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This dissertation tested the hypothesis that energy transferred from a plasma or plume can 

be used to optimize the structure, chemistry, topography, optical and electrical properties of pulsed 

laser deposited and sputtered thin-films of ZnO, a-BOxNy, and few layer 2H-WS2 for transparent 

electronics devices fabricated without substrate heating or with low substrate heating. Thus, the 

approach would be compatible with low-temperature, flexible/bendable substrates. Proof of this 

concept was demonstrated by first optimizing the processing-structure-properties correlations then 

showing switching from accumulation to inversion in ITO/a-BOxNy/ZnO and ITO/a-BOxNy/2H-

WS2 transparent MIS capacitors fabricated using the stated processes. The growth processes 

involved the optimization of the individual materials followed by growing the multilayer stacks to 

form MIS structures. ZnO was selected because of its wide bandgap that is transparent over the 

visible range, WS2 was selected because in few-layer form it is transparent, and a-BOxNy was used 

as the gate insulator because of its reported atomic smoothness and low dangling bond 

concentration. The measured semiconductor-insulator interfacial trap properties fall in the range 

reported in the literature for SiO2/Si MOS structures. 

X-ray photoelectron spectroscopy (XPS), Hall, photoluminescence, UV-Vis absorption, 

and X-ray diffraction (XRD) measurements investigated the low-temperature synthesis of ZnO. 

All films are nanocrystalline with the (002) XRD planes becoming more prominent in films grown 

with lower RF power or higher pressure. Low power or high chamber pressure during RF 

magnetron sputtering resulted in a slower growth rate and lower energetic conditions at the 

substrate. Stoichiometry improved with RF power. The measurements show a decrease in carrier 

concentration from 6.9×1019 cm-3 to 1.4×1019 cm-3 as power increased from 40 W to 120 W, and 



 

an increase in carrier concentration from 2.6×1019 cm-3 to 8.6×1019 cm-3 as the deposition pressure 

increased from 3 to 9 mTorr.  The data indicates that in the range of conditions used, bonding, 

stoichiometry, and film formation are governed by energy transfer from the plasma to the growing 

film.  

XPS characterizations, electrical measurements, and atomic force microscopy (AFM) 

measurements reveal an increase in oxygen concentration, improved dielectric breakdown, and 

improved surface topography in a-BOxNy films as deposition pressure increased. The maximum 

breakdown strength obtained was ~8 MVcm-1, which is comparable to a-BN. Metal-Insulator-

Metal (MIM) structures of a-BOxNy grown at 10 and 15 mTorr suggest a combination of field-

enhanced Schottky emission and Frenkel-Poole emission are likely transport mechanisms in a-

BOxNy. In comparison, better fitted data was gotten for field enhanced Schottky emission which 

suggests the more dominant mechanism.  The static dielectric constant range is 3.26 – 3.58 for 10 

and 15 mTorr films. Spectroscopic ellipsometry and UV-Vis spectroscopy measured a bandgap of 

3.9 eV for 15 mTorr grown a-BOxNy. 

2H-WS2 films were grown on both quartz and a-BOxNy which revealed that the XRD (002) 

planes became more prominent as substrate temperature increased to 400 oC. AFM shows nano-

grains at lower growth pressure. Increasing the growth pressure to 1 Torr resulted in the formation 

of larger particles. XPS chemical analysis reveals improved sulfur to tungsten ratios as pressure 

increased. Sulfur deficient films were n-type, whereas sulfur rich conditions produced p-type films.  

Frequency dependent C-V and G-V measurements revealed an interface trap 

concentration (Nit) of 7.3×1010 cm-2 and interface state density (Nss) of 7.5×1012 eV-1cm-2  for the 

transparent ITO/a-BOxNy/ZnO MIS structures, and approximately 2 V was required to switch the 

a-BOxNy/ZnO interface from accumulation to inversion.  Using 2H-WS2 as the channel material, 

the ITO/a-BOxNy/2H-WS2 required approximately 4 V to switch from inversion to accumulation 



 

in both n and p-channel MIS structures. Interface trap concentrations (Nit) of 1.6×1012 cm-2 and 

3.2×1010 cm-2, and interface state densities (Nss) of 1.6×1012 eV-1cm-2 and 6.5×1012 eV-1cm-2 

were calculated for n and p-channel 2H-WS2 MIS structures, respectively. The data from these 

studies validate the hypothesis and demonstrate the potential of ZnO, a-BOxNy, and few layer 

2H-WS2 for transparent electronics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

With evolving interest in consumer electronics, electronic technology has transitioned 

from button keys to touchscreen interaction in cellphones, and from bulky display units to flat-

screen units [1]. The goal is for industries to design visually appealing products that meet 

improved device performance. For example, Samsung in 2010 released her largest 3D 70” Ultra 

Definition (UD) using oxide semiconductor, and Apple’s IGZO display panels used in iPad Air 

and iPhones. Next-generation consumer electronic devices project towards complete see-

through. By sandwiching wide bandgap materials on transparent substrates [2]; varied electronic 

and optical properties/applications are achievable through manipulation of charge 

transport/injection or propagation of electromagnetic waves through structures. Wide bandgaps 

transparent conducting oxides like ITO and ZnO [3,4] as channel material, and highly insulating 

materials with high or low dielectric constants can be structured for different electronic 

applications [5,6]. Important requirements in the selection of materials for these heterostructures 

are cost and availability, chemical and interfacial stability of the structure, and ease of 

fabrication. ZnO, a-BOxNy, and a few-layered WS2 meet the stated requirement. 

Graphene show impressive electrical properties [7] and mechanical flexibility for flexible 

electronics [8,9]; however, its lacking intrinsic bandgap limits its application as a semiconductor 

material in 2D miniaturized electronic and optoelectronic applications. For example, the inability 

to switch off graphene-based transistors [10]. To solve the challenging problem of graphene in 

electronics; the study of transition metal dichalcogenides TMDCs advanced new opportunities 

for nanometer-scale electronic devices. Because most TMDCs transition from indirect to direct 
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bandgap as thickness reaches a few to single layer thickness, this makes 2D TMDCs potential 

candidates in electronic and optoelectronic applications without altering electronic properties 

[11]. Although TMDCs' bandgap values start around the red wavelength regions, the thickness of 

a few to single layers allows for penetration of higher photon energy thereby making these 

materials transmissive and potentially applicable in thin films transparent electronics [12]. 

Physical vapor deposition (PVD) technique ushers the benefit of processing time 

management, minimal impurities, large-area synthesis, thin film uniformity, and variability in 

process condition (i.e. temperature, pressure, etc). The stated benefits of PVD form the basic 

requirement of economic large-scale synthesis of materials studies in this work. This work 

employs low-temperature processing of ITO/a-BOxNy/ZnO/Ag and ITO/a-BOxNy/WS2/Ag MIS 

structure for transparent transistors. A rectifying current/voltage measurement and a capacitance 

switch from accumulation to depletion and inversion is the measured figure of merit to prove the 

hypothesis. 

1.2 Contribution of Dissertation 

Listed below are the contributions of this work: 

• Effect of sputtering power and pressure in low-temperature RF magnetron sputtering 
of ZnO 

• The effect of intrinsic non-stoichiometric defects in optical and electrical properties 
of low-temperature RF magnetron sputtered ZnO. 

• The effect of chamber pressure on surface morphology, chemistry and dielectric 
breakdown in RF magnetron synthesized a-BOxNy thin films. 

• Effect of substrate temperature on structure XRD preferred orientation of pulsed laser 
deposited 2H-WS2. 

• Effect of argon chamber pressure on the structure, surface topography, structure, and 
chemistry of pulsed laser deposited 2H-WS2. 
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• Electric analysis of transparent ITO/a-BOxNy/ZnO/Ag and ITO/a-BOxNy/WS2/Ag 
MIS capacitors. 

 

1.3 Thesis Outline 

The design of this work is shown in Figure 1.1. Chapter 1 covers the 

motivation/hypothesis, the overall contribution of this work to the scientific community, and the 

outline of this work. 

 
Figure 1.1: Research Flow Chart 

 
Chapter 2 discusses what has already been reported in the literature. This includes 

literature reviews in transistors, materials of studies ZnO, BN base materials, and Transition 

metal dichalcogenides with emphasis on WS2. Chapter 3 introduces the fundamentals of 

processing and characterization methods used for the growth materials studies in this work, 

details the experimental method of the processes used in the growth and fabrications of materials 

and heterostructures studies here. Chapter 4 covers the result of low-temperature growth of ZnO. 



4 

Chapter 5 covers the result of the low-temperature growth of a-BOxNy. Chapter 6 covers the 

result of the low-temperature growth of WS2. Chapter 7 covers the result of the electrical 

characterization and comparisons of ITO/a-BOxNy/ZnO/Ag and ITO/a-BOxNy/WS2/Ag MIS 

capacitors. Chapter 8 covers the conclusion section and recommended future work. 

1.4 Hypothesis 

Energy transferred from a plasma or plume during low temperature RF magnetron 

sputtering and pulsed laser deposition can be used to optimize film structure, chemistry, 

topography, optical and electrical properties of ZnO, a-BOxNy, and a few layers 2H-WS2 for 

transparent electronics applications. Prove of this concept is demonstrated by showing a 

capacitance-voltage switch from accumulation to inversion in ITO/a-BOxNy/ZnO and ITO/a-

BOxNy/WS2 MIS Capacitors fabricated using the stated physical vapor technique processes. 

1.5 Dissertation Objective 

The goal of this work is to characterize materials using spectroscopy, microscopy, optical 

and electrical characterizations for analysis of:  

• RF magnetron sputtered to ZnO thin films as potential channel materials for 
transparent transistors. 

• PLD processed few layers 2H-WS2 as a channel material for transparent transistors. 

• RF magnetron sputtered a-BOxNy as a dielectric insulator for transparent electronic 

• ITO/a-BOxNy/ZnO/Ag and ITO/ a-BOxNy /WS2/Ag MIS structures for transparent 
electronics. 

 

1.6 References 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview of Thin Film Transistors (TFT) and MIS/MOS Capacitor 

Although Julius Lilienfeld in 1926 patented the first Field Effect Transistor (FET), it was 

not until the 1930s that researchers started looking at possibilities of solid-state transistors. With 

the first Bell Lab’s official solid-state transistor dated back to 1948, they reported the successful 

work of John Bardeen and Walter Brattain. Bardeen and Brattain's work (investigating 

semiconductor surface states) preceded the fabrication of the MOSFET and later the first TFT 

was fabricated in 1962 [1]. 1973 welcomed the first TFT Liquid Display Crystal LCD [2]. The 

1990s introduced organic semiconductors as channel layers, with electron mobilities comparable 

to a-Si [3], which was an innovation amongst other works that is the motivation behind flexible 

devices. Recent studies are demonstrating TFT transitioning to completely transparent 

electronics. 

TFTs are typically structured as top-gated or bottom-gated with subdivisions of top or 

bottom electrodes are shown in Figure 2.1. 

 
Figure 2.1: TFT Structure: (a) Top-gate, bottom contacts, (b) Top-gate, Top contacts, (c) 

Bottom-gate, Top contacts and (d) Bottom-gate, bottom contacts [4,5]. 
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The major differences between a MOSFET and TFT include their fabrication processes; 

MOSFET technology includes layered fabrication process, e.g. ion implantation, layer growth 

from substrate i.e. thermal oxides, deposition, etc. while TFT requires just depositions. Although 

MOSFET fabrication offers better crystallinity than TFT; TFT can be fabricated on any 

substrate. After the first TFT-LCD, TFT applications have broadened to commercially available 

flat-panel X-ray detectors, resistive pressure sensors used in touch screens, electronic-skin 

sensors, and TFT biosensors, etc [6–8]. Metal-insulator/oxides-semiconductor (MOS/MIS) 

capacitors (Figure 2.2) are the building blocks of MOSFET and TFT transistors. A simple MIS 

capacitor comprises a sandwich of an insulator between a metallic conducting gate and a 

semiconductor. The semiconductor layer must have an ohmic connection to the power supply. 

 
Figure 2.2: MIS Capacitor Structure 

 
To simplify the fundamental principles of an MIS capacitor, let us consider a simple 

parallel plate capacitor. The parallel plate capacitor is described as two conducting 

metallic/metal-like plates separated by an insulator. With the left and right plate bias positively 

and negatively respectively, each corresponding plate will store equal charges with opposite sign 

conventions. The equations of a parallel plate capacitor can be summarized from Eqs. 2.1 to 2.3. 

