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Abstract 
 

Negatively charged dielectric films have significant potential to improve the performance of semiconductor 

devices by modifying its carrier densities. Such charges can be embedded by injecting electrons to dielectric 

defects, which can be intentionally engineered to control their density and location for specific applications. 

Understanding the interactions at the charged dielectrics and semiconductor interfaces is also essential for 

effective integration into devices.  

The first part of this thesis focuses on the development of negatively charged dielectrics. The charging 

mechanism of defects at the SiOx/AlOx interface was investigated, highlighting the necessity of an electron 

source within a critical distance for defect-assisted charge injection. Based on this insight, negatively charged 

dielectrics were designed for field-effect doping of 2D semiconductors. Negative corona charge was identified 

as a suitable electron source, offering greater flexibility in charge location. Additionally, corona charging at 

elevated temperatures was found to generate deep acceptor states, enabling high charge stability at 450 °C. 

Strategies to fabricate negatively charged dielectrics with a charge density of ~1012 q cm-2 were developed.  

The second part of this thesis explores the application of negatively charged dielectrics for passivating p-

type silicon surfaces. The widespread adoption of silicon solar cells relies on both high energy conversion 

efficiency and cost-effective manufacturing. A SiOx/AlOx/SiNx passivation stack was designed using a 

chemically grown SiOx layer at low temperature and an ultra-thin (~2.5 nm) AlOx layer while maintaining a 

low Seff of 6.3 cm/s. Detailed interface analysis revealed characteristic features of AlOx-passivated Si interfaces 

and the critical role of valence band tail states in evaluating the overall passivation. Advanced atomic-scale 

characterisation using TEM and EELS correlated changes in electrical properties with elemental distribution 

and bonding configuration. Additionally, the effects of electric field in passivation were investigated, 

presenting a new strategy for further optimisation of device performance, yielding a further improved Seff of 

5.5 cm/s on p-type Si. A comprehensive model was proposed to account for the observed changes in interface 

properties, revealing an inherent correlation between chemical and field-effect passivation.  

Finally, this thesis presents the application of negatively charged dielectrics for p-type doping of 2D MoS2 

– an ongoing challenge in incorporating 2D semiconductors in the next generation nanoelectronics. An all-dry 

fabrication process for 2D MoS2-based field-effect transistors was developed, along with a controlled 

measurement environment to ensure reproducible electrical characterisation while fully preserving the 

dielectric charges. Correlating multiple characterisation techniques, this work provides converging evidence 

for p-type field-effect doping of 2D MoS2, achieving a doping concentration of ~1012 q cm-2 without degrading 

channel mobility. A comprehensive model of the dielectric-MoS2 interface was proposed, providing a 

foundation for further development of this doping strategy.  
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1 Chapter 1 

Introduction 

1.1 Semiconductor Devices and Energy Consumption 
Semiconductors are materials with an electronic structure such that conduction electrons need to be activated 

through an energy bandgap. This moderate bandgap enables control of their electrical conductivity. For 

example, light can generate free carriers in semiconductors through the photovoltaic effect, converting photon 

energy into electric current. Applying external voltages can also introduce excess carriers in semiconductors, 

enabling the operation of devices such as transistors, which form the foundation of modern information 

technologies. Stemming from their versatile properties, semiconductor devices have driven a digital 

transformation of the world since the mid-20th century. 

However, technology advancements have been accompanied by a sharp increase in energy demand. 

Energy consumption from large-scale computing and communication centres is growing rapidly with the 

emergence of Internet of Things (IoT), machine learning and artificial intelligence (AI). It has been predicted 

that the energy consumption for all microelectronics will grow to ~25% of primary energy by 2030, as shown 

in Figure 1.1.1 [1]. This growing energy demand has led to an increased reliance on fossil fuels, which 

exacerbates the depletion of non-renewable resources, the emission of greenhouse gases, and the associated 

environmental pollution. Addressing these challenges requires a shift towards a diverse combination of 

renewable energy and the development of energy-efficient technologies. 

 

Figure 1.1.1 A plot of the fraction of primary energy consumed by microelectronics in three energy efficiency 

scenarios. The top red plot is with the current energy efficiency (100e-12 J/op), consuming ~25% of the primary energy 

(energy content of raw resources before conversion). The lower red plot is for beyond CMOS @ 1fJ/logic operation. 

The green plot is for beyond CMOS at 1aJ/logic operation. Reproduced after [2].  
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To minimise the environmental impact of the expanding digital landscape, renewable energy sources are 

being explored as alternatives. Among all the renewable energies, solar energy has been predicted to make the 

largest contribution in reducing global emissions, with the lowest cost, as shown in Figure 1.1.2 [3]. Silicon 

(Si) solar cells, in particular, are taking the lead in photovoltaics (PV) technology, with more than 97% of the 

total production in 2023 [4]. Additionally, efforts to lower the energy consumption in electronic devices, such 

as metal-oxide-semiconductor field-effect transistors (MOSFETs) – a fundamental building block of 

computing – have driven extensive research into novel materials, including 2D semiconductors or 

semiconducting carbon nanotubes (CNTs). These low-dimensional materials, either as a replacement or 

enhancement to silicon technology, enable more effective control over the transistor channel conductance and 

enable lower off-state current [2], [5], [6]. 

 

Figure 1.1.2 An overview of selected mitigation options towards climate change and their estimated costs and potentials 

in 2030. Reproduced after [3]. 

Both solar cells and computing electronics rely on semiconductors as the active material to perform their 

core functions. However, supporting materials—such as dielectrics and metal contacts – play an equally crucial 

role in ensuring device operation. The efficiency and reliability of semiconductor devices require the 

optimisation of all components.  

1.2 Functional Dielectrics 
Dielectrics are materials with large bandgaps, making them poor conductors of electricity. In semiconductor 

devices, they serve multiple roles, including surface passivation, charge storage, optical coating, thermal 

management, and electric field control, in addition to functioning as insulating layers. Dielectrics that fulfil 

more than just preventing unwanted electrical conduction are referred to as functional dielectrics. Tailoring 

the properties of dielectrics and their interfaces to semiconductors is crucial, offering new opportunities to 

enable advanced functionalities that go beyond conventional applications.  

In bulk semiconductor devices, the deposition of dielectric films can partially satisfy the surface defects 

caused by lattice termination, a process known as chemical passivation. These surface defects, when un-

passivated, can act as carrier capture sites, and lead to loss of current and device instability. While bulk defects 
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can also degrade device performance, they are generally minimised in high quality materials, making defects 

at the semiconductor-dielectric interface the primary limiting factor for improving device efficiency [7]. One 

of the key parameters in evaluating the effectiveness of a chemical interface, and hence the dielectric 

passivation potential, is interface defect density (Dit). It describes the number of electronic states at a given 

energy level within the semiconductor bandgap. Defect states can also exist outside of the semiconductor 

bandgap, capturing carriers and becoming charged regardless of the changes in the Fermi level, which are 

referred to as fixed charges. Such fixed charges modify the density of either electrons or holes via the field-

effect mechanism, thereby modifying the carrier capture process and enabling reductions in recombination. 

This process is referred to as field-effect passivation.  

Chemical and field-effect passivation are the two most important strategies for surface passivation, which 

aims to mitigate the carrier capturing process near the semiconductor surface. Both the polarity and density of 

the fixed charges (Qf), as well as the Dit, are strongly influenced by the type of semiconductor, the dielectric, 

and their deposition methods. In this section, these key parameters will be discussed in the context of silicon, 

which remains the most extensively studied bulk semiconductor system. The application of these dielectric 

layers in the context of surface passivation in silicon solar cells is further discussed in Section 1.3. 

In contrast, 2D materials have van der Waals interfaces, which result in interactions with dielectrics that 

differ from those observed in bulk semiconductor-based systems. Therefore, Section 1.4 is dedicated to 

discussing the current understanding of these interactions. 

I start by describing the four most used dielectrics in silicon solar cells and 2D material-based FETs: 

silicon oxide (SiOx), silicon nitride (SiNx), aluminium oxide (AlOx), and hafnium oxide (HfOx) [8], [9], [10], 

[11]. Each of these materials exhibits unique properties, such as forming high quality interface to silicon, 

offering tuneable optical properties, providing high density fixed charges, or having a high dielectric relative 

permittivity. These characteristics makes them indispensable for a variety of applications in semiconductor 

devices. 

1.2.1 SiOx 

Silicon oxide (SiOx) is the most employed dielectric in the semiconductor industry, primarily due to its low 

defect density interface to Si [11]. Silicon naturally forms a high-quality SiO2 when oxidised, so the dielectric 

can be created directly from the substrate without adding foreign materials. There are various methods to grow 

SiOx, which affect its bulk properties and its interface to silicon, making them suitable for different applications. 

The highest quality SiO2 is grown thermally at 900-1200 °C, either dry (in dry oxygen) or wet (in water vapour), 

rendering a very low Dit to Si on the order of 1010 cm-2 eV-1 [12]. While wet thermal SiO2 grows much faster 

than dry thermal SiO2, a higher density of dangling bonds is introduced in the dielectric bulk, which reduces 

its breakdown strength [13]. Low-temperature grown SiOx has also been studied extensively, as high-

temperature processing is not ideal for industrial applications. Alternative growth techniques like atomic layer 

deposition (ALD) [14], plasma-enhanced chemical vapour deposition (PECVD) [15], wet-chemical oxidation 
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[16], [17], [18], [19], [20], and dry oxidation using O3 [21], [22] have been explored. However, these methods 

typically result in a higher Dit of 1011 to 1013 cm-2 eV-1 [14], [19], [21]. Thus, despite of its high thermal budget, 

dry thermal oxide has been widely employed in complementary metal-oxide-semiconductor (CMOS) 

processing, but has now been gradually replaced by dielectrics with high relative permittivity (κ) due to scaling 

demand [23]. Meanwhile, in the PV industry, ultra-thin (<2 nm) low-temperature oxides are sometimes 

adopted to minimise the production cost [20]. 

The defects present at the Si/SiOx interface have been well investigated. A schematic describing the types 

of defects, their recombination activities, and energy levels in relation to the conduction band minimum (CBM) 

and valence band maximum (VBM) is shown in Figure 1.2.1 [24]. Four types of dangling bonds with different 

back bond configurations are presented. Broad state distributions are formed due to statistic disorder in the 

bonds. Dangling bonds with three Si back bonds generate a symmetrical distribution of defect states in the 

bandgap, giving rise to both acceptor-like and donor-like states. Dangling bonds with one or two oxygen back 

bond forms donor-like states, which tend to donate an electron and become positively charged. Both types of 

defects create states inside of the bandgap and thus can capture electrons and contribute to performance 

degradation. Lastly, Si dangling bonds with three oxygen back bonds create an energy level above Si CBM, 

and thus stays positively charged, giving rise to a 5~20 × 1010 q cm-2 Qf observed near the Si/SiOx interface 

[25]. 

 

Figure 1.2.1 Defect model of the Si/SiO2 interface, reproduced after [24]. 

1.2.2 SiNx  

Silicon nitride (SiNx) films are typically deposited using PECVD with ammonia (NH3) and silane (SiH4) as 

precursors. Film properties including hydrogen concentration, positive Qf, and refractive index depend heavily 

on the precursor ratios. In general, a lower NH3/SiH4 ratio results in a Si-rich film with higher refractive index, 

higher hydrogen content (Si-H and N-H bonds), and lower positive Qf [26]. 
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The most important defect present in SiNx is the dangling bonds of Si back bonded to three N atoms 

(·Si≡N), also referred to as K centres. These defects exhibit amphoteric behaviour, meaning K-centres can stay 

in positive (K+), negative (K-) and neutral (K0) charge state [27]. In most cases, K-centres are positively charged 

because their energy level is close to the CBM, giving rise to a positive Qf on the level of 1012 q cm-2 [28], [29]. 

A schematic of the band diagram of SiNx interfacing to Si is shown in Figure 1.2.2. While K-centres can be 

found throughout the bulk material, most of the positive charge is found close to the Si/SiNx interface [27], 

[30]. The energy level of such K-centres has been reported to be right above the Si CBM [31], right below the 

CBM [32], or around the mid-gap [33]. The energy level of the defect states has also been reported to vary 

slightly depending on the stoichiometry ratio of the film [31]. External methods including corona charging and 

illumination have been demonstrated to manipulate the charge state of the defects and therefore change the 

overall Qf [26], [29], [33].  

 

Figure 1.2.2 A schematic of the band diagram of SiNx interfacing to p-Si, with K+ centres lies up to 20 nm within the 

interface [27]. 

1.2.3 AlOx 

Aluminium oxide (AlOx) is considered an excellent passivation layer since the introduction of ALD [34], [35]. 

This is primarily due to the high negative Qf of 1012~1013 q cm-2
 found within 2~3 nm to the Si interface, which 

repulses electrons from Si surface and reduce its capture rate [18], [36]. At the same time, ALD-AlOx was 

found to form a low defect density interface to Si with Dit on the level of 1011 cm-2 eV-1 [37]. PECVD-AlOx, 

on the other hand, forms a lower quality interface due to plasma damage [38]. This superior interface quality 

makes ALD a preferred deposition technique despite of its long processing time. More recently, the emergence 

of spatial ALD sped up the deposition rate by 100 times by separating the precursors in space rather in time 

[39], making it easier and cheaper to scale up industrially.  

Extensive studies have investigated the charging mechanism and its associated defects in AlOx [18], [40], 

[41], [42], [43], [44]. It was found that the SiOx interlayer formed between AlOx and Si during the first few 

ALD cycles or post-deposition annealing plays an important role in determining the negative Qf [42], [45], 
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[46], [47]. This is most likely related to the density of point defects present at the interface, which have been 

proposed to be Al vacancies and O interstitials by first principle calculations [48]. Experimentally, AlOx layers 

with O-rich regions have been found to correlate with the negative charges [49]. Tetrahedral coordinated Al 

(AlO4) has also been proposed to be the origin of the negative charge, and was found most abundant near the 

interface to Si [47], [50]. These defects are proposed to form acceptor-like states with energy levels right below 

the Si VBM, thus leading to a fixed negative Qf [51].  

