the UV (200 to 370 nm)  to the visible 

spectra. Therefore, incorporating AgNPs on BNNSs provided a molecular platform 

for developing new 2D BNNS-based hybrid nanomaterials.   
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