𝑄𝑄 = 𝐶𝐶𝐶𝐶  Eq. 2.1 

𝐶𝐶 =  𝜀𝜀
𝑡𝑡
  Eq. 2.2 

𝜉𝜉 =  𝑉𝑉
𝑡𝑡
  Eq. 2.3 
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where Q is the charge stored, C is the capacitance of the insulator, V is the voltage applied across 

plates, t is the thickness of the insulating layer, ε is the permittivity of the insulator and ξ is 

electric field across plates. 

The MIS capacitor is identical to a simple parallel plate capacitor with a difference of 

replacing one of the metal plates with a semiconductor. Substituting one end of a metal plate 

with semiconductor results in variable capacitance behavior as voltage changes across the MIS 

capacitor. As the magnitude of the voltage across the MIS structure changes from positive to 

negative and vice-versa, depending on the carrier type of the semiconductor, capacitance regions 

change from accumulation of charge to depletion and further to inversion of charge. This is 

clearly illustrated with a simple band diagram (Figure 2.3). 

 
Figure 2.3: Band structure of MOS/MIS capacitor. Image adapted from 

[https://www.iue.tuwien.ac.at/phd/ullmann/3.html] 
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A typical MIS structure behaves like the parallel plate capacitor stated above. For an MIS 

structure with a p-type substrate; with a negative voltage applied the metal plate results in 

negative charges accumulated at the metal plate and an equally positive charge on the 

semiconductor. As illustrated in the band diagram in Figure 2.3, the semiconductor band bends 

downward away from the interface. This region is called the accumulation region and 

capacitance in the accumulation region results from the insulator as described by equation 2.2. 

Applying a positive voltage to the metal plate of an MIS structure with a p-type substrate 

also results in a positive charge at the metal, and as a result of the generated negative charge at 

the semiconductor, the semiconductor region begins to deplete charge at the interface. This is the 

depletion region and the width of the depletion increases with an increase of positive voltage on 

the metal plate. Capacitance in the depletion region is typically lower than that of the 

accumulation; this is because of the contribution of depletion width and insulator thickness 

resulting in a total increase in thickness. The capacitance during depletion of an MIS structure is 

a series of insulator capacitance and depletion layer capacitance of the semiconductor: 1
𝐶𝐶

= 1
𝐶𝐶𝑖𝑖𝑖𝑖𝑠𝑠

+

1
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑

 . At a point when the semiconductor region is completely depleted, a negative charge is 

accumulated at the interface of the insulated/semiconductor. This region is termed Inversion and 

the p-type semiconductor behaves as an n-type and vice-versa. 

 The maximum depletion layer thickness can be calculated from equations 2.4 and 2.5 by 

approximating the surface potential (𝜙𝜙s) at the interface of the insulator and semiconductor equal 

two times the Fermi potential (𝜙𝜙f). 

𝜙𝜙𝑓𝑓 =  𝑉𝑉𝑡𝑡 ln( 𝑁𝑁𝑑𝑑
𝑁𝑁𝑖𝑖

) Eq. 2.4 

𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 =  �2𝜖𝜖𝑠𝑠 (2𝜙𝜙𝑓𝑓)
𝑒𝑒𝑁𝑁𝑑𝑑

�
0.5

 Eq. 2.5 
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where: Wmax: Space Charge Layer, 𝜙𝜙f = (Ef – Ei): Fermi Potential, Nd: Extrinsic Carrier 

Concentration, Ni: Intrinsic Carrier Concentration, ϵs: permittivity of semiconductor, e: charge of 

an electron, Vt: Thermal Voltage = kBT/e, where kB: Boltzmann Constant and T is Temperature in 

Kelvin. 

2.2 Capacitance: Voltage Characteristics of an MIS Capacitor 

The capacitance is measured as a function of applied DC voltage and is obtained as a 

combination of a small signal AC voltage alongside applied DC voltage. 

Figure 2.4 depicts capacitance-voltage characteristics of an MIS structure with a p-type 

semiconductor. As stated above, both accumulation and inversion region capacitance are 

insulator capacitance, but on the other hand, a CV measurement is significantly affected by the 

frequency of the AC voltage across the MIS structure. Typically, high frequency affects the 

response of change in the inversion layer.  

 
Figure 2.4: Capacitance-Voltage plot of MIS-structure (p-type semiconductor). 

 
In a real MIS structure, undesired charges within the insulator or at the insulator-

semiconductor interface can be observed by CV measurement. These charges are either fixed 
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oxide charges or interface trapped charges. Fixed oxide charges are known to shift the position of 

threshold voltage the flat-band voltage of an MIS capacitor, but are not a function of applied gate 

bias. Because fixed oxide charges are independent of gate voltage, the shape of a CV curve with 

fixed oxide charges remains the same after every voltage shift.  The flat-band voltage will shift 

to a positive charge for a negative fixed oxide and vice versa. Because of the discontinuity of the 

periodicity of the semiconductor structure at the interface of the insulator-semiconductor, 

electronic states also known as interface states are generated. The interface states can allow 

charge transport to and from the semiconductor resulting in possible trapped charges. The 

interface states are a function of the gate bias and will result in a distorted CV curve. 

2.3 Materials of Study 

This work has investigated PVD processes of ZnO, WS2, and a-BOxNy. Semiconducting 

ZnO and BN-based insulators have bandgaps large enough to transmit visible light. BN-based 

insulators are atomically smooth and free of dangling bonds. In WS2, the growth of a few layers 

with thickness less than the penetration depth will transmit visible wavelengths. Overall the 

above-stated materials are chemically stable; therefore, device stability is promising. ZnO has a 

direct bandgap transition while BN-based compound and WS2 attain direct band transition as 

thickness approach monolayer. Cost plays a big role in material selection and device fabrication. 

2.4 ZnO as Transparent Conducting Oxides (TCO); Towards Transparent Transistors 

ZnO occurs in polymorphs of wurtzite [9], zinc blend [10], or rocksalt [11] as depicted in 

Figure 2.5. With the wurtzite structure being the more favorable thermodynamically stable 

polymorph at atmospheric conditions. The wurtzite structure has a hexagonal unit cell and 

belongs to the p63mc space group. ZnO Zinc blende structure (F4�3m space group) can be 

achieved by growth on a cubic substrate while rocksalt structure with space group Fm3m can be 
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achieved by increased hydrostatic pressure during growth high as 10 GPa [12] and also a 

reported wurtzite-rocksalt transition upon compression [13]. The metastable rocksalt structure 

reverses back to wurtzite upon decompression [14,15]. ZnO is a direct bandgap material with a 

bandgap value of ~3.3 eV and a 60 meV excitonic binding energy shows good potential in 

optoelectronic applications [16]. Experimental band structure of wurtzite ZnO has been reported 

using various emission techniques [17,18]. In their work, Preston et al have used angular-

dependent resonant x-ray emission spectroscopy to study O k-edge band structure of wurtzite 

ZnO [19] shown (Figure 2.6). Advantages of ZnO as a direct wide bandgap material include low 

noise generation in electronic devices, it can sustain large electric field without joule heating, and 

also high power device applications. This is associated with the diminished phonon activities 

during electron transition from the valence to the conduction band. 

 
Figure 2.5: ZnO Polymorphs: (a) Rocksalt, (b) Zinc blende, (c) Wurtzite structure [20]. 

 
For transistor applications, to achieve significantly good response time, the 

semiconductor needs to have high carrier mobility. Electron mobility could be hampered by 

various scattering mechanisms: Phonon scattering which is a result of charge interacting with 

lattice vibration, piezoelectric scattering which are fields generated from strain within the 

phonon of the semiconductor structure, ionized impurity scattering which is association 
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coulombic deflection of impurity carriers, grain boundary scattering, and electron-electron 

scattering. It is expected that improved crystallinity, controlled doping or impurity levels play a 

significant role in improving mobility. Carrier mobility is also affected by temperature is because 

elevated device temperature can generate hot electrons from the valence to the conduction band 

of the semiconductor. Hot electrons increase the probability of electron to electron collision 

thereby diminishing the mobility. 

 
Figure 2.6: Wurtzite ZnO Band structure [19]. 

 
Growth of ZnO thin films has been reported using MBE [21], CVD [22], PLD [23], sol-

gel [24], and sputtering [25,26]. It is important to note that the choice of the substrate plays a 

significant role in the crystallinity of the ZnO films. The major consideration in substrate 

selection includes lattice matching, crystalline structure, and thermal expansivity as compared to 

the growth film. A significant lattice mismatch will result in induced strain in the growing film. 

Table 2.1 reports the lattice properties and thermal conductivities of various substrates in ZnO 
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film growth. And to demonstrate the significance of lattice-matched substrate in ZnO growth, 

Ghosh and Basak were able to show in their work that GaN the lowest lattice mismatch 

substrate, produced ZnO films with better crystallinity, preferred oriented (002), and low 

electrical resistivity [27]. 

Table 2.1: Lattice parameter of ZnO as compared to the various substrate [20]. 

 
 

ZnO in its natural state shows n-type carrier conduction, this is because of the presence of 

intrinsic non-stoichiometric defects like Zn interstitials (Zni) or oxygen vacancies (Vo). The 

presence of both intrinsic and extrinsic defects results in an increased ionized impurity scattering 

mechanism, thereby resulting in the reduction of carrier mobility. By reducing the number of 

point defects during growth in MBE grew ZnO films, Tsukazaki et al demonstrated significantly 

high mobility of 5000 cm2 V-1 s-1 at 50 K and 440 cm2 V-1 s-1 at 300 K for ZnO films with 

residual carrier concentrated of 4 × 1014 and 9 × 1015 cm-3 [28]. These values are much higher 

than the reported values of pure single crystal ZnO [29].  
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X-ray photoelectron spectroscopy (XPS) and photoluminescence spectroscopy (PL) are 

widely used techniques for chemical analysis and to study defect states in ZnO. XPS and PL 

analysis can be used to explain the electronic behavior in ZnO. As shown in Figure 2.7 (a) and 

(b) XPS spectra of ZnO. The core elemental scan contains spectra of O 1s and Zn 2p. The Zn 2p 

is split into 2p3/2 and 2p1/2 with a 22.97 eV separation [30]. Hsieh et al studied the chemistry of rf 

sputtered ZnO films on a SiO2/Si substrate [31]. They have performed post-annealing between 

600 – 900oC at a 75 mTorr pressure with varying oxygen concentrations (0, 20, and 100%). 

Using Mg kα as the x-ray source and XPS spectra calibrated to 284.6 eV binding energy for C 1s, 

they studied deconvoluted constituents in an O 1s spectrum. 

 
Figure 2.7: XPS Data for ZnO: (a) Survey spectrum, (b) O 1s spectrum [31]. 

 
Region Oa with binding energy 530.2 eV is attributed to O-2 oxidation state that is 

stoichiometrically bonded to Zn in ZnO, Ob with 531.4 eV was attributed to an O-2 oxidation 

state in the oxygen deficit region, while Oc with energy at 532.6 was attributed to O in OH 

groups. XPS data are similar to hydrothermally grown ZnO nanowires [32]. For sol-gel prepared 

ZnO nanoparticles, the XPS spectrum also shows asymmetry with a 527.8 eV region 

corresponding to stoichiometrically bonded O in ZnO and a 530.2 eV region corresponding to an 

oxygen deficit region in ZnO [33]. The presences of OH and C impurities, the non-stoichiometric 
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and stoichiometric regions result in asymmetry in O 1s XPS spectrum. The consistent asymmetry 

in the O 1s spectrum is arguably a significant influence in n-type conduction in undoped ZnO 

[34]. Under equilibrium conditions oxygen vacancies formation are governed by the defect 

equation: 𝑍𝑍𝑍𝑍𝑍𝑍 = 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑥𝑥 + 𝑉𝑉𝑜𝑜.. + 2𝑒𝑒− + 1
2
𝑂𝑂2. 

 
Figure 2.8: PL spectra of ZnO films with different oxygen content [35]. 

 
Kunj and Sreenivas have varied oxygen content in ZnO films grown on glass [35]. They 

have used PL to characterize grown ZnO samples and deconvoluted PL spectrum identified 

various emissions as depicted in Figure 2.8. PL emissions in ZnO are near bandgap emission 

(NBE) and Deep level emission (DLE). It is reported that NBE emission is a single excitonic 
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emission [36] but Kunj and Sreenivas observe splitting in NBE located in the UV range, and 

Xiao reported that increased broadening( resulting in splitting) in the NBE as a result of the 

reduction in grain sizes [37]. In the DLE, the peak located at 468 nm is not observed in the ZnO 

sample grown in 100% oxygen and has been associated with an oxygen vacancy. The peak at 

~419 has been reported to be contributed from Zn interstitials in the literature [38,39]. 