Aside from the presence of chargeable point defects, a source of electrons within a tunnelling distance 

from the defects has also been shown to be essential for the negative Qf formation [40], [44], [49], [51], [52], 

[53], [54], [55], [56]. A schematic of the band diagram of AlOx interfacing to Si and the corresponding charging 

process is shown in Figure 1.2.3. In a Si/AlOx system, the electron source has been proposed to be Si or 

dangling bonds near the interface [42], [57]. By intentionally increasing the thermal SiO2 thickness between 

the AlOx and Si from 0 to 10 nm, a decreasing negative charge density from 3 to 1 × 1012 q cm-2 was observed, 

indicating reduced tunnelling [57]. Meanwhile, 5 Å of HfOx was found sufficient to eliminate the negative 

charge formation when deposited between AlOx and Si [46].  

 

Figure 1.2.3 Band diagram illustrating charging of acceptor states near SiOx/AlOx interface from electrons near Si 

surface. 

1.2.4 HfOx 

Hafnium oxide (HfOx) is considered superior to SiOx as a gate material in MOSFETs due to its high 

permittivity. Typical relative permittivity for HfOx, along with SiOx, AlOx, and SiNx are listed in Table 1.2.1 

for reference. A higher dielectric constant increases Cox=ɛ0ɛr/t, so the same surface charge can be induced at 

lower voltage or keep the film thicker, thus strengthening electrostatic control while reducing current leakage. 

ALD is the most adopted deposition method for HfOx for its high uniformity and controllability. A high defect 

density has been found in ALD-deposited-HfOx, which lowers carrier mobility and leads to instability of the 

device [58]. However, these defects can act as fixed charge traps and are beneficial for field-effect passivation 

[59], [60].  
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Table 1.2.1 Typical relative permittivity for the four dielectric materials discussed in this thesis. Reproduced from [61]. 

Dielectric Relative Permittivity (ɛr) 

SiOx 3.9 

AlOx 8.5-9 

SiNx 6.2 

HfOx 25 

Oxygen interstitials and vacancies are identified as the most likely intrinsic defects in HfOx bulk, while 

the energy level of such defects, especially at the interface to Si, is still under debate [58]. Energy levels of the 

intrinsic defects in bulk HfOx have been calculated by K. Xiong et al. and shown in Figure 1.2.4 [58]. The 

fixed charge Qf observed at Si/HfOx is not universal in sign: Warwick’s recent work systematically maps these 

dependencies—including precursor selection [62], co-reactant effects (O₂ plasma/O₃/H₂O), thickness/anneal 

windows [63], and demonstrates that stacking ALD-SiOₓ/HfOₓ enables tuneable field-effect passivation for 

silicon solar cells [64], [65]. As-deposited HfOx on Si is reported to hold a positive Qf on the level of 1012 q 

cm-2 [59], [66]. Annealing reduces the positive Qf, which is related to the transformation from amorphous to 

polycrystal phase near the Si/HfOx interface [67], [68]. Interdiffusion between HfOx and Si is also likely to 

happen during annealing and form a SiO2/Hf-O-Si interlayer, whose structure depends greatly on the amount 

of oxygen provided [69]. The existence of deep acceptor states has been reported empirically, which can be 

filled when annealed under N2 ambient, leading to a less positive or negative Qf, but neutralised when annealed 

in H2 ambient, leading to a positive Qf [59], [70]. HfOx films subjected to different annealing conditions result 

in variation in interface structures with trapping states of different density and energy levels, which ultimately 

leads to the alteration of Qf [59], [66], [67], [70]. 

 

Figure 1.2.4 Summary of calculated energy levels of the relaxed O vacancy (VO) and interstitial (IO), in their various 

charge states in bulk HfOx, reproduced after [58]. 

1.3 Surface Passivation in Silicon Solar Cells 
This section focuses on the application of dielectric layers on the surface passivation of silicon solar cells. The 

operation of silicon solar cells relies on the collection of photogenerated carriers at metal contacts. To achieve 
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high-efficiency devices, it is crucial to minimise carrier capture at defect states, which can be realised with the 

deposition of dielectrics. To evaluate the effectiveness of different passivation layers, it is essential to 

understand the carrier capture mechanisms and their associated interface parameters. This section will focus 

on the Shockley-Read-Hall (SRH) surface recombination, while a description of bulk recombination is 

included in Appendix A. Considerations when incorporating different dielectric stacks into solar cell devices 

will also be discussed. 

1.3.1 Surface Recombination 

Large density of defects is present near the semiconductor/air interface due to the termination of crystalline 

structure, leading to strong surface recombination governed by SRH statistics. Such interface defects induce 

energy states throughout the bandgap, and its density Dit can be expressed as a function of energy. The surface 

SRH recombination rate is defined as:  

 𝑈𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = ∫
𝑛𝑠𝑝𝑠 − 𝑛𝑖

2

𝑝𝑠 + 𝑝1
𝐷𝑖𝑡𝜎𝑛𝑣𝑡ℎ

+
𝑛𝑠 + 𝑛1
𝐷𝑖𝑡𝜎𝑝𝑣𝑡ℎ

𝐸𝑐

𝐸𝑣

 𝑑𝐸 = ∫
𝑛𝑠𝑝𝑠 − 𝑛𝑖

2

𝑝𝑠 + 𝑝1
𝑆𝑛

+
𝑛𝑠 + 𝑛1
𝑆𝑝

𝐸𝑐

𝐸𝑣

 (1.3.1) 

where ns and ps are the electron and hole concentrations at the surface. Here Sn and Sp are defined as the energy-

dependent electron and hole capture velocities. The surface recombination velocity (SRV) is defined as the 

reciprocal of the surface lifetime (τsurface) that describes the total recombination activity at a charge-neutral 

surface. In reality, the presence of surface charge induces changes in carrier concentration, thus band-bending 

near the semiconductor surface that modifies recombination activity within the region. Effective SRV (Seff) is 

thus introduced to account for the recombination in the band-bending region. 

As Seff cannot be measured directly, it is usually extracted from effective lifetime (τeff). The bulk lifetime 

(τbulk) is first calculated by adding the different mechanisms of bulk recombination from radiative, Auger, and 

SRH process of the bulk. Then Seff can be calculated using the simplified approximation: 

 
1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏𝑢𝑙𝑘
+
2𝑆𝑒𝑓𝑓

𝑊
 (1.3.2) 

where W is the wafer thickness. It has been reported that Seff is a term dependent upon the injection level [71]. 

A preferable approach to evaluate the effectiveness of surface passivation is by surface saturation current 

density (J0s). Over a large range of conditions, J0s is independent of the injection level. In this work, Seff and J0s 

are extracted following Kimmerle’s formalism described in [72], which take account of the finite carrier 

diffusion coefficient leading to a reasonably injection-independent J0s extraction.  

1.3.2 State of Art in Surface Passivation of Silicon Solar Cells 

The two main strategies of reducing surface recombination involve minimising the Sn and Sp, or the nsps terms 

in Equation (1.3.1), namely chemical and field-effect passivation. The commonly used dielectrics and their 

corresponding Dit and Qf interfacing to Si has been discussed in Section 1.2. Effective passivation involves the 
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optimisation of both chemical and field-effect passivation. Here, the incorporation of such dielectric materials 

into cell structures will be discussed briefly. 

When passivation layers are incorporated into devices, more factors including their optical properties, 

compatibility with metal contact, stability, and processing budget must be considered [73]. A summary of the 

passivation effectiveness of the dielectric layers on differently doped surfaces is shown in Table 1.3.1 [73]. In 

general, the most suitable passivation layers for a n-type (p-type) surface are positively (negatively) dielectrics. 

This is due to parasitic shunting, which refers to the loss of efficiency due to the formation of an unintended 

conductive pathway across the n and p carrier collecting sides. For example, while the positive charges in SiO2 

and SiNx can induce effective field-effect passivation on both n and p-type surfaces, a high conductance 

pathway for electrons is formed on p-type surfaces, thus reducing the short-circuit current density [74]. For p-

type surfaces, such an effect can be effectively removed with AlOx. However, the industrial metallisation paste 

(Al) was found to degrade the passivation and require a SiNx capping layer for protection. Finally, while SiO2 

has demonstrated excellent passivation on n-Si, it is not suitable for p+ surfaces due to surface depletion of the 

boron emitter caused by the high solubility of boron in SiO2 [75].  

Table 1.3.1 Summary of the effectiveness of different passivation dielectric layers on different surfaces (based on τeff), 

reproduced after [73]. 

Dielectric layer Doping type 

p n p+ n+ 

SiOx ✓ ✓ × ✓✓ 

SiNx ✓ ✓✓ × ✓ 

Al2O3 ✓✓ × ✓✓ × 

TiO2 ✓✓ ✓ ✓ ✓ 

HfO2 ✓ ✓✓✓ ✓ ✓✓ 

SiO2/SiNx ✓✓ ✓✓✓ ✓ ✓✓✓ 

SiO2/SiNx/SiOxNy ✓✓ ✓✓ ✓ × 

Al2O3/SiNx ✓✓✓ ✓ ✓✓✓ ✓ 

SiO2/Al2O3/SiNx ✓ ✓ ✓✓✓ ✓✓ 

× - ineffective, ✓ - less effective, ✓✓ - moderately effective, ✓✓✓ - highly effective. 

1.4 2D MoS2-based Field-Effect Transistors 
This section will focus on the role of dielectrics in 2D MoS2-based field-effect transistors (FETs). FETs are 

semiconductor devices that operate by controlling the flow of charge carriers within a channel through an 

externally applied electric field. In 1960, the invention of MOSFETs at Bell Labs marked the start of the 

modern semiconductor industry [76]. Over the past decades, silicon has been the most widely used material, 

largely due to its ability to form a high-quality SiO2 layer, serving as a gate dielectric [11]. This allows effective 

control over the channel conductance, fast switching speeds, and low leakage current.  

Extensive efforts have been invested in the miniaturisation of FETs, adhering to Moore’s law [77], which 

predicts the exponential growth of the number of devices per chip over time. However, in recent years, bulk 

semiconductor-based FETs have encountered significant challenges as device channel length approaches 3-5 
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nm. At these dimensions, device operation is hindered by various physical phenomena, including quantum 

tunnelling, and thickness-fluctuation-induced scattering [5]. To address these challenges, 2D semiconductors 

have emerged as a promising candidate to replace or complement silicon in further downscaling device 

dimensions. Furthermore, enhanced control over channel conductance enables lower off-state current, thereby 

improving energy efficiency [2], [5], [6]. 

1.4.1 Basic Properties of 2D MoS2  

2D molybdenum disulfide (MoS2) is a member of the transitional metal dichalcogenides (TMDs) family with 

a structure of Mo atoms sandwiched between two sulphur atoms, forming a three-atom thick monolayer. A 

schematic diagram of a 2D MoS2 is shown in Figure 1.4.1 [78]. In bulk MoS2, the layers are weakly bonded 

by van der Waals force, allowing monolayers to have dangling bonds-free surfaces. This enables 2D MoS2 to 

be easily integrated with other van der Waals-structured materials while maintaining a relatively clean 

interface. More importantly, their atomically thin structures confine the carriers in a 2D channel, which can be 

precisely controlled by the gate voltage. 2D MoS2 also has a direct bandgap of 1.8 eV and a comparable 

mobility (~ 400 cm2 V-1 s-1) to silicon [79]. These unique properties have made 2D MoS2 an appealing candidate 

for various applications in electronics and optoelectronic devices. 2D MoS2 is hence selected and studied in 

this thesis as a key material for future nanoelectronics. 

 

Figure 1.4.1 (a) Top view, and (b) front view of 2D MoS2, reproduced from [78]. 

A strong photoluminescence (PL) is found in 2D MoS2, primarily attributed to its direct bandgap [80]. 

The optical processes are dominated by excitons (electron-hole pairs), arising from the strong Coulomb 

interactions between the confined carriers [81]. Schematics of a fitted PL spectrum with marked peaks and 

their corresponding origin illustrated in the band diagram is shown in Figure 1.4.2. Exciton A and B with peaks 

around 1.84 and 1.98 eV are both present, due to the spin-orbit coupling induced valence band splitting. Excess 

electrons lead to the formation of A- trions, giving rise to a red-shifted peak relative to A0 in the spectrum [82]. 

A fourth peak, attributed to Axx biexciton may emerge at a lower energy as a result of exciton-exciton 

interactions. By collecting and analysing the emitted photons, information including optical bandgap, layer 

thickness, doping density, defect states and material quality can be obtained [82], [83], [84]. 
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Figure 1.4.2 (a) A fitted PL spectrum marking the presence of A, B excitons, A- trions, and Axx biexcitons and (b) their 

corresponding energy transitions in the bandgap, reproduced after [85]. 

Vibrational properties provided by Raman spectroscopy are also important in the study of 2D MoS2. The 

two typical vibration modes E2g and A1g arise from the in-plane opposite vibration of two S atoms and the out-

of-plane vibration of S atoms, respectively [86]. An illustration of the vibration modes and their corresponding 

peaks in Raman spectrums is shown in Figure 1.4.3. Decreased van der Waals forces with fewer layers of 

MoS2 lead to a red shift of A1g and a blue shift of E2g. The distance between the two peaks is found to vary 

significantly with increasing layer numbers until five, where the peak locations are the same as measured in 

bulk MoS2, as shown in Figure 1.4.3 (b) [87]. In monolayer MoS2, the peak difference is measured ranging 

from 17.5~21 cm-1 [88], [89]. Doping is also found to affect the peak positions. The A1g vibration mode is 

particularly sensitive to long-range Coulomb interactions, which results in blue shifts of the peak with strong 

n-type doping. Meanwhile, E2g mode is dominated by covalent bonding between Mo and S atoms, resulting in 

minimal peak shifts upon doping [90]. 

 

Figure 1.4.3 (a) Vibration modes of MoS2. (b) Raman spectroscopy of MoS2 with increasing layer numbers, and their 

identified E2g and A1g peaks, reproduced after [87]. 

1.4.2 Working Principle of 2D MoS2-based FETs 

The operation of FETs requires a source (S) and a drain (D) electrode, which are connected to the 

semiconductor to measure its conductance. An additional gate (G) electrode is required to form a metal-oxide-

semiconductor (MOS) structure to control the conductance of the semiconductor via field-effect. Depending 
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on the relative position of these electrodes to the 2D MoS2, different device structures have been designed and 

greatly affects device performance [91], [92]. Among them, back-gate top-contact (BGTC) configuration is 

the most widely adopted due to its ease in fabrication. A schematic of the BGTC structure is shown in Figure 

1.4.4. All devices in this thesis are based on the BGTC configuration. 

 

Figure 1.4.4 Schematic of a back-gate top-contact structured 2D MoS2-based FET. 