2.5 Boron Nitride Based Dielectric 

A variety of dielectrics, both high and low k, are being considered for use as gate 

insulators in transparent electronics [40,41].  Here, boron nitride (BN) has emerged as an 

attractive candidate because of its good surface topography, and a surface that is relatively free 

of dangling bonds and electronic traps [42]. Structurally, BN occurs as cubic c-BN, wurtzite w-

BN, hexagonal h-BN, rhombohedral r-BN, turbostratic t-BN, and an amorphous form a-BN. c-

BN and h-BN are the two most equilibrium stable structures of BN with sp3 and sp2 bonding 

respectively [43]. Atomic and lattice positions of the various phase of BN is summarized in 

Table 2.1. 

Table 2.2: Structural data of various BN phases [44]. 

 
 

 Its hexagonal polytype is of interest for use in 2D semiconductor systems because of its 

layered structure, and aforementioned excellent surface properties. Chemical analysis using XPS 
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suggests B 1s peak appears at 190.38 eV and N 1s appears at 397.88 eV [45] shown in Figure 

2.9. Because a-BN is predominantly sp2 bonded, XPS data is identical to h-BN [46]. 

 
Figure 2.9: XPS of core elements in h-BN [45]. 

 
Dean et al have reported almost an order of magnitude higher mobility for exfoliated 

graphene on h-BN substrates compared to SiO2 substrates [42], and Lee et al have shown that h-

BN is a superior encapsulant to HfO2 for MoS2 based transistors [47].  It should be noted that the 

synthesis of h-BN typically involves high temperatures and that the aforementioned 

demonstrations involved exfoliated h-BN films.  Experiments have shown that intentional 

incorporation of carbon during BN synthesis results in hybrid BNC structures which are a 

promising area for bandgap engineering of BN compounds [48], and it has been suggested that 

oxygen narrows the bandgap of BN nanotubes [49].  While crystalline BN films generally 

exhibit excellent chemical and thermal stability, and good atomic smoothness,  their specific 

structural, electrical, and optical properties vary significantly [44,50,51] depending on 

polymorph, bonding state (sp2 or sp3), and incorporated chemical impurities [52,53].  Efforts to 

target specific phases and properties of hexagonal and cubic BN by tuning growth conditions are 

ongoing [54–56]. 

Amorphous boron nitride (a-BNx) can be grown at significantly lower temperatures than 
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h-BN, which makes its synthesis compatible with a variety of other materials and substrates [57]. 

Thus, a-BNx has gained attention for use as substrates for graphene transistors [58], as a 

protective layer [59,60], and a gate dielectric [61,62]. a-BNx and h-BN are predominantly sp2 

bonded [63,64], and with bandgap values, in the 3.2 -5.9 eV [65–68] range, the material is 

transparent over the complete visible spectrum. Bulk h-BN is characterized by an indirect 

bandgap [69–71],  although recent work has shown a transition to direct bandgap when in 

monolayer form [72,73]. A variety of conduction mechanisms have been reported for films 

grown by different methods. Table 2.3 summarizes various insulator conduction mechanisms. 

Table 2.3: Conduction mechanisms in insulators [74]. 
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Novikov and Gritsenko reported on the conduction mechanism in 100 nm a-BNx films 

grown on Si substrates by pyrolysis between 400-600o C [75]. They studied Al/BN/Si MIS 

structures where the Al metal was thermally evaporated and showed that multiphonon trap 

ionization adequately described the measured behavior over a wide range of temperatures [28]. 

In contrast, Voskoboynikov et al proposed that Frenkel-type mechanisms in the bulk were 

responsible for the transport in low-temperature pyrolytic BN [76]. In other reports, Schmolla 

and Hartnagel proposed space charge limited conduction was the dominant mechanism in a-BNx 

thin films grown by organic plasma-enhanced chemical vapor deposition [77], while Ong et al 

proposed that phonon-assisted charge hopping between states near the Fermi energy was the 

dominant transport mechanism in a-BNx samples grown by ion beam assisted sputtering  [78]. 

The charge transport mechanism in a-BNx remains unsettled. Amorphous a-BOxNy films of 

variable compositions were recently reported to possess comparable breakdown strength and 

bandgap to a-BNx [79]. 

2.6 2-H WS2 Semiconductors 

WS2 exhibits three different phases shown in Figure 2.10: octaheral (1T) phase, trigonal 

prismatic (2H) phase, and the rhombohedral (3R) phases. In bulk form, the 1T and 2H phases 

exist as strongly bonded monolayers that a held by weak Van der Waal forces [80]. The 1T phase 

has a distorted structure and is metallic which the 2H is semiconducting. 2H-WS2 has been 

reported to have an indirect bandgap of ~1.2 eV in the bulk form [81], but a transition to a direct 

bandgap of 1.9 eV in the monolayer [80]. A single crystal of 2H-WS2 belong to the P63/mmc 

space group while a single layer of 2H-WS2 has a P6�m2. It is reported that the lattice constant 

for a single crystal 2H-WS2 is a = 3.153 Å and c = 12.323 Å [82]. The growth process of WS2 

films includes CVD, ALD, sputtering, PLD. Because WS2 has a small effective electronic mass 
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as compared to other transition metal dichalcogenides, it is theoretically projected to exhibit 

higher mobility [83,84]. 

 
Figure 2.10: Phases of WS2 [85]. 

 
CVD growth of WS2 includes direct sulfurization of tungsten oxides or W metal [86,87]. 

In direct sulfurization, the sulfur vapor is transported by an inert gas to the already deposited 

oxide or metal where the chemical reaction occurs. Other CVD techniques involve the reaction 

of tungsten base compounds like W(CO)6, WCl6, or WOCl4 with sulfur supplies from H2S, 

HS(CH2)2SH, or HSC(CH3)3 [88,89]. In ALD growth of WS2, W(CO)6 has been reported as the 

precursor and H2S the reactant [90]. Other works have synthesis ALD grown WS2 with WF6 and 

H2S in H2 plasma [91]. Sputtering of WS2 has not been effective in synthesizing stoichiometric 

WS2 films, results show that the best S/W ratio of 1.5 was achieved at higher sputter pressure 

[92]. This could be associated with the higher vapor pressure of S atoms. The incorporation of 

H2S in plasma has been reported to increase the S/W ratio to ~1.8 [93]. Because of the advantage 

of almost congruent ablation of target material in PLD growth resulting in equaling chemical 
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composition of target and film growth on the substrate; PLD grown WS2 is an emerging area of 

interest [94–96]. In PLD processing of WS2, it has been observed that low power density results 

in improved sulfur concentration and but also diminishing crystallinity [97]. There have been 

reported success in doping of PLD films by incorporation of dopant during target fabrication 

[98].  Also, PLD-grown WS2 films have been shown to have carrier mobility significantly higher 

than CVD grown making PLD processed WS2 a better choice of process for high response 

electronic devices [84]. Chemical analysis of WS2 thin films using x-ray photoelectron 

spectroscopy XPS as shown in Figure 2.11 reports a split in both W4f and S2p spectra. W4f7/2 

located at binding energy 32.9 eV while W4f5/2 located 35.1 eV; S 2p3/2 161.7 eV is located at a 

binding energy of  [94,97,99,100]. 

 
Figure 2.11: XPS Spectra of WS2: (a) S2p, (b) W4f [94]. 

 
With the application of density function theory (DFT) and local density approximate 

(LDA); the band-structure is estimated for both single crystal and single layer 2H-WS2 shown in 

fig. 2.12 (a) and (b). As shown in Figure 2.12(a), the conduction band minimum lies between K 

and Γ point of the Brillouin zone and a corresponding bandgap ~1.2 eV suggesting indirect 

transition in bulk. On the other hand, Figure 2.12(b) shows that for a monolayer 2H-WS2, the 
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conduction band minimum is at the K point with energy 1.6 eV corresponding to the bandgap of 

a monolayer WS2. 

 
Figure 2.12: Band structure of 2H-WS2 (a) Single-crystal, (b) Single layer [81]. 

 
In electronic devices, WS2 has been successfully shown to serve as a channel material in 

light-emitting transistors; in one of the instances, WS2 was stacked in with an ionic liquid gated 

material [101]. High room temperature mobility (83 cm2 V-1 s-1) transistors comprising of a stack 

of WS2 and high k Al2O3 have been reported with mechanically exfoliated single-layer WS2 and 

ALD grown Al2O3 [102]. Other groups have also reported high photocurrent generations from 

WS2 base transistors with photoresponse exceeding that of MoS2 base phototransistors [103], and 

high responsive WS2 base flexible photodetectors with WS2 room temperature carrier mobility of 

50 cm2 V-1 s-1 [104]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

3.1 Introduction 

This chapter briefly discusses the basic principle of physical vapor deposition techniques 

applied for thin-film growth in this thesis, the fundamental principles of material characterization 

techniques used in this study, and procedures in the growth and preparation of thin films used. 

3.2 Physical Vapor Deposition (PVD) Techniques 

These are deposition processes involving the transportation of atomic or molecular 

constituents vaporized from a solid (target) or liquid. This processing requires an ultra-high 

vacuum or low pressure, and/or a directional plasma of vaporized matters to impinge on a 

substrate. PVD is effective in thin-film processing, also can be used in both elemental and 

complex compound growth. PVD can be categorized into high vacuum depositions (e.g. Pulse 

laser depositions and  Molecular beam epitaxy), sputter, arc vapor deposition, and ion plating [1]. 

3.2.1 Pulsed Laser Deposition PLD: 

PLD deposition processes involve a setup of a pulsed laser, optics, a high vacuum 

chamber, target material, and a substrate. The laser is optically focused onto a rotating target as 

shown in Figure 3.1. The ablation process generates a plume that consists of atoms, diatoms, and 

low mass matter in form of a plasma. Typical PLD laser operates in the UV range and should be 

in 10 – 50 nanoseconds pulse width. During the PLD process, a series of events occur: Rapid 

heating and vaporization of the target, a high pressure region from adiabatic expansion from the 

target surface, increase energy absorption of vapor to transform into plasma, and absorption of 

energy to accelerate plasma [2]. PLD processes are unique for their congruent ablation of atomic 

species from a target; therefore improved stoichiometry is achievable as energetic species 
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impinge on the substrate. Reactive deposition with ambient gas and growth of multilayer 

structure is attainable [3]. Introducing background gas during PLD growth aims at either 

generating a reaction or slowing down the kinetics of the ablated species from the target material. 

The resulting energetics of the ablated species is dependent on the wavelength of the laser as the 

wavelength influences the penetration depth of the photon. This has been studied in the PLD 

growth of carbon using ArF and KrF lasers [4]. While congruent ablation is achievable in most 

materials during PLD, a stoichiometric film is not promising because the vapor pressure of 

atomic species will vary on a heated substrate. 

 
Figure 3.1: Schematic of PLD system [5]. 

 
PLD technique application includes the growth of complex compounds [6], epitaxial 

surfaces and interfaces, electronics, and others. 

3.2.2 Radio Frequency Magnetron Sputtering:  

The sputtering process is the ejection of particles from a target material by the energetic 

impingement of ionized gas. In the sputtering deposition, the ejected species attained kinetic 
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energy that accelerated to the substrate and confinement of the deposition chamber. Sputtering 

deposition starts by evacuating the sputter chamber to a base pressure of 10-6 Torr or lower. The 

purpose of chamber evacuation is to achieve low pressure to facilitate plasma formation with the 

transport of ions and electrons in space. This step also evacuates the system from undesirable 

impurities trapped in the deposition chamber. After a base pressure is accomplished, pure gas is 

backfilled at pressures in the range of 1 - 100 mTorr. The backfilled gas is the source of 

generating energetic ions during sputtering. The sputtering system includes a chamber, a target 

with negative potential, and a grounded substrate. Because an electric field is generated between 

the negatively biased target and positively charged ions in the plasma, the electric field drives the 

ions to the target surface, therefore, causing energetic bombardment.  

 
Figure 3.2: Schematic of rf magnetron sputtering system [7]. 
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Radio frequency sputtering typically operates at frequencies ranging from 0.5 – 30 MHz. 

The commercial rf generator operates at 13.56 MHz. Rf sputtering requires a capacitively 

coupled target to the plasma; therefore, both insulators and conductors can be sputtered using 

this technique. The capacitive coupling during rf sputtering allows for alternating positive and 

negative potential on surfaces. This prevents charge buildup on the surface of the target as in the 

case of DC sputtering. The presence of a magnet in rf magnetron sputtering (Figure 3.2) creates a 

magnetic field that interacts with the electrically charged particles in the generated plasma. This 

increases plasma density and deposition rate. RF magnetron sputtering offers the advantage of 

synthesizing nonconducting films, large area depositions, dense films, good film uniformity, and 

adhesion to the substrate. 