To understand the working principle of 2D MoS2-based FETs, the scenario where a 2D MoS2 channel is 

in contact with drain and source electrodes is first considered. Figure 1.4.5 (a) illustrates the band diagram of 

metal contacts and a 2D MoS2 channel before contact. Here, we consider aluminium (Al) as the metal, which 

is used as contacts in this thesis. 2D MoS2 is generally considered a n-type semiconductor in its pristine form 

[93], with a work function higher than Al (Wm<Ws). After contact, electrons in Al flow towards MoS2 due to 

their work function difference, which rise the electron energy in MoS2 near the contact region. This result in a 

downward band bending in MoS2, as shown in Figure 1.4.5 (b).  

 

Figure 1.4.5 Band diagrams of source (S) and drain (D) electrodes (a) before and (b) after in contact with an 2D MoS2 

with Wm<Ws. 

Next, the control of the current flow between S and D electrodes by gate voltage (Vgs) is discussed, 

demonstrated by the schematics in Figure 1.4.6. First, when a small positive drain-source voltage (Vds>0) is 

applied, the potential difference drives electrons to be injected from the S to the 2D MoS2 and collected by the 

D electrode, as shown in Figure 1.4.6 (a). This gives rise to a drain-source current (Ids), whose value depends 

on the carrier density in the channel. When a negative Vgs is applied, excess holes are mirrored into the channel 

due to field-effect, leading to a decrease in the Fermi level in relative to the valence band, as shown in Figure 

1.4.6 (b). Due to the reduced electron density, a smaller or neglectable Ids is measured with the same Vds applied 

(off-state). Hole conductance is possible, given a sufficiently high Vds is applied to overcome the Schottky 

barrier (ΦSB). More commonly, high work function metals such as platinum (Pt) and palladium (Pd) are used 

S D S D

MoS2

(a) Before Contact (b) After Contact

CB

VB
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to demonstrate p-type FETs based on 2D MoS2 [94]. When a positive Vgs is applied, more electrons are injected 

into the channel, resulting in an increase in conductance and hence higher Ids (on-state), as shown in Figure 

1.4.6 (c). With strong negative Vgs, high density of holes can be generated in the channel.  

 

Figure 1.4.6 Band diagrams of the working principle of 2D MoS2 FETs where Wm<Ws with a small positive Vds applied, 

and (a) Vgs = 0, (b) Vgs < 0, and (c) Vgs > 0. The arrow implies the direction of the electron flow. The difference between 

the MoS2 CBM and the Fermi level is the Schottky barrier height ΦSB for hole conduction. 

1.4.3 Key Parameters in 2D MoS2-based FETs 

The performance of a 2D MoS2-based FET can be evaluated through transfer and output characteristics. 

Transfer characteristics are obtained by analysing the changes in Ids in response to different Vds, as shown in 

Figure 1.4.7 (a). Meanwhile, the output characteristics are obtained by measuring the Ids-Vds relations at 

different Vgs, as shown in Figure 1.4.7 (b). When Vgs is smaller than the threshold voltage (Vth), the device is 

in off-state. When the device is turned on, and Vds < |Vgs – Vth|, the FET operates in a linear region, where the 

behaviour of the channel is analogous to a resistor, as shown in Figure 1.4.7 (b). The current in the channel 

can be described by: 

 𝐼𝑑𝑠 =
𝑊

𝐿
𝜇𝐶𝑖(𝑉𝑔𝑠 − 𝑉𝑡ℎ)𝑉𝑑𝑠 (1.4.1) 

Where W is the channel width, L is the channel length, µ is the mobility, Ci is the dielectric capacitance 

per unit area. At larger Vds, where Vds > |Vgs – Vth|, the Ids becomes independent of the Vds, namely saturation 

region. This is due to the reduced number of electrons near the drain electrode, which is further described in 

[95]. In the saturation regin, Ids in the channel can be described as: 

 𝐼𝑑𝑠 =
𝑊

2𝐿
𝜇𝐶𝑖(𝑉𝑔𝑠 − 𝑉𝑡ℎ)

2 (1.4.2) 

In this thesis, all devices operate in the linear region.  

From the transfer characteristics, key materials properties including doping density and mobility can be 

extracted. Assuming all the charge induced by the gate voltage is mirrored into the channel, the electron density 

(nel) can be calculated from:  
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 𝑛𝑒𝑙 = 𝐶𝑖
𝑉𝑔𝑠 − 𝑉𝑡ℎ

𝑞
 (1.4.3) 

where q is the elementary charge. The doping density can be calculated at Vgs = 0. Different methods can be 

applied to extract the Vth of FETs, as reviewed in [96]. The most commonly adopted method is the extrapolation 

in the linear region method (ELR), where Vth is extracted by finding the axis intercept (Ids = 0) of the linear 

extrapolation of the transfer curves, as demonstrated in Figure 1.4.7 (a).  

Additionally, mobility can be extracted from the slope of the linear region of an on-state FET, as can be 

deduced from Equation (1.4.1): 

 𝜇𝐹𝐸 =
𝐿

𝑊𝐶𝑖𝑉𝑑𝑠

𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠

 (1.4.4) 

Here µFE refers specifically to field-effect mobility, which represents the carrier mobility in the channel 

of a FET. This is a device property which takes account of the materials quality, the quality of the 

semiconductor-dielectric interface, and the effectiveness of gate control.  

In addition, the on/off ratio and subthreshold slope are also important parameters in evaluating the 

operation of FETs. In this thesis, I focus on studying the electrical properties of 2D MoS2 using transfer 

measurements by extracting the Vth and µFE. 

 

Figure 1.4.7 (a) Transfer characteristics of 2D TMD FETs at different gate drain-source voltages (Vds). (b) Output 

characteristics of 2D TMD FETs at different back gate voltages (Vgs), reproduced after [97].  

1.4.4 Interactions between 2D MoS2 and Dielectrics 

The atomically thin nature of 2D TMDs, such as 2D MoS2, results in high sensitivity to the surrounding 

environment, particularly dielectric materials. These interactions can induce shifts in Fermi level across the 

entire 2D layer and significantly affect its properties. Such effects often contribute to device variations. 

However, when carefully controlled, they can be exploited to enable advanced device functions. Understanding 
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these effects is essential for studying and manipulating the material properties of 2D MoS2. Key mechanisms 

including dielectric screening and charge transfer are next reviewed. 

1.4.4.1 Dielectric Screening 

Charge carriers in 2D materials have stronger Coulomb interactions compared to bulk systems due to their 

reduced spatial dimensions [98]. These stronger electron-hole interactions give rise to stable excitons even at 

room temperature, enabling advanced optoelectronic applications [99]. The tightly bounded excitons also lead 

to the renormalisation of the bandgap [98], [100]. When 2D materials are placed on a dielectric, the dielectric 

becomes polarised in response to the electric field generated by carriers in the 2D materials – a process referred 

to as dielectric screening. The strength of the screening effect depends on the dielectric relative permittivity of 

the environment. Such screening reduces the Coulombic interactions between charge carriers, leading to lower 

exciton binding energies and bandgap renormalisation [101]. The sensitivity of 2D materials to their 

surrounding dielectrics can thus be utilised for bandgap engineering, which shows potential for integration of 

multifunction photonic devices in the 2D plane [102].  

It is important to note that this effect is primarily discussed in the context of optoelectronic devices and 

is not the focus of this thesis. However, its potential impact in analysing material properties, particularly when 

using photoluminescence spectroscopy (PL), must be considered.  

1.4.4.2 Charge Transfer 

Charge transfer from intentionally deposited molecules on the surface of 2D TMDs has been widely studied 

as a doping technique. Both n-type and p-doping have been demonstrated using strong electron donors or 

acceptors, enabling doping levels of 1012 q cm-2 [103], [104], [105], [106]. However, such doping effects are 

largely unstable under ambient conditions or involve highly reactive chemicals, making them less suitable for 

making high-performance FETs [103], [107], [108]. 

Charge transfer is also present between 2D TMDs and their surrounding dielectrics. Due to the van der 

Waals surface of 2D TMDs, their interfaces to dielectrics remain largely un-passivated, leading to a high 

density of interface defects. Such defects also arise from vacancies in the channel material [109], [110], [111], 

or hybridisation between 2D TMDs and dielectrics [112]. The defect states inside of the semiconductor 

bandgap can capture/release carriers depending on the Fermi level, leading to unintentional doping and large 

variations in device threshold voltages [108]. Charged defects also interact with the carriers in 2D TMDs and 

cause mobility degradation due to Coulomb scattering [112].  

Aside from defects at the 2D channel-dielectric interface, border defects located a few nanometres from 

the 2D/dielectric interface should also be considered. An illustration of defects present in a 2D TMDs/dielectric 

system is shown in Figure 1.4.8. These border traps can be intrinsic oxygen vacancies, in the case of SiOx and 

HfOx [113], or extrinsically caused by trapped hydrogen atoms [114]. The charging/discharging behaviour of 

border defects varies with different oxides, deposition condition as well as post-deposition annealing process 
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[115], [116]. Unlike interface defects, border defects interact with 2D TMDs by a slower process of tunnelling, 

as evidenced by 1/f noise studies [115], [117]. When sufficient energy is provided – either during processing 

or operation – charge carriers can overcome the energy barrier at the 2D TMD/dielectric interface, leading to 

unintentional doping and thus device instability. However, due to the longer distance between the charged state 

and channel carriers, the effect of remote Coulomb scattering may be reduced, leading to less or no mobility 

degradation [112]. 

Due to the reduced variability of border defects, they can be intentionally incorporated into dielectrics for 

advanced applications. Widiapradja et al. reported a charge injection memory transistor utilising the defects at 

the SiO2/HfO2 interface, which lie 5 nm from the 2D MoS2/SiO2 interface [118]. Electron capturing and 

releasing at the SiO2/HfO2 interface defects under external voltage can fulfil the function of writing and erasing 

required for memory devices.  

 

Figure 1.4.8 Schematic diagram of different trap states in 2D semiconductors (2DS) -dielectric system, including oxide 

traps, border traps, and interface traps, reproduced after [119]. 

Various methods have been used to extract the Dit at different 2D MoS2/dielectric interfaces, as 

summarised in Table 1.4.1. Compared to the well-established Si/SiO2 interface, Dit between dielectrics and 

MoS2 are generally 1-3 magnitudes higher. The lowest Dit was found between MoS2 and van der Waals 

insulators such as hexagonal boron nitride (hBN). However, it is important to account for differences in the 

extraction techniques. For example, subthreshold swing equation (SS equation) neglects the impact of Schottky 

barriers, potentially introducing uncertainty in the extracted Dit values. Capacitance-voltage (C-V) 

measurements at high frequencies (MHz) primarily capture fast interface defects [115], whereas 1/f noise 

measurements are more sensitive to border traps near the interface [119], [120]. To reduce Dit, post-deposition 

treatments such as annealing are employed to improve interface quality [121]. Local oxidation of 2D TMDs, 

as in a HfS2/HfO2 system, can significantly improve the 2DS/dielectric interface quality by inducing structural 

reconstruction [115].  
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Table 1.4.1 Dit reported in selected literature with different dielectric/MoS2 interface and extraction method partially 

adopted from Ref. [115]. 1L refers to one layer, and ML refers to multilayers (>5). 

References Interface Channel MoS2 Dit [cm-2eV-1] Extraction Method 

Boutchacha et al. [122] Si/SiO2 0.18𝜇𝑚 Si ~109 1/f 

Vu et al. [123] MoS2/hBN Exfoliated 1L 5 × 109 1/f 

Na et al. [124] MoS2/SiO2 Exfoliated ML 7 × 1010 1/f 

Pan et al. [125] MoS2/cryst.-HfO2 Exfoliated ML 5 × 1011 electrical conductance equation 

Xia et al. [111] MoS2/HfO2 Exfoliated 1L 7 × 1011 C-V 

Liu et al. [126] MoS2/Al2O3 Exfoliated ML 2.4 × 1012 SS equation 

Liu et al. [127] MoS2/SiO2 CVD 1L 1.6 × 1013 SS equation 

Lee et al. [128] MoS2/SiO2 Transferred CVD ML 2.1 × 1013 SS equation 

Zhao et al. [110] MoS2/Al2O3 Exfoliated ML 1 × 1013 C-V 

     

Besides defects within the bandgap, deep states close to CBM or VBM of 2D TMDs can also lead to 

unintentional doping, but less affected by shifts in the Fermi level. The doping density and polarity depends 

strongly on the defect type and their energy levels, which is affected by the stoichiometry ratio of both the 

channel and the dielectric, as well as the processing [109], [110], [129], [130], [131]. For example, MoS2 

generally displays n-type conductivity due to the charging of intrinsic sulphur vacancies or carbon impurities 

[93]. However, both n-type and p-type conductivity has been reported on devices made on SiO2 substrate, 

which is largely attributed to the difference in interface defects [131], [132]. First principle calculation revels 

that by adding a donor-like or acceptor-like defect state to an ideal SiO2 substrate, the Fermi level of MoS2 

shifts towards n and p-type respectively [133].  

Other commonly used gate dielectrics including AlOx and HfOx have also been adopted in making 2D 

TMD FETs. A high electron density of > 2 × 1013 q cm-2 was found in monolayer MoS2 with a AlOx capping 

layer [112]. Such high doping density is proposed to arise from a defect energy level above the CBM of MoS2, 

which donates its electrons to the MoS2 leading to n-doping. The dominant defect state at HfOx/MoS2 interface 

has been proposed to be oxygen vacancies, which forms a deep state level above the CBM of MoS2 [130]. 

Such deep state is believed to alter the bandgap of MoS2, leading to n-type doping. HfOx has also been shown 

enhance channel mobility due to its stronger screening effect, which arises from its high-κ nature [134]. 

However, studies on the 2D TMDs/dielectric interface – particularly on the types of defects and their 

corresponding energy levels – are still under investigation. The challenge lies on the strong Coulomb 

interactions between channel carriers and various charged defects, which lead to large variability introduced 

by channel and dielectric stoichiometry, channel thickness and device structures [133].  

Finally, it is important to note that the complete picture of 2D TMD-dielectric interactions also include 

doping by electrostatic dipole or hybridisation between the dielectric and 2D TMDs. A schematic of a non-

ideal 2D TMDs/dielectric interface summarising the potential mechanisms is shown in Figure 1.4.9 [108]. To 

mitigate these complex and uncontrollable interactions, additional layers such as poly(methyl methacrylate) 

(PMMA), self-assembled monolayers or hBN can be inserted between 2D TMDs and dielectrics [108], [135]. 