3.2.3 Thermal Evaporation 

Thermal evaporation is a process whereby atoms and/molecules are vaporized on a 

substrate by applying thermal energy to the source material in a vacuum environment. Thermal 

energy may be supplied by high energy electron bombardment, resistive of material, radiative 

heating from a high energy source, or heating with a laser. This process requires a reasonable 

vacuum to allow for a long mean free path of the vaporized matter to impinge on the substrate. 

As shown in Figure 3.3, thermal evaporation by resistive heating is dependent on the vapor 

pressure of the material being evaporated. Resistive heating is used to vaporize materials below 

1500oC. The evaporated material is placed in a high-temperature boat made of Mo, Ta, or W. 

The vapor pressure is thermodynamically in equilibrium with the solid or liquid surface 

of a material in a closed system at a given temperature. Figure 3.4 shows a chart of the vapor 

pressures of elements. For metals used in this dissertation (i.e. Al, Ag, and Au), the temperature 

required for evaporation fall between 600 – 1000oC at a vapor pressure of 10-6 Torr.
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Figure 3.3: Schematic of thermal evaporation system. Source: 

http://www.semicore.com/news/71-thin-film-deposition-thermal-evaporation 

 

 
Figure 3.4: Vapor pressure of elements. Source: https://www.hubnames.com/wp-

content/uploads/2016/03/vapor4.jpg

https://www.hubnames.com/wp-content/uploads/2016/03/vapor4.jpg
https://www.hubnames.com/wp-content/uploads/2016/03/vapor4.jpg
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3.3 Characterization Techniques 

In this section, material characterization techniques applied in this work are briefly 

described. The description includes the principles, basic mechanism, and instrumentation. 

Techniques applied in this work discussed here include XRD, XPS, Raman Spectroscopy, AFM, 

Spectroscopy Ellipsometer, Hall measurement, and Photoluminescence. 

3.3.1 X-ray Diffraction Spectroscopy (XRD) 

XRD technique characterizes material structure. This is a non-destructive technique that 

requires simple sample preparation. The principle of XRD is from Bragg’s law: nλ = 2d sin θ; 

where: n is an integer and is the order of reflection, λ is the wavelength of the x-ray source 

ranges between 0.7 – 2 Å, d is the interplanar spacing and θ is Bragg's angle. Figure 3.5 

describes x-ray interaction with a solid plane. When an x-ray interacts with a material, part of it 

gets absorbed, transmitted, or diffracted. XRD measures the intensity of the diffracted x-ray. The 

angle of diffraction is twice Bragg’s angle. XRD techniques can determine strain states, 

orientation, and structural defects in thin films. 

 
Figure 3.5: Schematic of Bragg’s law. Source: 

https://www.sciencedirect.com/science/article/pii/B9780123744135003596 

 

3.3.2 X-ray Photoelectron Spectroscopy (XPS) 

Fundamental to XPS analysis is the photoelectric effect. XPS is a non-destructive 

https://www.sciencedirect.com/science/article/pii/B9780123744135003596
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technique for surface analysis. The penetration depth ranges between 5 – 50 Å. In this process, 

an incident x-ray source of energy ħw up to 10 KeV is absorbed in the material. This absorbed 

energy is high enough to break the binding energy Eb of the bound electron, and the electron 

gains kinetic energy Ek to break loose from the material: Ek = ħw - Eb - φs. where φs is instrument 

workfunction. The unique binding energy of elements makes XPS a technique for chemical 

analysis. With the available ranges of photon energy that fall between the UV and x-ray 

wavelengths, this technique can be used for the analysis of inner shell electrons and as well less 

tightly bound electrons of the outer shell.  

 
Figure 3.6: Schematics of XPS. Source: https://ywcmatsci.yale.edu/xps 

 
As illustrated in Figure 3.6, XPS setup comprises of an x-ray source usually a monochromatic 

Mg or Al kα source, a sample mount, electron optics, analyzer, and a detector. The electron 

optics/lenses slow down ejected electrons before arriving at the analyzer; this, in turn, improves 

energy resolution. The energy of a photoelectron is determined in an analyzer, and it determines 

the deflection of a photoelectron in an electrostatic or magnetic field. A commonly used analyzer 

is a hemispherically shaped unit composed of two concentric sectors with applied potential, 

https://ywcmatsci.yale.edu/xps
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where no change in potential occurs when an electron passes through [8]. Electrons at the exit 

end of the analyzer are collected and multiplied by a channeltron which amplifies the electron 

count transmitted to the computer. 

3.3.3  Atomic Force Microscopy (AFM) 

AFM techniques use an atomically sharp tip mounted on a cantilever to scan across the 

surface of materials to capture images of the topography. In this work, the cantilever tip is Si 

with Al coated backside, and scans were set to tapping mode. The force constant of the cantilever 

is 40 N/m. Atomic interaction between sample and tip results in a deflection of the tip from 

repulsive van der Waal forces. As illustrated in Figure 3.7, the light from a diode laser is 

reflected from the backside of the cantilever. The reflected light is captured on a photodiode. A 

piezoelectric transducer is used to scan and maintain a constant tip to sample distance. Benefits 

of AFM include highly resolved topographies, profilometries, and phase scans. 

 
Figure 3.7: AFM Schematics. Source: https://media.springernature.com/lw785/springer-

static/image/prt%3A978-0-387-92897-5%2F1/MediaObjects/978-0-387-92897-5_1_Part_Fig1-
1213_HTML.gif 

https://media.springernature.com/lw785/springer-static/image/prt%3A978-0-387-92897-5%2F1/MediaObjects/978-0-387-92897-5_1_Part_Fig1-1213_HTML.gif
https://media.springernature.com/lw785/springer-static/image/prt%3A978-0-387-92897-5%2F1/MediaObjects/978-0-387-92897-5_1_Part_Fig1-1213_HTML.gif
https://media.springernature.com/lw785/springer-static/image/prt%3A978-0-387-92897-5%2F1/MediaObjects/978-0-387-92897-5_1_Part_Fig1-1213_HTML.gif


40 

3.3.4 Raman Spectroscopy 

Raman spectroscopy is based on the principle of Raman scattering. It is used in structural 

and stress analysis in films. Also by varying the wavelength of the light source, profiling can be 

achieved with this technique. In this technique, a monochromatic light interacts with the 

chemical bonding and lattice of a material. During this process, light is scattered from the surface 

of the sample. A significant amount of the light is radiated away from the sample at the same 

frequency as the light source. This is designated the Rayleigh line. The Raman and Brillouin 

lines are reradiated light with frequencies lower than the light source. Raman lines arise from the 

vibrations of optical phonons in the structure of materials while Brillouin lines are a result of 

acoustic phonons. The Raman scattering consists of the stokes and anti-stoke shift. In the stokes 

shift, the Raman line is emitted at lower energy while the vice-versa occurs in the case of an anti-

stoke shift. A double monochromator is used to reject the Rayleigh scattering. 

3.3.5 Photoluminescence Spectroscopy (PL) 

PL is a non-invasive technique that is used to qualitatively study defect or impurity levels 

in materials. Materials emit light at specific wavelengths and intensity as a result of optical 

stimulation. The high sensitivity of PL can detect impurity traces in materials. During a PL 

measurement, light excites an electron from an initial state to a higher state. At a relatively high 

state, the electron relaxes non-radiatively to a lower excited state like the bottom of the 

conduction band. Further relaxation back to the ground states termed recombination results in 

light emission in the case of luminescent materials. In semiconductors, PL is capable of detecting 

electrons bounded to a hole, i.e. excitons, and other defect levels. 

3.3.6 Hall Measurement 

The Hall measurement technique is applicable in obtaining conductivity, carrier 
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concentration, and mobility of a conducting material. This results from the hall effect as 

described in Figure 3.8 [9]. Hall effect is described by applied magnetic field perpendicular to 

the direction of the current produces a voltage perpendicular to both the magnetic field and 

current applied. This results in carrier deflection. The applied magnetic field induces a Lorentz 

force described by the equation: 𝐅𝐅 = 𝑞𝑞(𝐄𝐄 + 𝐯𝐯 × 𝐁𝐁), where F is the Lorentz force, E is the 

electric field, v is the velocity of charge carrier, B is the magnetic field applied and q is the 

charge of a particle. The deflection of carriers (holes and electrons)  induces a potential 

difference which results in a measure of the Hall voltage VH. Contacts on samples were made 

using the acceptable Van der Pauw technique described in Figure 3.9(b) [10]. 

 
Figure 3.8: Schematics of Hall effect. Source: https://en.wikipedia.org/wiki/Hall_effect  

 

 
Figure 3.9: Van der Pauw technique. Source: Van der Pauw method - Wikipedia 

https://en.wikipedia.org/wiki/Van_der_Pauw_method
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A good sample setup for Hall measurement would require ohmic contact achieved, 

sample thickness uniformity, accurate measurement of thickness, and also for photoconductive 

sample, a dark current measurement. 

3.3.7 Spectroscopy Ellipsometry 

Ellipsometry is a non-destructive, contactless technique used to characterize the 

thickness, optical, and dielectric properties of a material. An ellipsometer setup comprises a light 

source, a linear polarizer, a retarder, the sample, an analyzer, and a detector. Its principle as 

illustrated in Figure 3.10 is based on the change in polarization of an incident light after it is 

reflected from a sample at an oblique angle. Ellipsometry determines the complex reflection ratio 

ρ of material; 𝜌𝜌 = 𝑅𝑅𝑝𝑝
𝑅𝑅𝑠𝑠

= tan(Ψ) 𝑒𝑒𝑗𝑗Δ. Where: Rp is the ratio of the reflected and incident parallel 

component of the electric field, Rs is the ratio of the reflected and incident vertical component of 

the electric field, Ψ is the ellipsometry variable which measures the amplitude ratio (0o ≤ Ψ ≤ 

90o), Δ is a measure of the phase change (0o ≤ Δ ≤ 360o), and j = (-1)1/2. Optical properties, n, 

and k can be extracted by applying Fresnel’s equations [11]. 

 
Figure 3.10: Schematic of the principle of Ellipsometry. Source: 

https://media.americanlaboratory.com/m/20/article/138874-fig1.jpg 
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3.4 ZnO Film Growth 

ZnO thin films were grown at room temperature on flexible Corning Willow glass by 

radio frequency magnetron sputtering using a 5 cm diameter high purity commercial ZnO target 

(Kurt Lesker 99.999%), and a 13 cm source to substrate separation. Before growth, the substrates 

were ultrasonically cleaned with acetone and methanol, separately, for 10 minutes then blown 

dry by nitrogen gas. The base pressure of the deposition system was 1.5×10-6 Torr.  

 
Figure 3.11: PVD systems: (a) rf magnetron sputtering, (b) Metal evaporator. 

 
Figure 3.11(a) shows the image of the sputtering system used in this work. Sputtering was 

performed for 40 minutes at powers of 40 W, 100 W, and 120 W at constant argon working 

pressure of 3 mTorr, and the second set of samples was prepared at a constant power of 100 W 

while the working pressure was varied at 3 mTorr, 6 mTorr, and 9 mTorr. These conditions 

produced films in the 500-600 nm range.  Film thickness was determined with a Veeco Dektak 

150 stylus profilometer. Electrical measurements were performed using an Ecopia HMS5000 

Hall measurement system. Optical properties were obtained using a Shimadzu UV-1800 UV–Vis 

spectrophotometer and a reconfigurable photoluminescence system that has been previously 

described. A PHI 5000 Versaprobe X-ray photoelectron spectroscopy (XPS) spectrometer with 
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monochromatic 1,486.6 eV Al Kα radiation was used for chemical analysis. The spectral 

position was calibrated using the C 1s peak at 284.8 eV, and the energy resolution was 0.1 eV. 

Crystallinity was evaluated using the 1.54Å Cu Kα1 line of a Rigaku Ultima III X-ray powder 

diffraction (XRD). 