However, these materials are not compatible with current CMOS processes.  
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Figure 1.4.9 Schematic of a non-ideal 2D TMDs/amorphous dielectric interface. Possible interactions include: (a) 

carrier scattering leading to mobility degradation, (b) interface dipoles due to charge impurities in the dielectric, (c) 

charge transfer between the dielectric and 2D TMDs, and (d) hybridisation between dielectric dangling bonds and 2D 

TMDs. Reproduced after [108]. 

1.5 Summary of Band Alignment and Defect Levels in 

Relevance to Si and 2D MoS2 
In Section 1.3 and 1.4, the various interactions between semiconductors and dielectrics were reviewed. 

Interface and border defects significantly impact device performance, leading to degradations or, when 

intentionally designed, advanced functions. Here, a summary of the band diagram highlighting the key defects 

and their energy levels in relation to Si and 2D MoS2 is provided. Figure 1.5.1 presents a summary of calculated 

thermodynamical defect charge state transition levels at the Si-SiO2 interface [136], in amorphous AlOx bulk 

[51], the energy levels of relaxed defects in different charged state in bulk HfO2 [58], and experimentally 

observed defect states of K-centres at the Si-SiNx interface from Ref.1 [31], Ref.2 [32], and Ref.3 [33]. This 

summary provides a guidance for designing suitable dielectric stacks for high-performance semiconductor 

devices based on Si or 2D MoS2. 

 

Figure 1.5.1 Summary of calculated thermodynamical charge transition levels of the most studied defects in different 

dielectrics and their relative position to the CBM and VBM of Si and 2D MoS2. The blue and red shaded strip offers 

visual aid of the bandgap of Si and 2D MoS2 respectively. The red lines represent donor-like defect levels, the green 

lines represent acceptor-like defect levels, and the blue lines represent amphoteric defects with a negative U. The 

numbers parentheses represent the transition of different charge states. For example, (+1/0) implies the defect stays 

positively charged when above the energy level, while stays charge neutral when below the energy level.  
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1.6 Thesis Objectives and Outline 
The overall objective of this thesis is to develop functional dielectrics and study their interactions with 

semiconductors (Si and 2D MoS2) to enable improved device performance. This thesis is split into three 

sections. The first section contains Chapter 1 and 2, which discuss literature on the most relevant dielectrics 

and their interactions with semiconductors, as well as the fabrication and characterisation techniques for such 

studies. The second section contains the main results, Chapter 3 to 7. The last section, Chapter 8, summarises 

the main findings and future work. 

Dielectric stacks with negative fixed charges were identified as particularly interesting. Chapter 3 

contains the development of such charged dielectrics. Chapter 4 and 5 focuses on their application to silicon 

surface passivation, including an in-depth understanding of the interface properties. The application of 

negatively charge dielectrics on 2D MoS2 doping is then explored. Chapter 6 presents a novel all-dry FET 

fabrication process, which enables studies of field-effect doping of 2D MoS2 using charged dielectrics in 

Chapter 7.  
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2 Chapter 2 

Materials and Experimental Methods  

2.1 Wafer Substrates 
A summary of the silicon wafers used in this work is shown in Table 2.1.1. Mono-crystalline silicon wafers 

grown by the Czochralski (Cz) or Float Zone (FZ) method were used for different studies. Compared to FZ, 

wafers grown by the Cz method have lower production cost, but contain higher interstitial oxygen and a 

different impurity background [137]. For optimising the passivation quality on Si, high-quality FZ wafers were 

used to isolate the recombination activity of the Si surface without effects from the bulk. More cost-effective 

Cz wafers were used for other studies. Wafers from MEMC were 6-inch, while wafers from Fraunhofer ISE 

and University Wafer were 4-inch. Both single-side polished (SSP) and double-side polished (DSP) wafers 

were used. For Set 2 and 4, the thermal SiO2 was removed by hydrofluoric acid (HF) prior to subsequent 

processing. For Sets 5 and 6, the thermal SiO2 was used as gate dielectric in 2D MoS2 FETs. The types of 

wafers used will be denoted as Sets 1 to 6, with a description of the subsequent processing provided in the 

relevant sections. 

Table 2.1.1 Summary of the silicon wafers used in this thesis. * Measured values. 

 
Label Type 

Resistivity 

(Ω·cm) 

Thickness 

(µm) 

Thermal 

SiO2 (nm) 
Surface Source 

 Set 1 n-type Cz Si 30-60 675 No SSP MEMC 

 Set 2 n-type FZ Si 0.9-1.0* 200 100 DSP Fraunhofer ISE 

 Set 3 p-type Cz Si 18-19* 500 No SSP University Wafer 

 Set 4 p-type FZ Si 0.9-1* 200 10 DSP Fraunhofer ISE 

 Set 5 p-type Cz Si 10-20 500 300 SSP University Wafer 

 Set 6 p-type Cz Si 1-10 500 300 SSP University Wafer 

2.2 Film Deposition 

2.2.1 Atomic Layer Deposition (ALD) 

In this thesis, nanolayer dielectrics including SiOx, AlOx, and HfOx are grown by thermal ALD. Figure 2.2.1 

illustrates the reaction mechanism using AlOx as an example. Depositing one layer of AlOx involves the 

injection of Al(CH3)3 (TMA) and H2O as precursors. The compounds chemically absorb to the substrate 

surface until the area is fully covered. The injection of each precursor is separated by a purging step, during 

which excess precursor and reaction by-products are removed. The precursor absorption in each step is self-

limiting, which leads to a layer-by-layer growth and high-quality films.  
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Figure 2.2.1 Reaction mechanism of thermal ALD using Al(CH3)3 and H2O as precursors: (a) -OH terminated substrate 

surface, (b) chemical absorption of Al(CH3)3 forming a Al-terminated surface and CH4 as by-products, (c) chemical 

absorption of H2O, forming one layer of AlOx, (d) the process is repeated to form AlOx. 

Two ALD systems were used in this work. A Vecco Savannah 200 is primarily used to deposit SiOx, 

AlOx, and HfOx for studies related to 2D MoS2, and an Anric thermal ALD is primarily used for the deposition 

of AlOx for silicon surface passivation. The Savannah ALD is located at the David Wong Building (DWB) 

cleanroom, University of Oxford, and the Anric ALD is located at the Engineering and Technology Building 

(ETB), University of Oxford. Both systems were operated by the author. The precursors involved in the process 

and the related parameters are summarised in Table 2.2.1. In Savannah ALD, the precursor dose is controlled 

by the valve opening time. In Anric ALD, the valve opening time is fixed, while the precursor dose is controlled 

by the number of pulses. Exposure mode was used to deposit SiOx in the Savannah ALD. The valve connecting 

the chamber to the vacuum pump is closed after the O3 pulse to allow sufficient precursor absorption. An ozone 

generator with an O2 flow of 0.5 SLM at 5 psi produces O3
 oxidant gas. Substrates for silicon surface 

passivation studies were RCA cleaned prior to ALD deposition. Further details of RCA cleaning are described 

in Appendix B. Test runs of 50 cycles of the corresponding film are deposited to fill the manifold with fresh 

precursors prior to depositions on the studied samples. For Anric ALD, a holder designed for double-side 

deposition is used, while for the Savannah system, samples are placed on the chamber plate directly for single-

sided deposition. 
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Table 2.2.1 Deposition parameters for dielectric films deposited by ALD. BDEAS stands for bis(diethylamido)silane, 

TMA stands for trimethyl aluminium, and TDMAHf stands for tetrakis(dimethylamido)hafnium. No heating is required 

for TMA. Pulse time for Anric ALD is described as “3 × 0.6 s”, which refers to three pulses with valve opening time of 

0.6 seconds for each pulse. 

Parameters 
Savannah Anric 

SiOx AlOx HfOx AlOx 

Chamber Temperature (ºC) 150 150 150 150 

Base Pressure (mTorr) 250 200 

N2 Flow (sccm) 20 20 20  

Precursor 

Name BDEAS TMA TDMAHf TMA 

Precursor Temperature (ºC) 50 - 75 - 

Pulse Time (s) 0.10 0.015 0.15 3 × 0.6 s 

Purge Time (s) 5 8 20 11 

Co-reactant 

Precursor Name O3 H2O H2O H2O 

Pulse Time (s) 0.075 0.015 0.015 2 × 0.6 s 

Exposure Time (s) 20 - - - 

Purge Time (s) 5 8 20 13 

In studies involving 2D MoS2, different dielectrics were deposited on the substrates using ALD. As 

reviewed in Chapter 1, Section 1.4.4, the dielectric/2D MoS2 interface plays a crucial role in determining the 

overall device performance. For simplicity, substrates capped with SiOx, AlOx, and HfOx are denoted as A, B, 

and C, respectively. For example, a Set 5 substrate with an additional 50 cycles of ALD-SiOx on top is referred 

to as Set 5-A. Details of the processing are provided in the relevant sections.  

2.2.2 Plasma Enhanced Chemical Vapour Deposition (PECVD) 

PECVD is a widely adopted technique which enables the deposition of thin films at relatively low temperatures 

[138]. Plasma is applied to the gas precursors generally with a high-frequency electric field to provide the 

excess energy required for the reaction. In this work, an Oxford Instruments PlasmaLab 80+ system is used to 

deposit SiNx using SiH4 and NH3 gases. The instrument is located at Begbroke Science Park, University of 

Oxford and operated by the author. Substrates for silicon surface passivation studies were RCA cleaned prior 

to ALD deposition. Further details of RCA cleaning are described in Appendix B. Samples are heated on the 

stage to 350 ºC and single-sided deposition was carried out at a pressure of 650 mTorr. The plasma power was 

80 W, and silane gas mixture (95% N2, 5% SiH4) and ammonia gas (NH3) of 400 and 40 sccm are admitted 

into the chamber. An additional N2 of 580 sccm is used as carrier gas and flown throughout the process.  

2.2.3 Metal Evaporation 

Thermal evaporation was used to deposit metal contacts for electrical measurements in this work. High-purity 

(99.99%) Al is placed inside a tungsten boat as the source. Under high vacuum (~10-6 Torr), the boat is heated 

up by passing through a high current. The metal melts and evaporates onto the sample surface. The deposition 

rate is monitored using a quartz sensor, whose resonant frequency changes with the deposition of metal.  

For C-V measurements, front contacts were deposited through a shadow mask with circular features of 1 

mm diameter. Full area back contacts were formed after removing the back dielectric layers using a diamond 

scribe. A schematic diagram of the formed structure is shown in Figure 2.2.2. For FET devices, back contacts 
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were deposited prior to front contact formation to best preserve the transferred flakes. Front contacts were 

formed through shadow masks fabricated using TEM grids. Details of the mask fabrication process are 

included in Appendix B. A DTE-170 Desktop Thermal Evaporation coater from Vac Techniche Ltd is used 

with a source-to-sample distance of ~10 cm. The instrument is located at ETB, University of Oxford and 

operated by the author. 

 

Figure 2.2.2 Schematic diagram of the formed MOS structure via thermal evaporation for C-V measurements.  

2.3 Post-Deposition Processing 

2.3.1 Annealing 

Annealing at low (100-550 ºC) and high temperatures (800 ºC) was carried out. Hot plates were used for low 

temperature annealing in air. A clean silicon wafer was placed between the sample and the hot plate surface to 

minimise contamination. The temperature was monitored using a thermalcouple during annealing, and the 

measured temperatures were within 10 ºC of the set target. For temperatures above 400 ºC, a glass petri dish 

was used to cover the sample to reach the target temperature and improve temperature uniformity. For the high 

temperature annealing, a box furnace was used. Samples were loaded into the furnace at ~450 ºC, and an 

additional 25 minutes is required for the measured temperature to reach 800 ºC. After annealing, the box 

furnace is cooled down to 450 ºC before unloading the samples. The cooling process takes about 10 minutes.  

2.3.2 Corona Discharge 

Corona charge deposition is used to form temporary electric fields on sample surfaces. Corona charges are 

generated by applying a high voltage (>10 kV) through a sharp metal tip, which ionises the surrounding air. 

The sample is placed on a grounded metal plate. When a positive voltage is applied, positively charged ions 

such as (H2O)nH+ is generated and deposit on the sample surface under the electric field. When a negative 

voltage is applied, negative ions such as CO3
- is deposited [139].  

For corona charge deposition at room temperature, the sample is placed directly underneath the metal tip 

on a grounded copper plate. The tip-to-plate distance is 20 cm. During charge deposition, voltage of ±30 kV 

is applied to the tip electrode. For corona charge deposition at elevated temperatures, an Al plate is used as the 

ground electrode. The Al plate is placed on a hot plate, and the tip-to-plate distance is 16 cm. During charge 

deposition, voltage of ±20 kV is applied to the tip electrode. 
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2.4 Characterisation Techniques 

2.4.1 Ellipsometry 

Ellipsometry is commonly used to determine the thickness and refractive index of nanolayer films. A schematic 

of the measurement is shown in Figure 2.4.1 [140]. A beam of linearly polarised light is incident on the sample, 

and the reflected light is collected by the detector. The change in the polarisation of the light is used to calculate 

film properties. The reflected light can be broken into two components, including p-polarisation Rp, which is 

parallel to the plane of incidence, and s-polarisation Rs, which is perpendicular to the plane of incidence. The 

Rp and Rs is then used to calculate the ellipsometric ratio: 

 𝑅𝑝

𝑅𝑠
= tan(𝛹) 𝑒𝑖Δ (2.4.1) 

where Ψ is the relative amplitude, and Δ is the phase shift between Rp and Rs.  