3.5 a-BOxNy Film Growth 

The studied transparent MIS structures consisted of glass/ITO/a-BOxNy/ZnO stacks 

where the ITO layer is considered metallic due to its degenerate electron concentration of 6 × 

1020 cm-3, and ohmic contact to the ZnO semiconductor was achieved using thermally evaporated 

7.85 × 10-3 cm2 Ag pads. The metal evaporator system is as shown in Fig. 3.11 (b). Before use, 

the commercial ITO coated glass substrates were ultrasonically cleaned in acetone and methanol 

separately for 10 min, rinsed in DI water, then blown dry with nitrogen gas. The rf magnetron 

sputtering conditions for the ZnO and a-BOxNy layers were separately optimized before 

implementation in MIS structures for electrical studies.  The base pressure of the deposition 

chamber was 1.5 × 10-6 Torr and substrates were mounted at a fixed position without rotation. 

The a-BOxNy films were grown at room temperature with a 45o off-axis target to substrate 

separation of 2.5 cm.  The working gas was semiconductor-grade nitrogen, and the commercially 

available BN target (from Plasmaterials Inc) was 5 cm in diameter and 99.5 % pure.  The power 

was kept constant at 284 W, while pressures of 2, 5, 10, and 15 mTorr were used.  All of the a-

BOxNy films studied were 34 (±4) nm. The ZnO films in the MIS structures were ~22 nm and 

were also grown by rf magnetron sputtering without substrate heating at 100 W in 9 mTorr of 

argon gas as has been detailed elsewhere. These films exhibited transparency of 85% and typical 

electron concentrations of 1018 cm-3. The breakdown behavior of the a-BOxNy films was studied 

using MIM structures consisting of a-BOxNy films sandwiched between ITO and ~50 nm of 
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thermally evaporated Ag. Film thickness was determined with a Veeco Dektak 150 stylus 

profilometer. Electrical measurements were performed using an Ecopia HMS5000 Hall 

measurement system, a Keithley 2420 source-measure unit integrated with LabVIEW, a 

capacitance meter, and an Agilent 4294A precision impedance analyzer. Bandgaps were 

determined from absorbance data obtained using a Shimadzu UV-1800 UV–Vis 

spectrophotometer, and verified by ellipsometry using a J.A. Woollam Variable Angle 

Spectroscopic Ellipsometer (VASE). A PHI 5000 Versaprobe X-ray photoelectron spectrometer 

with monochromatic 1,486.6 eV Al Kα radiation was used for XPS chemical analysis. The 

structure was evaluated using the 1.54 Å Cu Kα1 line of a Rigaku Ultima III x-ray diffraction 

(XRD) system with conventional θ-2θ scans and a 2o glancing angle scan. Surface topography 

was characterized using a Bruker Nanoscope® V AFM. 

3.6 WS2 Film Growth 

Few layer WS2 films were grown using a polycrystalline WS2 target purchased from Kurt 

J. Lesker and an in-house fabricated target. The in-house fabricated target was made by ball 

mixing 99.98% Sulphur powder and 99% WS2 powder (both purchased from Aldrich) for 24 hrs 

on a roller mill. After thorough mixing, the mixture was pressed in a die at 70oC for another 24 

hrs [12]. The in-house made target is sulfur-rich with an atomic ratio of Sulfur to Tungsten S/W 

~5:1. Before deposition, quartz and ITO/glass substrates were ultrasonically cleaned in acetone 

and methanol for 10 min separately and rinsed in DI water. After rinsing, substrates were 

nitrogen blown to dry and immediately mounted in the chamber with the in-house made target. 

The deposition chamber was baked out for 12 hrs and a base pressure of 10-6 Torr was achieved. 

Figure 3.12 shows the actual chamber setup.  

 



46 

 
Figure 3.12: PLD System. 

 
Here the PLD chamber window is positioned in line with the laser output. A lens is used to focus 

the laser onto the target. Substrates temperature ranged from room temperature to 400oC before 

deposition and the target was pre-ablated to clean its surface. During deposition, the target was 

rotated at 10 rpm. A 25 ns pulse, 248 nm KrF line excimer laser manufactured by Lambda 

Physik was the source of target ablation. Power density and frequency were set to 0.5 J/cm2 and 

10 Hz respectively during film depositions. After deposition films were allowed to achieve 

atmospheric temperature under vacuum in 1 hr. Chemical characterization was done using a PHI 

5000 Versaprobe X-ray photoelectron spectrometer (XPS) with monochromatic 1,486.6 eV Al 

Kα radiation. Structure characterization was carried out using the 1.54 Å Cu Kα1 line of a 

Rigaku Ultima III x-ray diffraction (XRD) system at a 0.5o glancing angle scan. Raman vibration 
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was measured using a 532 nm Renishaw RA100 spectroscopy. The Ecopia HMS5000 Hall 

measurement system was used to measure the carrier properties of grown WS2 films. A Keithley 

2420 source-measure unit integrated with LabVIEW was used to measure the current-voltage 

characteristics of the Metal-Insulator-Semiconductor (MIS) structure. Capacitance and 

conductance measurements were done using an Agilent 4294A precision impedance analyzer. A 

Bruker Nanoscope® V AFM was used to investigate film topography. 
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CHAPTER 4 

LOW TEMPERATURE GROWTH OF ZnO THIN FILMS* 

4.1 Objective: 

Determine the processing conditions for low-temperature RF magnetron sputtered ZnO 

with optimal topography, chemistry, structure, optical, and semiconducting properties for 

evaluation in MIS structure for potential use as a channel material in transparent thin film 

transistors. Perform structural, chemical, electrical, and optical characterization as previously 

described. 

4.2 XRD Result: 

Figure 4.1 (a) shows the measured XRD patterns for films grown at 40, 100, 120 W at a 

constant working pressure of 3 mTorr, while 1(c) represents XRD data for films grown at 3, 6, 

and 9 mTorr at a constant sputtering power density of 100 W.  The films were hexagonal and 

nanocrystalline, where predominant (002) growth was observed only for sputtering at 40 W. 

More orientations appeared as the deposition power was increased. The (002) peak location 

shifted toward larger 2θ values with increasing power (instrument resolution was set to 

0.05o/step) [Figure 4.1(b)]; it increased from 33.72o at 40 W to 33.86o at 100 W, and further to 

34.02o at 120 W, and thus approached the value for relaxed bulk ZnO [1]. This shift has been 

correlated with a reduction in internal stresses [2,3] and the relaxation is possibly driven by more 

energetic peening and local temperature increases of the growing films due to the power density 

increase.  A similar shift with increasing deposition temperature has been reported [4]. In 

 
* Significant amounts of this chapter are reproduced from Chukwudi E. Iheomamere, Corey L. Arnold, Urmilaben 
P. Rathod, Khalil D. Omotosho, Andrey A. Voevodin, Nigel D. Shepherd, (2021), Bonding and stoichiometry in 
low-energy radio frequency magnetron sputtered ZnO thin films on flexible substrate, Vacuum, 183, 109869. 
https://doi.org/10.1016/j.vacuum.2020.109869https://doi.org/10.1016/j.vacuum.2020.109869, with permission from 
Elsevier. 
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general, the XRD shows that for the higher power settings, multiple orientations nucleate and 

grow simultaneously; which is consistent with the increase of the deposition flux density and the 

insufficiency of substrate heating to accelerate surface diffusion, coalescence, and ripening. A 

closer examination of Figure 4.1(a), reveals that the intensity of the (002) decreases as the 

sputtering power increases [5], and conversely as seen in 1(c), the (002) plane became more 

prominent with increasing working pressure, although texturing is not observed. Lower 

sputtering power leads to a reduction in the overall flux density of the arriving species and can be 

expected to provide more time for their surface diffusion. Furthermore, increased pressures in rf 

sputtering lead to a higher density of the working gas and probability of its ionization, while also 

slowing the kinetic energies of sputtered Zn, O, and ZnO species by collisions. Since ZnO (002) 

planes are the most densely packed and thermodynamically preferred in the hexagonal structure, 

it is reasonable that (002) growth is favorable under the reduced power and higher working 

pressures. This correlates with previous reports on sputtered ZnO films, where increased pressure 

led to more pronounced (002) texturing [6][7]. 

 
Figure 4.1: (a) XRD spectra as a function of sputtering power at a constant 3 mTorr 

working pressure, (b) Detailed view of the (002) peak shift as a function of sputtering power, (c) 
XRD spectra as a function of working pressure at a constant 100 W sputtering power. 
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4.3 AFM Result 

AFM images in Figure 4.2show films are nanoparticles size. Increasing the deposition 

power show an increase in particle sizes. This suggests that energy generated from the plasma 

transfers to atoms arriving at the substrate. At higher energies, atomic species acquire energy 

from plasma and increased radiative heat transfer to promote the diffusion of impinging atoms on 

the substrate. It is expected that the mean free path of sputtered species and the momentum of 

atomic impingement play significant roles in films morphologies, more energetic conditions will 

increase atomic bombardment at the substrate. 

 
Figure 4.2: AFM images of ZnO films grown at various rf power. 

 

4.4 Electrical Measurement: 

The correlations between processing conditions and obtained electrical properties are 

summarized in Figures 4.3 and 4.4, and Tables 4.1 and 4.2. The data shows that the highest 

carrier concentration, conductivity, and mobility were obtained with the least dense and 

energetic growth conditions, that is, at the lowest sputtering power, or the highest working 
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pressure. These findings were not expected because native n-type conduction in ZnO is known to 

be due to oxygen vacancies (or Zn interstitials) [8] which act as donors, and more of these 

defects can be expected from processing under more energetic conditions.  XPS studies were 

therefore performed to develop more insight into the chemical origins of this behavior. 

 
Figure 4.3: Growth rate, carrier concentration, mobility, and conductivity of ZnO films: (a - 

d) as a function of power at a working pressure of 3 mTorr. 

 

Table 4.1: Properties as a function of power at a constant pressure of 3 mTorr 

Power 
(W) 

Thickness 
(nm) 

Bulk carrier 
concentration 

×1019(cm-3) 

Conductivity 
(Ω-1cm-1) 

Mobility 
(cm2V-1s-1) 

Absorption 
edge (eV) 

40 499 -6.9 17 1.6 3.32 

100 505 -2.6 4 0.9 3.20 

120 616 -1.4 1 0.4 3.24 
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Figure 4.4: Growth rate, carrier concentration, mobility, and conductivity of ZnO films: (a 
– d) as a function of working pressure at a power of 100 W. 

 

Table 4.2: Properties as a function of deposition pressure at a constant power of 100 W 

Working 
pressure 
(mTorr) 

Thickness 
(nm) 

Bulk carrier 
concentration 

×1019(cm-3) 

Conductivity 
(Ω-1cm-1) 

Mobility 
(cm2V-1s-1) 

Absorption 
edge (eV) 

9 510 -8.6 57 4.1 3.32 

6 564 -5.5 30 3.5 3.30 

3 505 -2.6 4 0.9 3.20 
 

4.5 XPS Analysis 

Figures 4.5 and 4.6 show the measured XPS spectra for the processing power and 

working pressure experiments, respectively. Zn was only observed in the Zn+2 oxidation state at 
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a binding energy of 1021.4 eV [4] whereas asymmetry was observed in the oxygen signal 

indicating that more than one oxygen species was contributing. Deconvolution of O1s XPS 

spectra shows oxygen stoichiometrically bonded to Zn (O-Zn) with binding energy 530 eV [9] 

non-stoichiometrically bonded oxygen with Zn (Vo) at a binding energy 531 eV [10] and O1s 

(OH, C-O, O-O) surface oxygen with binding energies of 532 eV and above [9–12]. Tables 4.3 

and 4.4 summarize the XPS results. The data in Table 4.3 show that as sputtering power 

increased, the amount of stoichiometric O-Zn bonding increased; while the oxygen deficient 

bonding, meaning oxygen vacancies (VO) decreased. As shown in Figure 4.6 and Table 3.4, as 

the working pressure increased the fraction of stoichiometric O-Zn bonds decreased while the 

oxygen deficient bonding increased. Under equilibrium conditions, it is expected that 𝑉𝑉𝑜𝑜2• should 

increase with a decrease in partial pressure of oxygen as depicted in the defect equation: (𝑍𝑍𝑍𝑍𝑍𝑍 →

𝑍𝑍𝑍𝑍𝑍𝑍(1−𝑥𝑥) +  𝑥𝑥
2
𝑂𝑂2(𝑔𝑔𝑔𝑔𝑔𝑔) + 𝑥𝑥𝑉𝑉𝑜𝑜2• + 2𝑥𝑥𝑥𝑥′). The existence of n-type behavior in the ZnO films is 

due to the non-stoichiometry in the grown films. 

 
Figure 4.5: XPS for ZnO films grown at varied powers, (a) Zn 2p3/2, (b) O 1s. 
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Table 4.3: Composition of ZnO films as a function of sputtering power. 

Sputtering 
power (W) 

Zn2+ 2p 

(%) 
Stoichiometric 

O-Zn (%) 

Non-
stoichiometric 

oxygen (%) 

O1s (OH, C-O, 
O-O) oxygen (%) 

40 58.8 15.9 20.6 4.7 

100 58.8 20.0 15.2 6.0 

120 59.6 22.5 14.2 3.7 
 

 
Figure 4.6: XPS for ZnO films grown at varied working pressure; (a) Zn 2p3/2, (b) O 1s. 

 

Table 4.4: Composition of ZnO films as a function of working pressure. 

Working 
pressure 
(mTorr) 

Zn2+ 2p 
(%) 

Stoichiometric 
O-Zn (%) 

Non-
stoichiometric 

oxygen (%) 

O 1s (OH, C-O, 
O-O) oxygen (%) 

9 61.0 14.8 18.9 5.4 

6 61.0 18.8 16.2 4.0 

3 58.8 20.0 15.2 6.0 

4.6 Optical Characterization 

As shown in Figure 4.7, photoluminescence (PL) measurements of the films show a good 

qualitative correlation between the intensity of the peak at ~464 nm (2.67 eV), which is related to 

oxygen vacancies [13,14] and the free carrier concentration. This is consistent with the XPS 
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findings previously discussed and summarized in Figures 4.5 and 4.6 as well as Tables 4.3 and 

4.4. However, another peak at ~424 nm (2.92 eV) that is associated with Zni [15,16] is present in 

all samples. Thus, while oxygen vacancies are dominant, Zn interstitials (Zni) are also likely 

contributors to the observed n-type conduction. The absorption edge was observed to blue shift 

with conditions that increased the carrier concentration as can be discerned from the Tauc plots 

in Figure 4.8. The increase in the absorption energy is likely due to a Burstein-Moss shift with 

increasing carrier degeneracy as has been previously shown to occur in ZnO with degenerate 

levels of free carrier concentrations [2,17,18]. The samples exhibited an average of 85% 

transmissivity as Figure 4.9 shows. 

 
Figure 4.7: (a) PL spectra as a function of sputtering power, (b) PL spectra as a function of 

working pressure. 

 

 
Figure 4.8: Tauc plots for the produced ZnO films as a function of (a) sputtering power, (b) 

working pressure. 
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Figure 4.9: Transmittance spectra for the produced ZnO films (a) varied power, (b) varied 

pressure. 

 

4.7 Conclusion 

The results indicate that the usual behaviors of increasing oxygen desorption, non-

stoichiometry, and conductivity observed with increasing deposition power under typical growth 

conditions [19,20] are not universally applicable. XPS analysis showed that in the range of low 

sputtering power with unheated substrates studied in this work, increasing the power density 

increased the fraction of oxygen that was stoichiometrically bonded. An accompanying decrease 

in the vacancy concentration and decrease in carrier concentration and conductivity was 

observed. Likewise, when the deposition pressure decreased, corresponding to fewer inelastic 

collisions in the plasma and more energetic species arriving at the unheated substrate, the 

fraction of stoichiometrically bonded oxygen increased, and a concomitant decrease in the carrier 

concentration was observed. These findings suggest that atomic peening and energy transfer 

from the plasma are necessary supplies of energy for bonding and film formation. The XRD 

indicates that without the benefit of active substrate heating to drive surface diffusion and 

mobility, the conditions of higher deposited atom flux and higher energy produce more stable 

nuclei which grow with multiple orientations, resulting in nanocrystalline films without (002) 
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texturing. Since the films that showed the highest fraction of stoichiometrically bonded oxygen 

also exhibited the lowest electron mobility, it is speculated that point defect scattering 

(vacancies) is not the dominant carrier scattering mechanism. More careful study of the 

temperature dependence of mobility is required to develop further insight.  The results reflect 

that low energy RF magnetron sputtering without substrate heating can be used to directly grow 

conductive, optically transparent ZnO thin films on flexible substrates with potential for flexible 

device applications. 
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CHAPTER 5 

LOW TEMPERATURE GROWTH OF a-BOxNy* 

5.1 Objective 

Optimize the RF magnetron sputtering growth conditions for low-temperature a-BOxNy 

and determine the correlations between chemistry, surface topography, dielectric breakdown 

strength, optical bandgap, and charge transport mechanisms. 

5.2 Structure and Surface Topography 

The growth rate of the a-BOxNy films was observed to decrease with increasing 

deposition pressure as is shown in Figure 5.1. As the sputtering pressure increases the mean free 

path of sputtered species decreases due to increased inelastic scattering between sputtered 

constituents of the target and the sputtering gas [1–3], and it is also possible that the sputter yield 

decreased. Both factors decrease the concentration of sputtered species that arrive at the 

substrate, and therefore the growth rate. XRD measurements using both θ-2θ and 2o glancing 

angle scans revealed that the deposited a-BOxNy films were amorphous. 

 
Figure 5.1: a-BOxNy growth rate dependence on deposition pressure. 

 
* Significant amounts of this chapter are reproduced from Chukwudi E. Iheomamere, Corey L. Arnold, Jason 
Summers, Richard F. Reidy, Andrey A. Voevodin, Nigel D. Shepherd, Characterization of RF magnetron sputtered 
a-BOxNy/ZnO MIS structures for transparent electronics. Under peer-review with Journal of Materials Science: 
Materials in Electronics. 
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AFM surface topography images and the corresponding arithmetic averaged roughness 

(Ra) of the films grown at 2, 5, 10, and 15 mTorr are presented in Figure 5.2. The images reveal 

that as the pressure increased from 2 to 15 mTorr the roughness decreased from 3.4 nm to 0.2 

nm, and a reduction in pinholes as seen in films grown at 2 and 5 mTorr with none observed at 

10 and 15 mTorr within the AFM scan length. It is possible that at lower growth pressures when 

the flux of sputtered atoms is high, that without the benefit of much time for surface diffusion 

atoms “pile up” and cluster where they land on the unheated substrates, resulting in the observed 

surface characteristics. Another possibility is because of the longer mean free path of energetic 

ions and atoms impinging growing films at lower working pressures; highly energetic 

bombardment would cause damage to the growing film, therefore enhancing roughness. Studies 

have shown that the average energy deposited per atom affects microstructures [4].  Pinholes 

were observed in all of the films grown at 2 mTorr, which resulted in electrical shorts that 

precluded accurate determination of their breakdown strength.  

 
Figure 5.2: AFM images of the grown films show the obtained surface topography at 

various deposition pressures. 
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5.3 Chemical Analysis 

The effect of processing conditions on the chemistry and stoichiometry of films grown at 

2 – 15 mTorr were investigated using XPS, which revealed that the oxygen content increased 

with deposition pressure. The deconvoluted B1s peaks located at a binding energy of 189.8 eV 

and N1s peaks at 397.3 eV shown in Figure 5.3 are associated with sp2 bonded B+3 and N-3 

oxidation states in BN, respectively [5–9]. The B1s and N1s peaks at binding energies of 191.0 

eV and 398.5 eV, respectively, are associated with boron-oxynitride (a-BOxNy) [10,11].  

 
Figure 5.3: XPS spectra showing (a) B1s and (b) N1s as a function of pressure. 

 
Also, for 2 mTorr process films, B1s and N1s peaks located at lower binding energies of 188.8 

and 396 eV have been assigned to Nitrogen deficit BN species [12]. This indicates that oxygen is 

chemically bonded to boron in the films. The ratio of B 1s bonding in BN relative to that in 

BOxNy, together with the ratio of N 1s in BN to that in BOxNy are depicted as a function of the 

deposition pressure in Figure 5.4 and summarized inTable 5.1. Table 5.2 reports the atomic 
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percentage of B and N in the BN and BON films, respectively, as well as the percentage of 

oxygen which increased with the growth pressure. Increasing the pressure increases the amount 

of oxygen contaminant transported to the plasma vicinity.  

 
Figure 5.4: Elemental ratios of B1s and N1s in BN/BON as a function of deposition 

pressure. 

 

Table 5.1: Atomic ratios of B1s and N1s in BN and BON as a function of deposition 
pressure. 

Deposition 
Pressure (mTorr) B 1s(BN)/B1s(BON) N1s(BN)/N1s(BON) 

2 5.28 6.21 

5 2.37 4.30 

10 1.75 3.69 

15 1.35 3.45 
 

Table 5.2: Percentage of B, N, O in BN and BON as a function of deposition pressure. 

Deposition 
Pressure 
(mTorr) 

B 1s (BN) B 1s 
(BON) 

N 1s (BN) N 1s 
(BON) O 1s 

Sp2 N Deficit Sp2 N Deficit 

2 23 13 7 24 13 6 14 

5 29 0 12 35 0 8 16 

10 25 0 15 29 0 8 23 

15 21 0 17 29 0 8 25 
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5.4 Electrical/Optical Characterization 

As shown in Figure 5.5(a), J-E (I-V) measurements performed on films processed at 5 

mTorr in MIM structures consisting of ITO/a-BOxNy/Ag stacks reveal quasi-ohmic 

characteristics, which we ascribe to through shorts associated with pinholes in films processed at 

these low working pressures.  

 
Figure 5.5: (a) Current density vs electric field for a-BOxNy as a function of deposition 

pressure showing breakdown behavior, (b) Current density vs electric field with electrode change. 

 
This is likely compounded by local field enhancement due to higher surface roughness and 

asperities (Fig. 5.2 a and b). At higher processing pressures of 10 and 15 mTorr, pinholes are not 

observed and the surface roughness decreased significantly (Fig. 5.2 c and d). Maximum 

breakdown fields of 5 and 8 MV cm-1 were obtained for films grown at 10 and 15 mTorr 

respectively (Figure 5.5a).  This compares to 7.3 MV/cm reported for a-BN [6]. To investigate 

the asymmetry in the J-E plot, electrode types were varied on one end of the MIM structure 

shown in Figure 5.5(b), field strength shows to be dependent on the metal contact type that was 

thermally evaporated. By injecting electrons from the metal contacts (Au, Ag, or Al) a difference 

in breakdown strength is observed. It is suspected that in addition to the deposition method, the 



65 

various workfunction or diffusivity of metal into the insulator are possible contributing factors in 

asymmetric breakdown curves. 

Fits of the measured J-E data to the conduction mechanisms did not produce an 

unambiguous assignment of the transport process. For films grown 10 and 15 mTorr shown in 

Figures 5.6 and 5.7, show a combination of field enhanced Schottky emission and Frenkel-Poole 

mechanism [13,14] [15]. Better fittings suggest that field enhanced Schottky emission is the 

dominant conduction mechanism. A change in slope fittings is suspected to be influenced by the 

change in properties (eg. dielectric constants, temperature, or trap concentrations) as the electric 

field increases in the insulator. Multiple conduction mechanisms can contribute in the same field 

range as reported in the literature, [16]. The totality of this analysis indicates that transport is 

complex with several mechanisms contributing to the observed behavior.  

 
Figure 5.6: Data fits in the various field ranges for 10 mTorr suggesting (a,c) Field 

enhanced Schottky emission at low field, and (b,d) Frenkel-Poole emission in the intermediate 
range. 
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Figure 5.7: Data fits in the various field ranges for 15 mTorr suggesting (a,c) Field 

enhanced Schottky emission at low field, (b,d) Frenkel-Poole emission in the intermediate range. 