At each optical interface, the reflectance and transmittance of the light follows the Fresnel equation: 

 𝑡𝑠 =
2𝑛1 ⋅ cos 𝜃1

𝑛1 ⋅ cos 𝜃1 + 𝑛2 ⋅ cos 𝜃2
, 𝑡𝑝 =

2𝑛1 ⋅ cos 𝜃1
𝑛1 ⋅ cos 𝜃2 + 𝑛2 ⋅ cos 𝜃1

 (2.4.2) 

 𝑟𝑠 =
𝑛1 ⋅ cos 𝜃1 − 𝑛2 ⋅ cos 𝜃2
𝑛1 ⋅ cos 𝜃1 + 𝑛2 ⋅ cos 𝜃2

, 𝑟𝑝 =
𝑛2 ⋅ cos 𝜃1 − 𝑛1 ⋅ cos 𝜃2
𝑛1 ⋅ cos 𝜃2 + 𝑛2 ⋅ cos 𝜃1

 (2.4.3) 

and the Snell’s law: 

 𝑛1 ⋅ cos𝜃1 = 𝑛2 ⋅ cos 𝜃2 (2.4.4) 

where θ1 and θ2 are the incidence and refraction angles, and n1 and n2 are the refractive indices of the two 

materials. From Equation (2.4.1), (2.4.2), (2.4.3), and (2.4.4), Rp and Rs can be calculated [141]. In practice, 

film properties of each layer are put into a model and adjusted until the difference between the calculated and 

measured values of Rp and Rs is minimised. 

In this work, a Film Sense FS-1 ellipsometer with a four-wavelength light source was used. The 

equipment is located at ETB, University of Oxford, operated by the author. For analysing the thickness of SiOx, 

AlOx, and HfOx, a built-in model in the Film Sense software is used. This model uses the N, C, S definition of 

the ellipsometry parameters calculated from Ψ and Δ and minimise the difference between the calculated and 

measured data using the Marquardt-Levenberg algorithm [142]. The material optical properties of the materials 

are found in the literature [143]. A Cauchy model was used to analyse the thickness of SiNx, which also allows 

the fitting of the refractive index [144]. 
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Figure 2.4.1 A schematic of an ellipsometry measurement. Reproduced from [140]. 

2.4.2 Photoconductance Decay 

The effective lifetime (τeff) is defined as the average time that excess carriers persist before recombining. In 

this work, τeff is measured from photoconductance decay using a WCT-120 Sinton Lifetime Tester. The 

equipment is located at ETB, University of Oxford, operated by the author. Excess carriers are generated by 

shining light onto the samples, and its decay is monitored by the changes in the conductivity using an induction 

coil. The τeff can be calculated from: 

 
𝜏𝑒𝑓𝑓 =

Δ𝑛(𝑡)

𝐺(𝑡) −
𝑑Δ𝑛(𝑡)
𝑑𝑡

 (2.4.5) 

where G is the generation rate, and Δn is the excess carrier density.  

Depending on the length of the flash, the τeff can be measured in transient mode or Quasi Steady State 

(QSS) mode. For the transient mode, a short light pulse (100-200 µs) is shone upon the sample to generate 

excess carriers, and the changes in the excess carrier density are monitored after the light is turned off. This 

simplifies Equation (2.4.5) by assigning G(t)=0: 

 
𝜏𝑒𝑓𝑓 =

−Δ𝑛(𝑡)

𝑑Δ𝑛(𝑡)
𝑑𝑡

 (2.4.6) 

and τeff can be deduced from the changes in Δn over time. Transient mode has the advantage of not requiring a 

simultaneous measurement of the generation rate and is independent of the light optics. However, only samples 

with τeff longer than the light turn-off time (τeff >100 µs) are suitable for this mode. 

QSS mode is used for samples with shorter τeff. A longer light pulse is used, and the generation and 

recombination are assumed to be in equilibrium at each moment in time. This simplifies Equation (2.4.5) by 

assigning dΔn(t)/dt=0: 

 
𝜏𝑒𝑓𝑓 =

Δ𝑛(𝑡)

𝐺(𝑡)
 (2.4.7) 
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where G(t) is determined by a separate measurement of the flash intensity using a light sensor. The optical 

constant of the samples needs to be known to convert the flash intensity to generation rate. Compared to the 

transient mode, the QSS mode is less prone to noise, and the measuring condition is closer to the working 

condition of solar cells under constant illumination [145], [146]. 

In this work, transient mode with an 1/64 s light pulse was used to measure all samples. The testing stage 

is at 25 ºC and the τeff values are quoted at Δn=1015 cm-3. The obtained Δn-dependent τeff can be fitted to analyse 

the different contributions of τbulk and τsurface, as discussed in Section 1.3. The MATLAB app used for the 

analysis is available in [147]. The surface recombination current density (J0s) and effective surface 

recombination rate (Seff) can be calculated following Kimmerle’s formalism [11], [72].  

2.4.3 Transparent Gate Electrode 

To study the passivation quality of Si-dielectric interfaces, transparent electrodes were used to alter the surface 

carrier densities ns/p. This leads to a change in the SRH surface recombination rate Usurface according to Equation 

(1.3.1), and ultimately τeff. In this work, semi-transparent electrodes were used to apply voltages on both 

surfaces of the sample and allow simultaneous measurements of τeff on the Sinton Lifetime Tester [148]. All 

measured samples were symmetrically passivated. A schematic of the set-up is shown in Figure 2.4.2.  

Undiluted poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) was applied to both 

sides of the sample with a paint brush. Samples were then annealed at ~80 ºC for 2 minutes in air to remove 

excess water and improve film conductivity. One corner of the sample is scratched with a diamond pen to 

remove the dielectric layer. Indium gallium and silver dag was applied to the scratch region make a durable 

contact to the Si substrate. External voltages (Vapplied) are applied between Si and both top and bottom surface 

of the sample using a Keysight B2901A unit. The surface voltages are monitored using two RS-14 multi-

meters from RS Components. The surface bias (Vsurf) refers to the average of the top and bottom measured 

voltages. The difference between the top and bottom measured voltages was kept under 15% of the Vapplied for 

|Vapplied|<15 V. 
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Figure 2.4.2 Schematics of the experiment set-up of measuring τeff with the application of different Vsurf on both sample 

surfaces. 

The obtained curves are fitted with a theoretical model using an extended Shockley-Read-Hall (SRH) 

formalism [149]. The key parameters include effective charge density (Qeff), charge fluctuation (σq), interface 

states density (Dit) and carrier capture cross sections (σn/p). An arbitrary example of the parameters is shown in 

Figure 2.4.3. A single value of Dit,mg and is σn/p,mg is defined for Dit and σn/p at mid-gap, respectively. Near the 

edges of the bandgap (ΔE<0.15 eV), a tail distribution identifies with a peak value of Dit,VB (Dit,CB) at the valence 

band (conduction band) edge is defined. Such distribution is commonly referred to as band tails [150]. Different 

values of electron and hole capture cross sections are assigned to both band tails (σn/p,VB/CB). The interface 

defects are acceptor-like in the upper half of the band gap (E-Et>0 eV) and are donor-like in the lower half of 

the bandgap (E-Et<0 eV). This model is based on previous work in [149], [151], [152]. Carrier capture 

velocities at the band tails (Sn,VB or Sp,CB) are calculated by averaging the values of Sn/p at band tails. Carrier 

capture velocities at mid-gap (Sn0 or Sp0) are calculated by Sn/p0 = Dit,mg σn/p,mg vth. The MATLAB app used for 

the analysis is available in [153]. 

 

Figure 2.4.3 Interface parameters used to the model recombination activities in this work. 
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2.4.4 Capacitance-Voltage 

Capacitance-voltage (C-V) measurements are used to study the Si-dielectric interface. A small AC signal is 

applied to the studied MOS structure to capture the capacitance, while a DC bias is swept through a range. The 

applied DC signal alters the surface carrier concentration and causes band-bending at the semiconductor 

surface and, thus, to the capacitance. The changes in band-bending and carrier distribution at different DC 

voltages in a passivation structure of AlOx on p-Si is shown in Figure 2.4.4. 

In accumulation, as shown in Figure 2.4.4 (a), the applied DC voltage increase the concentration of the 

majority carriers near the semiconductor interface. The MOS structure behaves like a parallel plate capacitor 

[154]: 

 
𝐶𝐴𝑐𝑐 = 𝐶𝑑𝑖𝑒𝑙 =

𝜀0𝜀𝑑𝑖𝑒𝑙𝐴

𝑡𝑑𝑖𝑒𝑙
 (2.4.8) 

where ε0 is the vacuum permittivity, εdiel is the relative permittivity of the dielectric, A is the capacitor area, 

and tdiel is the dielectric thickness. The capacitance at accumulation (CAcc) equals to the dielectric capacitance 

(Cdiel). 

With the application of a positive DC signal, a space charge region (SCR) is formed near the 

semiconductor surface, which gives rise to a capacitance CSCR in series with the Cdiel: 

 
1

𝐶𝐷𝑒𝑝
=

1

𝐶𝑑𝑖𝑒𝑙
+

1

𝐶𝑆𝐶𝑅
=
𝜀0 𝜀𝑑𝑖𝑒𝑙  𝐴

𝑡𝑑𝑖𝑒𝑙
+
𝜀0 𝜀𝑆𝑖 𝐴

𝑊𝑑
 (2.4.9) 

 𝑊𝑑 = √
4 𝜀0 𝜀𝑆𝑖 𝜙𝐹

𝑞 𝑁𝑑
 (2.4.10) 

where Wd is the width of the space charge region, ϕF is the Fermi energy of the semiconductor, and Nd is the 

dopant concentration.  

The flat-band condition is defined when there is zero band-bending, meaning that there is no net charge 

in the SCR. The flat-band voltage (VFB) is given by [155]:  

 𝑉𝐹𝐵 =
Φ𝑚 −Φ𝑠

𝑞
−
𝑄𝑖𝑡𝑡𝑑𝑖𝑒𝑙
𝜀𝑑𝑖𝑒𝑙

−
𝑄𝑒𝑓𝑓(𝑡𝑑𝑖𝑒𝑙 − 𝑥𝑐)

𝜀𝑑𝑖𝑒𝑙
 (2.4.11) 

where Φm-Φs is the work function difference between the metal and semiconductor, Qit is the interface charge 

density, Qeff is the effective charge density in the dielectric, which is located as a sheet of charges at location 

xc in relative to the Si-dielectric interface. 

At higher DC bias, minority carriers are mirrored into the SCR. This process is by diffusion of minority 

carriers from the bulk region or thermal generation of electron-hole pairs in the SCR [156]. Both of these 

processes happen over a period of time. As a result, the capacitance in inversion is frequency dependent. At 

low frequencies, carriers have sufficient time to response to the change of signal and form an inversion layer, 
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thus recovers the capacitance value. At high frequencies, the charges cannot respond fast enough to the signal, 

and the capacitance is kept at a low value.  

 

Figure 2.4.4 The changes in band-bending and carrier distribution in a passivation structure of AlOx on p-Si under 

different DC bias: (a) accumulation, (b) flat band, and (c) inversion with high frequency (f) AC signal. 

In an ideal MOS structure with no dielectric charges, the VFB is close to 0 V. Shifts of the curve along the 

voltage axis indicate the magnitude and polarity of dielectric charges, which is also demonstrated by Equation 

(2.4.11). C-V plots with different Qeff and Dit are shown in Figure 2.4.5. The curve left shifts with a decreased 

negative Qeff. In practice, chargeable defects are also present at the semiconductor-dielectric interface. The 

charging and discharging of the defects are dependent on the applied DC bias, as shown in Figure 2.4.5 (a). 

This causes a left/right shift at each applied DC bias and, thus, a “smearing-out” feature in the curves.  

 

Figure 2.4.5 (a) Schematics of a MOS structure in inversion with charged interface defects, which causes a “smearing-

out” feature in C-V curves. (b) Changes in C-V curves with different Qeff and Dit. 

In this work, the MOS structure is formed by depositing Al contacts on the dielectric surface, as described 

in Section 2.2.3. An Agilent E4980A precision LCR meter is used to obtain the C-V curves. The equipment is 

located at ETB, University of Oxford, operated by the author. The AC signal is set to 0.05 V, and the frequency 
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is set to 100 kHz to capture the high-frequency behaviour. At least 5 dots were measured on each sample, and 

each dot was only measured once. For detailed interface studies in Chapter 4 and 5, the obtained curves were 

fitted using Nicollian and Goetzenberg MOS theory [157]. Energy-dependent values of Dit and σn/p were 

defined as described in Figure 2.4.3.  

2.4.5 Kelvin Probe Measurements 

Kelvin probe (KP) is a non-contact, non-destructive method to measure the work function difference between 

a conducting sample and the metal tip. Silicon samples were studied in this work. Schematics of the working 

principle are shown in Figure 2.4.6. When the metal tip and the sample are not in contact, the Fermi energies 

are not aligned due to their work function difference, as shown in Figure 2.4.6 (a). After contact, electrons 

flow from the sample to the metal tip, and a contact potential difference (CPD) equals to the work function 

difference (Φm-Φs) is created, as shown in Figure 2.4.6 (b). In KP, the metal tip oscillates up and down close 

to the sample surface, generating an AC current ib. The CPD value can be determined by applying a backing 

potential Vb, at which ib is nulled, as shown in Figure 2.4.6 (c). The applied Vb compensates the work function 

difference between the metal and the sample. 

 

Figure 2.4.6 Energy diagrams of a metal and a Si sample, with different work functions, and Φm> ΦSi when (a) isolated, 

(b) electrically connected, and (c) electrically connected and with a backing potential applied to null the current flow.  

In measuring a Si-dielectric system, the fixed charges in the dielectric causes band-bending near the Si 

surface. Additional potential shifts due to the dielectric charges must also be accounted for, and Vb is: 

 𝑉𝑏 = −𝐶𝑃𝐷 = −(
Φ𝑚 −Φ𝑠

𝑞
−
𝑄𝑒𝑓𝑓𝑥𝑐

𝜀𝑑𝑖𝑒𝑙
− 𝜙𝑠𝑐𝑟) 

 
(2.4.12) 

where Qeff is the dielectric effective charge density located at xc in relative to the Si-dielectric interface, εdiel is 

the dielectric permittivity, and ϕscr is the semiconductor surface potential due to the space charge region [155]. 

Schematic diagrams of the potential changes due to dielectric charges is shown in Figure 2.4.7 (a). The 

determination of ϕscr requires a laborious iterative algorithm [152]. It has been demonstrated that a surface 

charge density larger than 1013 q cm-2 is required to produce a |ϕscr|>0.25 V [155]. For the samples studied in 

this work, the potential change due to the space charge region is negligible.  
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Under illumination, electron-hole pairs are generated near the silicon surface, increasing the minority 

carrier density. This partially neutralises the charge imbalance near the interface, thereby reducing band-

bending [158]. Changes in the band-bending under illumination is shown in Figure 2.4.7 (b). Surface 

photovoltage (SPV) is determined by the difference in CPD values under dark and illumination and can be 

written as SPV=CPDillumination-CPDdark. The SPV polarity contains information on the Si band-bending in 

equilibrium (in dark). For a Si sample passivated by negatively charged AlOx, the band-bending upward, and 

decreases under illumination. This leads to a negative SPV value. Similarly, a positive SPV value indicate 

downward Si band-bending. In addition to the fixed dielectric charges, the magnitude of SPV is also dependent 

on the doping of Si, minority carrier lifetime, recombination activity, and illumination conditions [159], [160]. 