 
It is noted that the breakdown curves are asymmetrical, with smaller breakdown fields 

being observed with electron injection from the ITO. The workfunction values for ITO are 

reported to be 4.4 to 4.8 eV [17,18] and 4.2 to 4.7 eV for Ag [19], which are in the same range 

and provide an approximately symmetric structure.  We speculate that the observed difference is 

due to processing: the a-BOxNy is RF plasma sputter deposited onto the ITO which likely creates 

a distribution of defects and traps that facilitate enhanced thermionic field emission. In contrast, 

the Ag is thermally evaporated onto the a-BOxNy, a process that is much less energetic and likely 

to result in fewer generated defects and traps at the a-BOxNy/Ag interface. The effect of 

sputtering has previously been predicted to generate a rougher electrode/dielectric interface or 

regions of thin dielectric materials [20,21]. The 10 and 15 mTorr processed a-BOxNy exhibited 

static dielectric constant values ranging from 3.26 to 3.58.  
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The Tauc plot: (∝ ℎ𝑣𝑣)
1
𝑛𝑛 = 𝐵𝐵(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔) shows the relation between photon energy and 

absorption where the bandgap of the material can be extrapolated [22,23], where α is the 

absorption coefficient, h is plank’s constant, v is the photon frequency, Eg is the bandgap, B is a 

constant and n is ½ or 2 for direct and indirect transitions respectively. Tauc plot in Figure 5.8 

(a) and (b) reveals an indirect bandgap of 3.9 and 3.3 eV for a-BOxNy films that were grown on 

quartz at 15 and 10 mTorr respectively. Indicating transparency over the full visible range. To 

verify the bandgap, ellipsometry was performed on films grown at 15 mTorr a-BOxNy grown on 

Si. As shown in Figure 5.9(a), excellent fits to the measured data were obtained using a Tauc-

Lorentz model. The model is Kramer-Kronig consistent and the quality of the model was 

calculated using the equation: 

𝑀𝑀𝑀𝑀𝑀𝑀 = � 1
3𝑛𝑛−𝑚𝑚

∑ [(𝑁𝑁𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐺𝐺𝐺𝐺)2 + (𝐶𝐶𝐸𝐸𝐸𝐸 − 𝐶𝐶𝐺𝐺𝐺𝐺)2 + (𝑆𝑆𝐸𝐸𝐸𝐸 − 𝑆𝑆𝐺𝐺𝐺𝐺)2]𝑛𝑛
𝑖𝑖=1 × 1000.  

where: MSE = Mean Square Error; n = number of wavelengths, m = number of fit parameter, N = 

Cos(2Ψ), C = Sin(2Ψ)Cos(Δ), S = Sin(2Ψ)Sin(Δ),  parameters with subscript E and G represent 

measured and model data respectively [24]. An MSE value of 7 was calculated for the Tauc-

Lorentz model.  The Tauc plot from the absorption coefficients obtained from the imaginary part 

of the refractive index also reveals a bandgap of 3.9 eV as depicted in Figure 5.9(c).   

 
Figure 5.8: Tauc plot a-BOxNy: (a) 15 mTorr, (b): 10 mTorr. 
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Figure 5.9: (a) Spectroscopic ellipsometry data and Tauc-Lorentz model fit, (b) optical 

constants (c) Tauc plot using the absorption coefficients determined from k. 

 

5.5 Conclusion 

Amorphous BOxNy films with breakdown strength in the same range as that of a-BN 

were obtained by RF magnetron sputtering without substrate heating.  The films were pinhole-

free and exhibited good surface topography at the higher deposition pressures used.  The charge 

transport mechanism was observed to be complex and field-dependent, with indicators of field-

enhanced Schottky emission and Frenkel–Poole emission being present. Spectroscopic 

ellipsometry using a Tauc-Lorentz model confirmed a 3.9 eV bandgap determined from optical 

absorption measurements of 15 mTorr grown films. The results show the potential of low-

temperature RF magnetron sputtering and a-BOxNy for use in transparent electronics. 
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CHAPTER 6 

LOW TEMPERATURE GROWTH OF 2H – WS2 

6.1 Objective 

Optimize the pulsed laser deposition growth conditions for low-temperature, few-layer 

WS2 and determine the correlations between chemistry, surface topography, crystallinity, and 

electrical properties.  

6.2 XRD Analysis 

XRD results of films grown on quartz substrate at 10-6 Torr and varied substrate 

temperature shown in Figure 6.1(a) show a drive to (002) as the more textured plane with 

temperature increase. Figure 6.1(b) shows films grown at a substrate temperature of 400o with 

varied argon chamber pressure, XRD patterns suggest all grown films are 2H-WS2 and all 

patterns are identical regardless of target chemistry.  

 
Figure 6.1: XRD pattern of 2H-WS2 (a) varied substrate temperature, (b) varied argon 

chamber pressure. 
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It is observed that as chamber pressure increased during growth, the (002) shifted to a higher 

diffraction angle, a (002) shift from 12o for 10-6 Torr sample to 14.1o for 1 Torr sample is 

observed which suggest relaxation on films due to internal stresses [1]. In addition to the 

diffraction angle shift observed, a reduction in FWHM of the (002) plane is observed as pressure 

increased, from 4.8o in 10-6 Torr grown films to 2.1o in 1 Torr grown films. This finding suggests 

pressure-induced crystallinity in WS2 films [2]. 

6.3 Raman Analysis 

Raman activities shown in Figure 6.2 corroborate the XRD finding of 2H-WS2. The PLD 

deposited 2H-WS2 shows Raman active lattice vibrations: out-of-plane A1g at 419 cm-1, and in-

plane E1
2g at 360 cm-1. Second-order resonance was also observed at 352 cm-1 and 239 cm-1 are 

assigned 2LA(M) and A1g(M)-LA respectively [3,4]. Higher-order resonance at 324 cm-1 and 

302 cm-1 are assigned 2LA-E2
2g and 2LA-2E2

2g respectively [3,5]. A separation of 62 cm-1 

between 2LA and A1g is similar to reported in PLD grown 2H-WS2 which suggests few layers 

[6,7].  

 
Figure 6.2: Raman vibration of 2H-WS2 (a) Deconvoluted Raman spectrum, (b) Raman 

spectrum at varied growth pressure. 
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6.4 XPS Analysis/Electrical Dependence 

Chemical analysis using X-ray photoelectron spectroscopy XPS technique shows core 

element scan for W 4f and S 2p spectrum for varied deposition pressure as shown in Figure 6.3.  

 
Figure 6.3: (a), (b) XPS spectra of varied argon chamber pressure from S/W 2:1 Target, (c) 

S/W atomic ratio as a function of electrical properties. 

 
The depositions were carried out from the commercially bought S/W 2:1 WS2 target. The W 

spectrum comprises a doublet with a 2.2 eV separation between W 4f7/2 and W 4f5/2 [8]. For all 

films, W peak assigned as W+4 4f7/2 with the corresponding binding energy of 32.2 eV  [9,10] is 

assigned to W-S bond in WS2. For films grown at 10-6 and 10-3 Torr show W peak located at a 

lower binding energy of 31.2 eV, this peak is assigned to W-W bond [7]. It is also observed that 

the W-W peak vanishes for films grown at 1 Torr which suggests an improved S/W ratio as 

pressure increased. At 1 Torr a new W peak assigned W+6 4f7/2 at a binding energy of 35.0 eV. 

This peak has been assigned to W in WO3. The presence of O atoms at the higher chamber 

pressure grown WS2 films suggests argon gas flow promotes the transportation of O-atoms 

during the growth process. These O-atoms could be sourced from impurities in gas, OH groups, 

and H2O molecules trapped on the walls of the chamber. The sulfur spectrum comprises a 
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doublet with a 1.2 eV separation between S 2p3/2 and S 2p1/2. For all films, peaks assigned to S-2 

2p3/2 at a binding energy of 162 eV have been assigned to S-W bond in WS2 [11,12]. The S/W 

ratio increased from 1.5 in 10-6 Torr films to 1.9 in 1 Torr grown films and an observed decrease 

in sheet carrier concentration and conductivity values of films as pressure increases shown in 

fig.3(c) plot. Hall measurements of films show n-type carriers with atomic S/W ratios of 1.9 and 

less, while films of S/W ratios above 2.0 are p-type. This is consistent with previous reports[13]. 

6.5 Surface Topography by AFM 

Surface topology using AFM as shown in Figure 6.4 suggests films are nanoparticles, but 

as argon pressure was set to 1 Torr larger particles sizes were observed; which may also relate to 

literature reports on fullerene-like particle formation[14]. It is speculated that high processing 

pressure promotes the coalescence of nanoparticles to form larger observed surface particles. 

Also, large-scale synthesis of 3D fullerene has been successfully achieved at atmospheric 

pressure using CVD technique [15]. 

 
Figure 6.4: AFM Images of WS2 films at varied pressure. 
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6.6 Analysis of 2H-WS2 Grown of a-BOxNy  

XPS and XRD characterization was conducted to investigate the chemical and structural 

stability of a WS2 film grown on 34 nm a-BOxNy as shown in Figure 6.5.  

 
Figure 6.5: XRD, XPS of WS2 on a-BOxNy: (a) XRD, (b) XPS W 4f spectrum, (c) XPS S 2p 

spectrum. 

 
XPS and XRD data were compared to films deposited at 10-3 Torr, 400oC WS2 on quartz using 

the sulfur-rich target as mentioned earlier. For films grown at 400oC on both quartz and a-

BOxNy, XPS spectra did not show a variation in binding energy suggesting no change in 

oxidation states as in fig. 5 (b) and (c). Nevertheless, a slight increase in the S/W ratio of 2.5 is 

observed in 400oC grown film on a-BOxNy as compared to quartz 2.1. A S/W ratio of 5.2 is 

obtained for films grown at room temperature on a-BOxNy. For WS2 films deposited at room 

temperature, an extra XPS S 2p doublet assigned S 2p3/2 at a binding energy of 163 eV, the peak 

is assigned to S-S bonding because of the S-rich target used in growth. Also, unlike WS2 

deposited at room temperature on quartz which is amorphous, WS2 films of a-BOxNy show the 

emerging (002) plane. XRD data reveal a shift from 12o to 13.7o diffraction angle for films 

grown on a-BOxNy. This suggests a more relaxed film from internal stresses. A reduction in 
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FWHM from 3.9o to 3o is observed for films grown on quartz and a-BOxNy respectively as 

shown in Figure 6.5(a). These findings suggest improved chemistry and structure are attainable 

for 2H-WS2 deposited on a-BOxNy. 

6.7 Conclusion 

PLD processing of WS2 shows temperature-dependent crystalline orientation. Films are 

hexagonal and the (002) peaks became more pronounced as substrate temperature increased to 

400oC. Chemical analysis shows that the S/W ratio increases with increased growth pressure. 

High argon chamber pressure is expected to mitigate S desorption from growing films into the 

vacuum. Electrical measurements show that carrier concentration and conductivity decrease with 

increasing growth pressure. Thermodynamic equilibrium conditions suggest that as S desorbs 

from the film, the S vacancy increases. Each sulfur vacancy is speculated to contribute 2 

electrons to the conduction band; therefore, for every vacancy that is occupied by an S atom it is 

speculated that carrier concentration will reduce by 2 electrons: 𝑊𝑊𝑊𝑊2 −
𝑥𝑥
2
𝑆𝑆2(𝑔𝑔𝑔𝑔𝑔𝑔) = 𝑊𝑊𝑊𝑊(2−𝑥𝑥) +

𝑥𝑥𝑥𝑥 .. + 2𝑥𝑥𝑥𝑥−. XRD shows the relaxation of films from internal stresses with increased pressure 

on both films grown on quartz and a-BOxNy substrate. This could be attributed to the slower 

growth process resulting from increased inelastic collisions at higher chamber pressure, allowing 

atoms time to occupy lattice positions with less residual stress. 2H-WS2 deposited on a-BOxNy 

shows an improved S/W ratio and structure when compared to samples grown on quartz which is 

likely associated with a better film adhesion between WS2 on a-BOxNy. 
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CHAPTER 7 

INTERFACIAL ANALYSIS OF ITO/a-BOxNy/ZnO/Ag AND ITO/a-BN/WS2/Ag MIS 

STRUCTURE 

7.1 Objective 

Growth of ITO/a-BOxNy/ZnO/Ag and ITO/a-BN/WS2/Ag MIS Structure by PVD 

technique, measure and calculate the current density (J) – voltage (V), Capacitance (C) - Voltage 

(V), Conductance (G) – Voltage (V), Interface trapped charge concentration (Nit) and interface 

state density (Nss). 

7.2 ITO/a-BOxNy/ZnO/Ag MIS Structure 

To verify if 15 mTorr grown a-BOxNy films is of comparable quality as a dielectric 

insulator in MISCAP and associated FET devices; the design of a simple MIS structure with our 

already established ZnO as the semiconductor was done to investigate accumulation, depletion, 

and inversion regions as expected in a simple MISCAP. MIS structure of ITO/a-BOxNy/ZnO/Ag 

during strong inversion Figure 7.1, for which a minimum criterion when; Vs = 2ϕf  can be 

applied. We have estimated from the equation: 

𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚 =  �2𝜖𝜖𝑠𝑠 (2𝜙𝜙𝑓𝑓)
𝑒𝑒𝑁𝑁𝑑𝑑

�
0.5

 and 𝜙𝜙𝑓𝑓 =  𝑉𝑉𝑡𝑡 ln( 𝑁𝑁𝑑𝑑
𝑁𝑁𝑖𝑖

) 

[a thickness for ZnO to achieve complete inversion is  tZnO ≤ 37 nm] 

where Wmax: Space Charge Layer, Vs: Surface potential, 𝜙𝜙
f
: Fermi Potential, N

d
: Extrinsic Carrier 

Concentration = 1018cm-3, N
i
: Intrinsic Carrier Concentration < 106 cm-3, ϵ

s
: permittivity of 

semiconductor = 8.66(8.85×10-14) F/cm, e: charge of electron, V
t
: thermal voltage = kBT/e = 

0.026 V, kB: Boltzmann Constant and T is Temperature in Kelvin. 
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Figure 7.1: Schematics of Inversion mode in ITO/ a-BOxNy /ZnO MIS Structure.  

 
Using relation: 𝐶𝐶𝑖𝑖 = 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜀𝜀𝐵𝐵𝐵𝐵𝐵𝐵𝜀𝜀𝑜𝑜𝐴𝐴/𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵; where Ci = Insulator Capacitance, Cacc = 

Capacitance at accumulation, εBON = Dielectric constant BN, εo = Permittivity in vacuum, A = 

contact area, tBON = thickness of a-BOxNy. We look at an MIS capacitor of 15 mTorr grown BN 

with a thickness of ≈35 nm and ZnO thickness of ≈22 nm. MIS structures consisting of ITO/a-

BOxNy/ZnO/Ag stacks were then fabricated to evaluate the interface trap concentration and 

interface state density using C-V and G-V measurements. C-V and G-V were measured at an AC 

oscillation of 20 mV at a 100 kHz frequency. The a-BOxNy films grown at 15 mTorr were 

studied because this processing condition exhibited the highest breakdown strength and 

smoothest surface topography as discussed above.  

Figure 7.2 shows an AFM image of ZnO RF sputtered of a-BOxNy which supports low 

temperature grown ZnO films are nanoparticles. The surface morphology is consistent with low 

energetics sputtering of ZnO films on glass substrates as reported in chapter 4. 
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Figure 7.2: AFM Images of ZnO RF sputtered on a-BOxNy. 

 
As stated earlier, the a-BOxNy layer was ~34 nm. The interface trap concentration (Nit) 

was calculated using, 

𝑁𝑁𝑖𝑖𝑖𝑖 = 𝐶𝐶𝑖𝑖𝛥𝛥𝑉𝑉𝑓𝑓
𝑒𝑒𝑒𝑒

, 

while the interface state density (Nss) was calculated from, 

𝑁𝑁𝑠𝑠𝑠𝑠 =
2
𝑒𝑒𝐴𝐴

�
𝐺𝐺𝑚𝑚 𝑀𝑀𝑀𝑀𝑀𝑀 𝑤𝑤�

�𝐺𝐺𝑚𝑚 𝑀𝑀𝑀𝑀𝑀𝑀
𝑤𝑤𝐶𝐶𝑖𝑖� �

2
+ �1 − 𝐶𝐶𝑚𝑚

𝐶𝐶𝑖𝑖� �
2� 

using the Hill and Coleman approximation method [1] where the maximum value of parallel 

conductance (GmMax) and its corresponding capacitance (Cm) is taken from the measurements 

(Figure 7.3d), and Ci is taken to be the insulator capacitance in accumulation (Figure 7.3a). The 

approximate has a 25 – 30% error. In the preceding, A = contact area, e = the electron charge, 

and ΔV
f
 = shift in flat band voltage. Biasing from -2 V to 5 V (fig 3a) and then back to -2 V 

(Figure 7.3b) and a normalized plot as is shown in fig. 3 (c), revealed a ΔV
f
 of 0.1 V. This 

positive shift is influenced by negative fixed charges at the bulk of the insulator or the a-

BOxNy/ZnO interface [2] resulting in calculated interface trap concentration Nit = 7.3 × 1010 cm-2.  
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Figure 7.3: (a)-2 to +5 V, and (b) +5 to -2 V, 3 (c) normalized (a) and (b) C-V measured at 

100 kHz, 20 mV AC oscillation, (d) is the corresponding G-V curve for (a), (e) I-V characteristics, 
(f) transmissivity of ITO/a-BOxNy/ZnO. 

 
This value falls within the range: 7 × 1011 – 5 × 109 cm-2 reported for SiO2/Si interface [3]. Also, 

with a maximum parallel conductance value of 0.00026 S from Figure 7.3(c) and a 

corresponding capacitance value of 2.05 nF, the calculated interface state density Nss = 7.5 × 1012 

eV-1 cm-2. An interface state density Nss = 1.1 × 1012 eV-1 cm-2 at a C-V, G-V frequency of 500 

kHz. These values compare to 1011 – 1012 eV-1 cm-2 in Au/BN/InP [2,4,5] MIS structures grown 

by plasma-enhanced vapor chemical deposition at 320oC,   and 1011 – 1013 eV-1 cm-2 in  

Al/SiO2/p-Si assemblies for SiO2 grown by dry oxidation at 900oC [6], or RF sputtering SiO2 [7]. 

Comparable values of reported suggest that in transistor application, a-BOxNy/ZnO structure will 

operate with similarities as already established SiO2 or related BN-based structure. Also, a 

minimal to no shift in flat band voltage improves transistors' reliability by diminishing current 

leakages, power consumption, etc.  Roughly 2 V was required to switch the a-BOxNy/ZnO 

interface from inversion to accumulation. We expect that reducing the free carrier concentration 
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of the ZnO layer would decrease the voltage to transition from inversion to accumulation. A plot 

of current density vs voltage shown in Figure 7.3(e) depicts rectifying behavior with a reverse 

bias breakdown strength of ~3.5 V. Figure 7.3(f) reveals the transmissivity of the ITO/a-

BOxNy/ZnO stack was ~85% in the visible spectral range and as well span to 1100 nm near-

infrared region. Transmissivity of this value depicts high see-through in application to 

transparent electronics. 

7.3 ITO/a-BOxNy/WS2/Ag MIS Structures 

Figure 7.4 (a) and (d) show electrical characterizations of ITO/a-BOxNy/WS2/Ag MIS 

structures of p and n WS2 channels respectively. Hall measurement shows a carrier concentration 

of 8.60 x 1011 cm-2 and 1.47 x 1013 cm-2 for the n and p-channel respectively. Capacitance and 

conductance measurements were done at 100 kHz and an AC oscillation of 20 mV. From Figure 

7.4 (a) and (d), Capacitance – Voltage (C – V) measurement shows regions transitioning from 

accumulation to inversion typical to an MIS capacitor. Approximately 4 V is required to switch 

from inversion to accumulation in n and p-channel MIS structures. A ΔVf = 0.3 V shift was 

observed from C - V curves were from ITO/a-BOxNy/WS2/Ag MIS structures. An interface 

trapped charge concentration (Nit) of 3.2 × 1010 and 1.6 × 1012 were calculated using n and p WS2 

respectively. Interface state densities (Nss) of 1.6 × 1012 eV-1 cm-2 and 6.5 × 1012 eV-1 cm-2 was 

calculated for n and p-channel MIS structure respectively. Figure 7.4 (b) and (e) show the 

normalized capacitance for voltage sweep from -V to +V and vice versa for p and n WS2 

respectively. The low value shift of ΔVf = 0.3 V is likely attributed to the nature of the BN-base 

insulators free of dangling bonds [8]. Figure 7.4 (c) and (f) depict the current density vs voltage 

(J-V) characteristics which confirm rectifying behavior. A reverse bias of these structures from 0 

V shows a breakdown strength of 3.8 V and 2.5 V for p and n type WS2 channel materials. 
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Figure 7.4: Electrical data of ITO/a-BOxNy/WS2/Ag structure, (a),(d) C-V, G-V (b),(e) 

Normalized C-V for +V to -V sweep and vice versa (c),(f) Current/Voltage characteristic . 

 

7.4 Comparison of ITO/a-BOxNy/ZnO/Ag and ITO/a-BN/WS2/Ag MIS Structure 

Table 7.1 shows the comparison of a-BOxNy based MIS structure using ZnO and WS2. 

The result shows overall low trapped charges and interface states. This is likely due to 

diminished dangling bonds present at the a-BOxNy and as well in WS2 as reported in the 

literature [9]. Studies have shown that dangling bonds serve as charge trapping centers [10]. 

Table 7.1: Comparison of ITO/a-BOxNy/ZnO/Ag and ITO/a-BN/WS2/Ag MIS Structure 

Channel Type 
Switch from 

Accumulation to 
Inversion (V) 

Trapped/Oxide 
Charge Conc. Nit (cm-

2) 

Interface state 
density. Nss (eV-1 cm-2) 

n - ZnO 2 7.3 × 1010 7.5 × 1012 

n - WS2 4 3.2 × 1010 1.6 × 1012 

p - WS2 4 1.6 × 1012 6.5 × 1012 
 

7.5 Conclusion 

a-BOxNy base MIS structure shows good enough transparency for device fabrication. 
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Overall low trap and density of state. WS2 used as channel material has a lower Nss value as 

compared to ZnO. Results of ITO/a-BOxNy/ZnO/Ag and ITO/a-BN/WS2/Ag MIS Structure show 

promising potential in transparent and thin-film transistors. 
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

8.1 Conclusion 

The results of this work demonstrate that the PVD  growth processes and properties of 

ZnO, WS2, and a-BOxNy, are good candidates for the synthesis of metal-insulator-semiconductor 

structures using ZnO and WS2 as channel materials. This is done by optimized growth processes 

and showing a capacitance-voltage switch from accumulation to inversion in ITO/a-BOxNy/ZnO 

and ITO/a-BOxNy/WS2 MIS structures. 

ZnO synthesized at low temperature using RF magnetron sputtering showed dependency 

on properties with processing conditions. Low energetic sputtering conditions for ZnO, i.e. lower 

sputtering power or high argon background gas, result in deposited films with increased (002) 

XRD orientation, films become more oxygen deficit, AFM image morphology shows smaller 

clusters, electrical measurements using Hall effect reveal increased carrier concentration and an 

increase in Burstein-Moss shift as compared to the higher energetic depositions, 

Studies of a-BOxNy deposited using RF magnetron sputtering with varied nitrogen 

background pressure ranging 2 – 15 mTorr show that the film surface roughness improved and 

pinholes were eliminated as the deposition pressure increased. Analysis of the current density 

dependence on the electric field of the a-BOxNy films suggests field-enhanced Schottky emission 

and/or Frenkel-Poole emission mechanisms at lower and intermediate electric fields, while 

space-charge-limited conduction is observed at high fields. The highest breakdown strength 

obtained was 8 MV cm-1 for 15 mTorr process films. The 15 mTorr growth conditions also 

yielded the largest bandgap of 3.9 eV which was calculated using indirect transition Tauc 

equation from measured spectroscopic ellipsometry and UV-vis spectroscopy data.  
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For WS2 films grown on both quartz and a-BOxNy at variable temperatures, the XRD 

analysis show (002) planes becoming more textured at 400 oC, In addition,  AFM surface 

morphology images show nano-particles at lower chamber pressure. At an increased chamber 

pressure of 1 Torr, the formation of larger clusters of particles is observed. Chemical analysis 

reveals improved sulfur to tungsten ratio as pressure increases. WS2 grown on a-BOxNy shows 

better chemistry and structure as compared to WS2 on a quartz substrate. 

The characterized MIS structures made with investigated ZnO and WS2 semiconductor 

materials show promising properties for electronic applications. An interface trap concentration 

Nit of 7.3 × 1010 cm-2, and interface state density Nss of 7.5 × 1012 eV-1 cm-2 were measured for 

transparent ITO/a-BOxNy/ZnO MIS structures, and approximately 2 V was required to switch the 

a-BOxNy/ZnO interface from accumulation to inversion.  Using WS2 as channel material, 

approximately 4 V is required to switch from inversion to accumulation in n and p-channel MIS 

structure. Interface state densities (Nss) of 1.6 × 1012 eV-1 cm-2 and 6.5 × 1012 eV-1 cm-2 was 

calculated for n and p-channel MIS structure respectively. This study shows promising potential 

for the application of the investigated research materials and structures in transparent electronics. 

8.2 Future Work  

This work has developed PVD processing conditions for ITO/a-BOxNy/ZnO and ITO/a-

BOxNy/WS2 as a potential structure for transparent electronic devices. Future work includes: 

• Design and fabrication of bottom gated transparent transistors, using RF sputtered a-
BOxNy as the insulator, RF sputtered ZnO, and few-layer PLD grown WS2 as 
channel materials. 

• Incorporation of ITO/a-BOxNy/ZnO and ITO/a-BOxNy/WS2 based transistors into 
electronic devices. 

• Further studies of ITO/a-BOxNy/ZnO and ITO/a-BOxNy/WS2 MIS structures for 
potential photoresponse and sensing applications. 
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