Only qualitative analysis is carried out in this work.  

 

Figure 2.4.7 Schematic diagrams of an AlOx-passivated p-type Si, demonstrating band-bending (a) in dark, and (b) 

under illumination, reproduced from [158].  

A SKP5050 scanning Kelvin probe instrument from KP Technologies with 2 mm-diameter gold probe is 

used in this work. The equipment is located at ETB, University of Oxford, operated by the author. The 

instrument is kept in an enclosed box under dark conditions. An illumination of 10 mW cm-2 was used for light 

conditions in SPV measurements. To obtain spatial information, a motor was used to move the sample stage 

with a step size of 2 mm. At each location, the CPD value is averaged over 50 measurements.  

2.4.6 Raman and Photoluminescence Spectroscopy 

Raman and photoluminescence (PL) spectroscopy were used to characterise 2D MoS2 in this work. The unique 

signatures of 2D MoS2 in Raman and PL spectra are discussed in Chapter 1, Section 1.4.1. Both methods use 

monochromatic excitation sources. In Raman spectroscopy, the inelastically scattered light is analysed, 

providing information on the vibrational modes (phonons) of the material [161]. Such scattered light typically 

exhibits small energy shifts to the excitation wavelength and requires a high grove-density grating to achieve 

high spectral resolution [162]. Meanwhile, PL analyses the absorbed and subsequently re-emitted light, which 

corresponds to electronic transitions in the ~eV range [80]. A lower groove-density grating is generally used 

to disperse a broader range of the emitted light. 
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Raman and PL spectroscopy measurements were performed at room temperature, in air, using a Horiba 

LABRAM Aramis Raman Microscope with a 532 nm excitation laser. The equipment is located at Begbroke 

Science Park, available through Oxford Materials Characterisation Service (OMCS), operated by the author. 

A grating of 1800 grooves/mm was used to obtain Raman spectra, while a grating of 600 grooves/mm was 

used to obtain PL spectra. The spectrums are averaged over five measurements with 3 seconds of acquisition 

time each. The obtained Raman spectra were fitted to Lorentz distribution to extract the peak positions [163]. 

The obtained PL spectra were fitted to a pseudo-Voigt function [164]. The peak areas are calculated to estimate 

the electron density (nel) in 2D MoS2 according to mass action model based on the dynamic equilibrium 

between A0, A- and free electrons [81]: 

 𝑛𝑒𝑙 =
𝐼𝐴−

𝐼𝐴0
×
𝛾𝐴0

𝛾𝐴−
× [(

4𝑚𝐴0𝑚𝑒

𝜋ℏ2𝑚𝐴−
)  𝑘𝐵 𝑇 𝑒𝑥𝑝(−

𝐸𝑏
𝑘𝐵𝑇

)] 
 

(2.4.13) 

where IA- and IA0 are the area under peak A- and A0, γA- and γA0 are the relative decay rates of A- and A0 excitons, 

and mA- (1.15 m0), mA0 (0.8 m0) and me (0.35 m0) are the effective masses of A-, A0 and electrons respectively, 

where m0 is the mass of free electrons. In this work, γA-/ γA0 is ~0.15 [82], and the trion binding energy Eb is 20 

meV [165].  

2.4.7 Charge Transport Measurements in Field Effect Transistors 

In this work, transport measurements were carried out under controlled atmospheric, light and temperature 

conditions within an enclosed box. A photo and a schematic of the measurement setup is shown in Figure 2.4.8. 

High purity argon gas is introduced into the box through a gas tube from the top to maintain an inert 

environment.  

To ensure darkness during measurements, an acrylic board covered with Al foil is used as an opaque 

cover. The box is positioned beneath a stereo microscope, which is used to align the probes to the sample. The 

built-in halogen lamp can be used as a controlled light source. An opening in the Al foil, located directly above 

the sample stage, allows for probe alignment checks without disrupting the controlled gas environment. During 

measurements, this opening is covered with a black foam to maintain dark conditions. 

A heating stage equipped with a proportional-integral-derivative (PID) controller was used to regulate 

the sample temperature. The PID parameters were set via a LabVIEW program, and a TSX1820P model from 

Thandar was used as the power source. Tungsten probes were used to electrically connect the source, drain 

and back-gate contacts of the device to voltage sources. The drain-source voltage is applied using a Keithley 

2401, while the gate-source voltage is applied using a Keithley 487.  
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Figure 2.4.8 Measurement setup with controlled atmosphere, light conditions and temperatures for 2D MoS2-based 

FETs. 

The obtained transfer curves were analysed using MATLAB to extract key parameters including threshold 

voltage (Vth) and field-effect mobility (µFE). The critical step involves defining and fitting the linear region of 

the curves. The forward and backward curves were analysed separately.  

The linear region is identified automatically by defining a window that moves along the x-axis of the 

obtained curve, fitting all the data points within the window to a linear function. The linear region is determined 

where the minimum R-squared value is achieved. Vth corresponds to the intersection point of the fitted line 

with the x-axis, while µFE is calculated from the slope of the fit (∂Ids/∂Vgs), as given by Equation (1.4.4). To 

ensure optimal fitting, the window size is set to 20-30 V for the forward curve, and 15-20 V for the backward 

curve. A schematic of the fitting process is shown in Figure 2.4.9.  

 

Figure 2.4.9 Schematics of the fitting process of transfer curves to extract Vth and µFE. 

2.4.8 Scanning Transmission Electron Microscopy 

In this work, scanning transmission electron microscopy (STEM) was used to obtain a high-resolution image 

of the interfaces between Si and the deposited dielectric layers. To protect the surface during lamella 
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preparation, ~100 nm of Al was thermally evaporated onto the sample. A STEM sample was then prepared 

using a Zeiss Nvision 40 FIB-SEM, lifted out onto a Cu grid, and thinned to ~50 nm using a 30 kV Ga+ beam 

with current gradually decreased from 700 pA to 80 pA. 

STEM images were then obtained using a Jeol ARM 200F operating at 80 kV with a Gatan image filter 

Quantum 965 ER. Elemental distribution and bonding configuration near the interface were analysed using 

electron energy loss spectroscopy (EELS). EELS measurements were conducted with a convergence semi-

angle of 30 mrad and a collection semi-angle of 38 mrad and a probe size of ~1 Å. The zero-loss peak full 

width at half maximum (FWHM) was 0.8 eV. The sample was placed on a cryo sample holder to maintain a 

temperature of -180 °C throughout the measurement to minimise damage to the interfaces [50]. The EELS 

spectra were curve fitted using Digital Micrograph to map the atomic distribution. 
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3 Chapter 3 

Negatively Charged Dielectrics 

3.1 Introduction to Dielectric Charging 
Charged dielectrics, also termed electrets, are materials with a quasi-permanent charge concentration on the 

surface or in the bulk and behave like an electrostatic equivalent of a magnet [166]. Traditional electrets were 

based on thick films of organic polymers or silica, and used in simple devices such as microphones and 

actuators [167], [168]. More recently, nanometre-thick electrets found application in air filtration [169], energy 

harvesting [170] and solar cell passivation [155]. 

The first practical electret was demonstrated by Mototaro Eguchi in 1919 by subjecting a wax/resin-

treated material to ~130 ºC and voltage bias, producing an internal polarisation that persisted for years [171]. 

This process is referred to as the thermo-electrical method, which aligns the randomly oriented dipoles to an 

external electric field under an elevated temperature. After the electric field is removed, the polarisation 

gradually returns to a quasi-steady level and stays for a prolonged period.  

Charged ions in dielectrics have also been reported to induce a quasi-permanent electric field. Initially, 

ions such as sodium (Na+) and potassium (K+) were found in SiO2 and cause device instability in metal-oxide-

semiconductor field-effect transistors (MOSFETs) [172], [173]. Studies suggest that under temperature-bias 

stress, these ions migrate towards the Si/SiO2 interface, where they get trapped, resulting in a long-term storage 

[174]. This issue was later resolved by eliminating all contamination sources [175]. Recently, a field-assisted 

ion migration method was proposed, where ionic species such as K+, Rb+ and Cs+ are intentionally deposited 

and driven into SiO2 [175], [176]. A charge density higher than 5 × 1012 q cm-2 has been demonstrated, which 

was found to effectively enhance the field-effect passivation of Si surface [177]. So far, studies on charged 

dielectrics utilising mobile ions have predominately focused on positive polarity, with limited reports on 

negative polarity. This gap presents a potential area for future exploration, and in the following sections, 

alternative methods for developing negatively charged dielectrics is discussed.  

Corona charging is another widely adopted method for charging dielectrics. As described in Chapter 2, 

Section 2.3.2, this technique involves applying a high voltage (~kV) to a needle electrode, ionising surrounding 

air molecules. These ions are readily absorbed near the dielectric surface, where they transfer their charges to 

the dielectric before re-entering the air. One of the main advantages of corona charging is its relatively simple 

experimental setup. Achieving uniform charge distribution and ensuring long-term stability is challenging 

[178], however effective solutions have been proposed. For example, charge uniformity can be enhanced by 
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adjusting the tip-to-sample distance [179] or employing multiple charging electrodes [180]. Meanwhile, 

increasing the temperature during corona charging [166] or applying post-discharge rapid thermal annealing 

(RTA) [181] facilitates charge penetration deeper into the dielectric bulk, improving the long-term stability of 

the electret. It has also been reported that charges tend to reside at interfaces, where the density of defects is 

particularly high [182]. A corona charged SiO2 nanoarray has been reported to exhibit a much slower charge 

decay in the nanowire region than the planar region, with the former region has a higher defect density than 

the latter [174].  

The development of negatively charged dielectrics is the primary focus of this chapter. These materials 

have promising applications in passivating p-type Si, where the negative charge repel electrons from the 

surface, thereby reducing surface recombination [183]. Additionally, they are useful for inducing p-type 

doping in 2D semiconductors, which is necessary for the formation of junctions that allows precise control of 

electrical properties in transistors. As discussed in Chapter 1, the formation of negative charge at the SiOx/AlOx 

interface requires both activation annealing, which creates deep acceptor states responsible for trapping 

charges [51], and proximity to the Si substrate, which serves as an electron source [57]. The charging 

mechanism of the SiOx/AlOx interface is first investigated. Negatively charged dielectrics as a means to induce 

doping in 2D semiconductors is then developed in this Chapter. Further incorporation of the negatively charged 

dielectrics into silicon passivation is presented in Chapter 4 and 5. 

3.2 Charging of Defects at SiOx/AlOx Interface 

3.2.1 Charge Embedding in Dielectrics near Si 

This section aims to study the charging of defects at the SiOx/AlOx interface near a silicon substrate [40]. 

Dielectric stacks were deposited on Set 1 substrates using the Savannah ALD. The stacks comprise 20 cycles 

of SiOx, either 0 or 10 cycles of AlOx, and an additional 100 cycles of SiOx to form a SiOx/AlOx interface. The 

deposition rates of SiOx and AlOx were determined by separately depositing 100-cycle films on Si substrates 

(Set 1) and measuring the film thicknesses using an ellipsometry, yielding growth rates of ~0.78 and 1.0 

Å/cycle, respectively.  

Annealing (in air at 450 °C) was performed to activate the negative charge, which has been proposed in 

the literature to arise from electron injection from the Si substrate [184]. The resulting changes in charge 

density were monitored using Kelvin Probe (KP). Changes in contact potential difference (CPD) with 

increasing annealing time for both sample structures are shown in Figure 3.2.1. For reference, the work 

function difference between the gold probe and the Si substrate was measured on a bare Set 1 substrate, as 

indicated by the dotted line. 
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Figure 3.2.1 Contact potential difference (CPD) values of dielectric stacks with and without 10 cycles of AlOx with 

different annealing time at 400 °C. The measured deposition rate for SiOx and AlOx and a schematic diagram of the 

sample structure are also included. The error bar represents 10-90% of the values obtained in a 6×6 mm map with 16 

points.  

The difference between the measured CPD values on samples with 0 or 10 cycles of AlOx and those of 

bare silicon can be attributed to the presence of fixed charges in the dielectric layers. According to Equation 

(2.4.12), a higher CPD value indicates a net negative charge density, whereas a lower CPD value suggests a 

net positive charge density. Following the initial 1-minute annealing, an increase in CPD values from 

approximately -1 to 0 V was observed in the sample containing a thin AlOx layer. After 5 minutes of annealing, 

the CPD value further increased to ~0.3 V, indicating the formation of negative charges. In contrast, the sample 

without a thin AlOx layer exhibited CPD values lower than the probe-Si work function difference, both before 

and after annealing. This suggests the absence of negative charges and the presence of a small positive charge 

density, likely located near the Si/SiOx interface in agreement with other reports in the literature [25].  

The negative charge density induced by the thin AlOx layer can be quantified by subtracting the 

contribution of the positive charges at the Si/SiOx interface: Qneg xc/εSiO2= CPD10×AlOx,5min-CPD0×AlOx,5min, 

according to Equation (2.4.12). Assuming that the negative charges are positioned at the center of the AlOx 

layer, xc is estimated to be 2.1 nm, based on the measured deposition rate. The calculated negative charge 

density (Qneg) is ~6.9 × 1012 q cm-2, which is comparable to the reported value of ~ 6× 1012 q cm-2 for an ~1 

nm AlOx deposited on a chemically formed SiOx layer [18]. 

These results demonstrate that the presence of an AlOx and an activation annealing step (450 °C) are 

necessary for the formation of negative charges. A high negative charge density of ~6.9 × 1012 q cm-2 was 

achieved with only 10 cycles of AlOx sandwiched between two SiOx layers, highlighting the critical role of the 

SiOx/AlOx interface in negative charge formation. This high charge density, produced by merely ~1 nm of 

AlOx, can provide effective field-effect passivation for the Si surface [177], and its underlying mechanisms is 

further discussed in Chapter 4 and 5. 
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3.2.2 Charge Embedding using Corona Discharge 

This section further investigates the necessity of an external electron source in enabling charging of the 

SiOx/AlOx interface, as proposed in [42]. A 7 nm thermal SiO2 layer between the Si substrate and the SiOx/AlOx 

interface has been reported to effectively suppress the negative charge density, from ~5×1012 q cm-2 to less 

than 0.5×1012 q cm-2. To verify this observation, a SiOx/AlOx/SiOx structure was deposited on a Si substrate 

with a 300 nm thick thermal SiO2 (Set 5) using a Savannah ALD reactor, with 20 cycles of SiOx or AlOx 

deposited for each layer. A schematic of the sample structure is shown in Figure 3.2.2 (a).  

After ALD deposition, the sample was annealed at 450 °C for 5 minutes. The changes in the charge 

density before and after annealing were measured using KP and plotted in Figure 3.2.2 (b). It is noted that CPD 

values depend on both the density of charge and the distance between the charge and the Si surface, as 

described by Equation (2.4.12). As the negative charge is predicted to reside near the SiOx/AlOx interface, a 

negative charge density of ~1012 q cm-2 would give rise to a CPD value larger than 14 V, which is absent in 

my observation. Therefore, it is concluded that the SiOx/AlOx interface is not charged after annealing. 

 

Figure 3.2.2 (a) Schematic of the sample structure. (b) CPD values before and after annealing at 450 °C for 5 minutes. 

The error bar represents 10-90% of the values obtained in a 6×6 mm map with 16 points. 

To further verify the necessity of an electron source, a negative corona discharge was used to charge the 

SiOx/AlOx interface. Dielectric layers consisting of two 20-cycle SiOx layers sandwiching either 0 or 20 cycles 

of AlOx were deposited on Si substrates with a 300 nm SiO2 (Set 5). The samples were annealed at 450 °C for 

5 minutes to activate the formation of acceptor states at the SiOx/AlOx interface [184]. Negative corona charge 

was deposited for 30 seconds at room temperature, followed by annealing at 450 °C. The first annealing after 

charge deposition was conducted to provide sufficient energy for electrons to tunnel through the capping top 

SiOx layer [185], while the subsequent annealing tests surface charge stability. The process consisting of one 

deposition of corona charge at room temperature followed by annealing is referred to as corona-anneal. The 

change in CPD values with annealing time is plotted in Figure 3.2.3. For comparison, the corona-anneal 

process was also performed on a bare substrate with a 300 nm SiO2, and the results are included in the plot.  
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Figure 3.2.3 CPD values with increasing annealing time after depositing negative corona charge at room temperature. 

The error bar represents 10-90% of the values obtained in a 6×6 mm map with 16 points. 

After the first 5-minute annealing, surface charge on the bare substrate was found to dissipate quickly 

under 450 °C, as indicated by the ~0 V CPD value measured. In contrast, samples with ALD-deposited layers, 

both with and without an AlOx layer, exhibited CPD values well above 0 V, despite prolonged heating. This 

suggests the presence of chargeable acceptors states in the deposited ALD layers, beyond just the SiOx/AlOx 

interface. These defects are most likely to reside at the SiO2/ALD-SiOx interface or within the ALD-SiOx layers. 

Previous reports have identified carbon impurities or oxygen vacancies to be present in ALD-SiOx, which 

could be responsible for the high charge stability observed [186].  

To better understand the charging behaviour of the SiOx/AlOx interface, as-deposited samples were 

annealed at 800 °C for 30 minutes. This high-temperature annealing has been reported to effectively remove 

defects at the Si/ALD-SiOx interface, reducing the interface state density (Dit) by an order of magnitude [187]. 

Further details on the effectiveness of defect removal as a function of annealing time are provided in Appendix 

C. Positive or negative corona charge was deposited on the sample at room temperature, followed by annealing 

at 450 °C. The change in CPD values with increasing annealing time is shown in Figure 3.2.4.  

For the sample without an AlOx layer and deposited with negative corona charge, CPD values of ~0 V 

were observed after 5 seconds of annealing, suggesting the removal of chargeable defects from the SiO2/ALD-

SiOx interface and/or in the ALD-SiOx layers. On the other hand, samples with an AlOx layer demonstrated 

high charge stability, as indicated by the ~10 V CPD values after 60 seconds of annealing at 450 °C.  

For samples deposited with positive corona charge, CPD values decreased to ~0 V after 5 seconds of 

annealing, regardless of the presence of an AlOx layer. This confirms the presence of acceptor states at the 

SiOx/AlOx interface, which can only be charged when an electron source is within a few nanometres from the 

interface. Negative corona charge has been identified as a suitable electron source as an alternative to Si.  
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Figure 3.2.4 CPD values with increasing annealing time after deposition of positive or negative corona charge. All 

samples were annealed at 800 °C for 30 minutes prior to charge deposition. The error bar represents 10-90% of the 

values obtained in a 6×6 mm map with 16 points. 

3.3 Design of Dielectric Capping Layer for Charge Retention 
Field-effect doping of 2D semiconductors using charged dielectrics is a novel strategy proposed in this work. 

This strategy is similar to the working principle of field-effect transistors (FETs), where an external electric 

field alters the carrier density in the 2D semiconductor, and consequently its Fermi level. The electric field is 

generated by the charged defects embedded in the dielectric. The proposed dielectric stack consists of three 

components: an insulation layer, a charged layer, and a capping layer. A schematic illustrating the structure of 

the charged dielectric for field-effect doping of 2D semiconductors is shown in Figure 3.3.1.  

 

Figure 3.3.1 Schematic of a negatively charged dielectric stack on a Si substrate with 2D MoS2 transferred onto the 

surface, demonstrating field-effect doping.  

The three layers in the stack each serve distinct functions. The charged layer is designed to incorporate a 

high density of defects, which are then charged. This layer generates an electric field intended to modulate the 

carrier density of 2D semiconductor. The fabrication and charging processes of the charged layer are 

investigated in Section 3.4. 

The insulation layer is the dielectric positioned between the charged layer and the Si substrate. A 

sufficiently thick layer is necessary to ensure that the Si substrate remains far from the charged layer, 

minimising its effects of shielding the electric field generated by the charged layer, as dictated by Gauss’s Law. 

Additionally, in a functional 2D semiconductor-based FET, the Si substrate serves as the back gate, while the 
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insulation layer functions as the gate dielectric. Therefore, a high-quality dielectric is essential to minimise 

gate-source leakage. In this work, a 300 nm thick thermally grown SiO2 is used as the insulation layer.  

This section focuses on the design of the capping layer, which is positioned between the charged layer 

and the 2D semiconductor. Its primary function is to minimise charge degradation by preventing charge 

leakage due to air-absorbed H2O molecules [188] and undesired charge transfer with the 2D semiconductor 

[112]. As a result, high-quality, thick films are preferred. However, to maximise the electric field near the 2D 

semiconductor, the capping layer must remain thin. The capping layer also needs to allow charge injection 

from an external source, creating conflicting design requirements. To address this challenge, a temperature-

assisted charging strategy is adopted. The charge injection process occurs at an elevated temperature, providing 

sufficient energy for the external charges to overcome the barrier created by the capping layer. Once embedded, 

these charges remain stable at lower or room temperature. Finally, interactions between the capping layer and 

the 2D semiconductor, including dielectric screening and charge transfer [108], must also be considered to 

determine its compatibility with high-performance devices, which is discussed in Chapter 7.  

In this section, the design of capping layer is investigated for charged layers based on defects at the 

SiOx/AlOx interface. ALD-deposited dielectrics, including SiOx, AlOx and HfOx, are identified as potential 

capping layers due to their precise thickness control and highly insulating nature. The following experiment 

aims to determine the optimal thickness for SiOx and HfOx, which enables charge injection at elevated 

temperatures while preventing charge transfer between the charged layer and the 2D semiconductor at lower 

temperatures. A schematic demonstrating this requirement is shown in Figure 3.3.2 (a). To investigate the 

dielectric charge transfer dynamics, the device structure is flipped, and silicon is used as the active 

semiconductor, which can source electrons to charge SiOx/AlOx interface defects at high temperatures. A 

schematic demonstrating the experiment design is shown in Figure 3.3.2 (b), which avoids any issues arising 

with delicate 2D semiconductor transfer.  

 

Figure 3.3.2 Schematics demonstrating (a) requirements for optimising the capping layer thickness, and (b) Si as a 

substitute for both negative corona charge and 2D MoS2 for the optimisation process. 
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3.3.1 SiOx 

A 500-cycle ALD-SiOx film was deposited on a 1×7 cm Si substrate (Set 1) using the Savannah ALD to 

simulate the capping layer. The sample was then annealed at 800 °C for 30 minutes to improve film quality, 

as described in Section 3.2.2. Next, the sample was vertically immersed in a 5% HF solution and slowly pulled 

out by 1 cm every 45 seconds, resulting in a SiOx layer with a thickness gradient. The film thickness was 

measured using an ellipsometer every 5 mm along the etching direction and plotted in Figure 3.3.3 (a). A linear 

fit was applied to the measured SiOx thickness data to correlate it with sample location. Following this, 20 

cycles of AlOx and SiOx were deposited onto the sample using the Savannah ALD. To investigate the charging 

behaviour at the SiOx/AlOx interface, the sample was subsequently annealed from 150 to 450 °C for 10 minutes 

at each step. A KP scan was performed to monitor the change in charge density after each annealing with a 

1×55 profile, with a step size of 1.02 mm, and 50 data points were collected at each location. CPD values were 

measured both in dark and under illumination. The obtained surface photovoltage (SPV=CPDillumination-CPDdark) 

profiles after annealing under different temperatures is shown in Figure 3.3.3 (b) as a function of the SiOx 

thickness. Schematics of the etching process and the formed sample structure are also included.  

 

Figure 3.3.3 (a) measured SiOx thickness along the etching direction, and (b) SPV profile measured as a function of 

SiOx thickness after annealing at 150-450 °C for 10 minutes at each temperature. The blue and orange brackets mark the 

low-SPV, transition and high-SPV regions of the SPV profiles obtained after annealing at 150 and 450 °C, respectively. 

Each point represents the average of 50 measurements at a single location. 

The changes in SPV values as a function of SiOx thickness after annealing under different temperatures 

can be divided into three regions: (1) low-SPV, (2) transition, and (3) high-SPV. The corresponding regions 

for SPV profiles measured after annealing at 150 and 450 °C are marked by blue and orange brackets 

respectively in Figure 3.3.3. The observed changes in SPV with increasing SiOx thickness are attributed to the 

reduction in electron injection from the Si substrate to the SiOx/AlOx interface.  
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In the low-SPV region, SPV values plateau at a negative value. More negative SPV values were obtained 

after annealing at higher temperatures. Within this region, energy provided by the annealing process is 

sufficient for electrons to tunnel through the SiOx layer and be captured at the SiOx/AlOx interface. It is 

proposed that the negative charge density is primarily limited by the defect density at this interface. This 

hypothesis is supported by previous reports, where Al atoms are found to diffuse into the SiOx layer during an 

activation annealing (350-450 °C), a process closely related to the formation of negative charge [50], [189]. 

At higher temperatures, increased thermal energy facilitates the intermixing of AlOx and SiOx layers, leading 

to an increased defect density, and subsequently higher negative charge density.  

In the transition region, SPV reduces with increasing SiOx thickness, indicating decreases in net negative 

charge densities. This reduction is attributed to the reduced electron injection efficiency, which refers to the 

likelihood of electrons successfully injecting from Si to the acceptor states at the SiOx/AlOx interface. As a 

result, the negative charge density is limited by the annealing temperature, leading to a delayed start of the 

transition region with higher annealing temperatures.  

In the high-SPV region, SPV values plateau at a positive value. The net charge density becomes positive 

and remains relatively constant with further increases in SiOx thickness. Positive charge is likely to reside near 

the Si/SiOx interface [14], [19], [21], while the negative charge density near the SiOx/AlOx interface is minimal 

due to suppressed electron injection. The onset of the high-SPV region is also found to delay with increased 

annealing temperatures.  

For capping layer design, the optimal SiOx thickness falls in the overlapped portion of the high-SPV 

region in the SPV profile measured after a 150 °C anneal, and the low-SPV and transition regions in the SPV 

profile measured after a 450 °C anneal. The optimal thickness range, shaded in Figure 3.3.3, is found to be 

~10-26 nm. The capping SiOx layer with this optimal thickness allows negative charge injection at 450 °C 

while preventing charge transfer at temperatures lower than 150 °C. 

3.3.2 HfOx 

To investigate the potential of HfOx as a capping layer, a 500-cycle HfOx film was similarly deposited on a 

1×7 cm2 Si substrate (Set 1) using the Savannah ALD. The same etching process described in the previous 

section was applied to create a thickness gradient for the HfOx layer. Film thickness was measured using an 

ellipsometer and shown in Figure 3.3.4 (a). The thickness profile was linearly fitted to correlate the measured 

CPD values to layer thickness. Subsequently, 20 cycles of AlOx and SiOx were deposited using Savannah ALD 

to form a SiOx/AlOx interface. The sample was then annealed at multiple temperatures between 150 and 450 °C, 

with each annealing step lasting 10 minutes. After each annealing step, a SPV profile was obtained using the 

same settings as in the previous section. The resulting SPV profile as a function of HfOx thickness is presented 

in Figure 3.3.4 (b). Additionally, the CPD profiles measured in the dark are shown in Figure 3.3.4 (c). 

For SPV profiles obtained after annealing at different temperatures, similar trend was observed with 

increasing HfOx thickness. The transition region and the high-SPV regions are consistently identified where 
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the HfOx thickness is below or above ~5 nm, respectively. Meanwhile, the low-SPV region is absent in all 

SPV profiles. The corresponding regions are indicated by the black brackets in Figure 3.3.4 (a). This suggests 

a reduction in electron injection efficiency, and subsequently a reduced negative charge density at the 

SiOx/AlOx interface as the HfOx thickness increases up to ~5 nm. Beyond this thickness, electron injection 

from Si to the SiOx/AlOx interface is effectively suppressed. This is further supported by the decrease in 

CPDdark values and the plateaued feature with HfOx thickness above ~5 nm, as shown in Figure 3.3.4 (b).  

It was also observed that the absolute values of SPV and CPDdark differ depending on the annealing 

temperature. Positive and negative SPV values were obtained after annealing at low temperatures (150 and 

250 °C) and high temperatures (350 and 450 °C), indicating a net positive and negative charge density, 

respectively. In the high-SPV region, the dielectric charge is primarily attributed to charges at the Si/HfOx 

interface. The change in charge polarity with increasing annealing temperature have been reported and is 

attributed to a phase transition from an amorphous to a polycrystalline state induced by annealing [67], [68]. 

It is likely that deep acceptor states are created after annealing above 350 °C due to the structural changes at 

the Si/HfOx interface, shifting the net charge density from positive to negative [59], [69], [70].  

 

Figure 3.3.4 (a) SPV profiles and (b) CPD profiles measured in dark as a function of HfOx thickness, measured after 

annealing at different temperatures. The black brackets mark the transition and high-SPV region for SPV profiles 

obtained after annealing at 150-450 °C. Each point represents the average of 50 measurements at a single location. 

It is concluded that HfOx is unsuitable as a capping layer when charges are injected after the layer 

deposition, as no significant difference was found in the electron injection efficiency across the temperature 
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range of 150-450 °C. However, its excellent insulation properties are ideal for protecting surface charge if the 

charges are injected before the capping layer deposition. This is further investigated in Section 3.4.2.  

3.3.3 Discussion 

Distinct differences in the charge injection behaviour were observed when using SiOx or HfOx as interlayers 

between Si and the SiOx/AlOx interface. For clarity, the dielectric thickness at which the SPV profiles change 

from the transition region to the high-SPV region is defined as the cut-off thickness, which marks the 

suppression of electron injection process. A higher cut-off thickness was observed for SiOx compared to HfOx. 

This is consistent with previous literature, where 15 cycles of HfOx or 12 nm thermal SiO2 were found to 

effectively reduce the negative charge density in AlOx [40], [42]. Moreover, for SiOx, the cut-off thickness 

exhibited temperature dependence, whereas a ~5 nm cut-off thickness was obtained for HfOx across the tested 

temperature range. These findings suggest distinct charge injection mechanisms with interlayers of SiOx and 

HfOx. 

The injection of electrons from the Si substrate to the defect states at the SiOx/AlOx interface requires an 

energetically accessible pathway. It is unlikely that this pathway is through the conduction band of the 

interlayer dielectric, given that the electron thermal energy at 450 °C (~64.5 meV) is much lower than the 

energy barrier created by the conduction band offset between Si and the dielectric.  

Instead, a more plausible pathway is provided by localised trap states within the dielectric bandgap. 

Electrons can jump between these defect states through either thermal activation or tunnelling, effectively 

reducing the energy barrier [190]. It is proposed that the effective barrier height in SiOx is comparable to the 

energy variation resulting from a 100 °C temperature change (~9 meV) [191], leading to a strong temperature 

dependence in the cut-off thickness observed between 150-450 °C. These trap states have been proposed to 

originate from oxygen vacancies incorporated during deposition [192]. A schematic representation of the 

defect-assisted injection process is shown in Figure 3.3.5. In contrast, a higher energy barrier could be present 

for the tunnelling process in HfOx [193], resulting in a smaller cut-off thickness and minimal temperature 

dependence. Based on these observations, it is concluded that a defect-assisted tunnelling process is involved 

in the charging the SiOx/AlOx interface through a SiOx interlayer but is absent through a HfOx interlayer in the 

tested temperature range. 
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Figure 3.3.5 Schematic of the defect-assisted electron injection process for an interlayer of SiOx at temperature T. 

3.4 Charge Embedding 
This section presents the charge embedding strategies for fabricating charged dielectrics. As discussed in the 

previous section, a thickness window for ALD-SiOx as a capping layer has been identified, enabling the 

charging of defect states at the SiOx/AlOx interface at elevated temperatures. This allows the deposition of the 

full dielectric stack before the charging process, a method referred to as the post-cap charge embedding process. 

Alternatively, while a thickness window was not determined for ALD-HfOx, it exhibits excellent insulating 

properties. This suggests an approach where charge is embedded prior to capping layer deposition, referred to 

as the pre-cap charge embedding process.  

3.4.1 Post-Cap Charge Embedding 

The post-cap charge embedding process focuses on charging defect states at the SiOx/AlOx interface, using 

ALD-SiOx as the capping protecting layer. The dielectric stack, consisting of 0 or 20 cycles of AlOx, followed 

by 360 cycles of SiOx, was deposited using the Savannah ALD on quarter-sized Si samples with a 300 nm 

thermal SiO2 layer (Set 6). The ALD-SiOx layer was in parallel deposited on a bare Si substrate (Set 1) and is 

measured to be ~28 nm. To remove chargeable defects in the ALD-SiOx layer, the samples were annealed at 

800 °C for 30 minutes. Five corona-anneal cycles were performed, with each cycle involving a negative corona 

charge deposition of 30 seconds at room temperature, and an annealing at 450 °C for 60 seconds. Changes in 

the injected charge density was monitored using KP at the edges of the quarter-sized samples (~1-2 cm2). The 

corresponding CPD values measured after each corona-anneal cycle are presented in Figure 3.4.1.  

After each corona-anneal cycle, the dielectric stack with an AlOx layer demonstrated a higher CPD value 

compared to the stack without AlOx. This aligns with the previous observations, indicating the charging of 

defects at the SiOx/AlOx interface. The maximum surface charge density after five corona-anneal cycles is 

calculated to be ~4.3×1012 q cm-2, according to Equation (2.4.12).  

For the dielectric stack without an AlOx layer, a linear increase in the CPD values was also observed with 

increasing corona-anneal cycles. This suggests the incomplete removal of chargeable defects, which could be 

attributed to a variation in the furnace temperature. When the number of corona-anneal cycles exceeded four, 
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the CPD values began to deviate from the linear trend. This result suggests the formation of additional defects 

in the dielectric due to the charging process itself. To balance maximising the injected charge density while 

minimising defect generation, four corona-anneal cycles were chosen as the standard charging process.  

 

Figure 3.4.1 CPD values with increasing corona-anneal cycles. Each corona-anneal cycle consists of a deposition of 

negative corona charge for 30 seconds and room temperature, and an annealing at 450 °C for 60 seconds. The error bar 

represents 10-90% of the values obtained in a 6×6 mm map with 16 points. 

The charging behaviour of the SiOx/AlOx interface with an AlOx capping layer is investigated next. Prior 

to film deposition, the substrate (Set 6) was annealed at 800 °C for 30 minutes to remove chargeable defects 

in the thermal SiO2 layer. Additional details are provided in Appendix C. A 100-cycle AlOx layer was deposited 

on a quarter-sized sample using the Savannah ALD. The sample then underwent four corona-anneal cycles, 

each consisting of a 30-second deposition of negative corona charge followed by an annealing at 450 °C for 

60 seconds. Changes in the CPD values with increasing corona-anneal cycles are presented in Figure 3.4.2. 

It is demonstrated that charge injection remains possible with an ~10 nm AlOx layer above the SiOx/AlOx 

interface. The charged defects are most likely located at the interface rather than the AlOx bulk [47], [48], [50]. 

Based on this assumption, the injected negative charge density after four corona-anneal cycles is calculated to 

be ~1.7×1012 q cm-2. 

Furthermore, an increase in the injected charge density per cycle was observed after the first two corona-

anneal cycles. This indicates the formation of defects in the AlOx bulk, which subsequently facilitate the 

charging process. Alternatively, since the formation of defect states at the SiOx/AlOx interface also requires 

annealing around 450 °C [50], [189], the initial charging speed could be limited by a lack of chargeable defects 

at the interface. 
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Figure 3.4.2 CPD values with increasing corona-anneal cycles on a substrate with 100 cycles of ALD-AlOx on a 300 nm 

SiO2 layer. Each corona-anneal cycle consists of a deposition of negative corona charge for 30 seconds and room 

temperature, and an annealing at 450 °C for 60 seconds. The error bar represents 10-90% of the values obtained in a 

6×6 mm map with 16 points. 

The injected charge density per corona-anneal cycle on different dielectric stacks, extracted from the 

linear region of the charging process, is summarised in Table 3.4.1 The dielectric stacks, consisting of ALD-

deposited AlOx/SiOx, SiOx, or AlOx films on Si substrates with a 300 nm thermal SiO2 layer, are referred to as 

stack I, II, and III, respectively. The charge injection rate follows I>III>II. It is proposed that the charge 

injection rate is limited by the density of chargeable defects. In stack I, the AlOx is interfaced with both the 

thermal SiO2 layer and the ALD-SiOx layer, potentially introducing a higher defect density. Meanwhile, the 

AlOx in stack III is only interfaced with the thermal SiO2 layer, resulting in a smaller defect density. A higher 

charge injection rate is preferred to avoid excess sample handling and formation of defects during the charge 

injection process. 

Table 3.4.1 Summary of negative charge injection rate (Qneg per cycle) on different dielectric stacks. Stack structures are 

described by the number of ALD cycles deposited for the corresponding films. For example, 360×SiOx represents 360 

cycles of ALD-SiOx deposited. 

Stack 

Structure 

I II III 

360×SiOx 
360×SiOx 100×AlOx 

20×AlOx 

Thermal SiO2 300 nm 

Qneg per cycle 

(1011 q cm-2) 
10 1.7 6.0 

3.4.2 Pre-Cap Charge Embedding 

A charging method involving the deposition of corona charge at elevated temperatures, also referred to as hot 

corona charging, is utilised for the pre-cap charge embedding strategy. Silicon substrates with a 300 nm thermal 

SiO2 layer (Set 6) were diced into 1×1 cm2 samples and subjected to negative corona charging at temperatures 

ranging from 150 to 450 °C. After an accumulated charging time of 120 seconds, the samples were annealed 

at 350 °C to investigate the charge stability. The change in surface charge density was monitored using KP 

and is plotted in Figure 3.4.3. 
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During the charging process, hot corona charging at higher temperatures resulted in lower CPD values, 

indicating a lower negative charge density. The injected charges likely reside near the SiO2 film surface, where 

negatively charged ions transfer their electrons to trap states in the dielectric [166]. However, the high negative 

charge density achieved by hot corona charging at low temperatures (150 and 250 °C) degraded rapidly at 

350 °C, reaching a lower charge density than the samples charged at higher temperatures.  

 

Figure 3.4.3 CPD values with increasing hot corona charging time and annealing time. The error bar represents 10-90% 

of the values obtained in a 6×6 mm map with 16 points but are not visible in this plot.  

The high injected charge density and low stability observed on samples subjected to hot corona charging 

at low temperatures can be attributed to charge trapping and de-trapping of the dielectric defects. It is noted 

that the tested samples were deposited on Set 6 substrates without undergoing annealing at 800 °C. This 

suggests that chargeable defects were likely already present in the SiO2 layer prior to the hot corona process, 

as demonstrated in Appendix C. Schematic diagrams of the proposed process are shown in Figure 3.4.4. At 

low temperatures, electrons from negative corona charge are captured by both shallow and deep defect states 

near the dielectric surface. The higher charge density is likely due to the abundance of available defects and 

the slower degradation of corona charge in air. Increased likelihood of charge de-trapping at elevated 

temperatures is supported by the decreased thermal stability of corona charge deposited at room temperature, 

as shown in Appendix C. During the annealing at 350 °C after charging, electrons trapped in shallow traps or 

traps near the dielectric surface are thermally activated to de-trap, leading to charge loss, as shown in Figure 

3.4.4 (a), process (1). Meanwhile, during charging at high temperatures, electrons are driven into defect states 

deeper into the dielectric films, leading to an improved thermal stability, as shown in Figure 3.4.4 (a), process 

(2).  
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Figure 3.4.4 Schematic diagrams of (a) hot corona charging on SiO2 and (b) hot corona charging on HfOx or AlOx-

capped SiO2. The numbers correspond to different processes proposed to occur during hot corona charging: (1) charge 

de-trapping, (2) charge injection deeper into the dielectric, (3) creation and charging of defects with deep energy levels, 

and (4) creation of defects in HfOx or AlOx, which enables charging of defects in SiO2. 

To investigate if additional defects were created in the hot corona process, a Set 6 substrate, annealed at 

800 °C for 30 minutes, was deposited with 20 cycles of AlOx and 50 cycles of HfOx. A corona-anneal process 

was performed, with a negative corona charge deposition of 30 seconds, followed by annealing at 450 °C. The 

change in CPD values with increasing annealing time is shown in Figure 3.4.5 (a), represented by the light 

purple symbols. In line with the findings in Section 3.3, the CPD value decreased to ~0 V after only 5 seconds 

of annealing, indicating the lack of a charge injection pathway.  

The sample was subsequently subjected to hot corona charging for 5 minutes at 450 °C. The surface 

charge was removed by immersing the sample in isopropyl alcohol (IPA) at room temperature. The same 

corona-anneal process was then repeated, with the corresponding changes in CPD value shown in Figure 3.4.5 

(a), represented by the dark purple symbols. A high charge stability was demonstrated by the minimal change 

in CPD values after 60 seconds of annealing, which suggests the generation of defects by the hot corona process. 

For comparison, the same corona-anneal process was conducted on a Set 6 substrate with 20 cycles of AlOx 

and SiOx stack, as discussed in Section 3.2.2, represented by the red symbols in Figure 3.4.5 (a). The results 

indicate a higher charge stability in the hot corona-generated charged defects, comparing to charged defects at 

the SiOx/AlOx interface, suggesting defects with deeper energy levels were induced by the hot corona process, 

as shown in Figure 3.4.4 (a), process (3). 
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Figure 3.4.5 (a) CPD values with increasing annealing time at 450 °C after 30-seconds of negative corona charge 

deposition at room temperature. The different symbols represent different ALD layers deposited on 800 °C-annealed 

Set 6 substrates (b) CPD values with increasing hot corona charging time at 450 °C on substrates with different ALD 

layers on 800 °C-annealed Set 6 substrates. The error bars represent 10-90% of the 50 measurements obtained on a 

single location at the centre of the same sample with continued annealing or charging steps. The error bars are not 

visible in this plot due to the large differences of CPD values in successive steps. 

To investigate the location of hot corona-generated defects on the thermal SiO2/AlOx/HfOx dielectric 

stack, Set 6 substrates were deposited with AlOx or HfOx films and subjected to hot corona charging at 450 °C. 

The substrates were annealed at 800 °C for 30 minutes prior to ALD deposition. The change in CPD values as 

a function of charging time is shown in Figure 3.4.5 (b). The results demonstrate that as the thickness of the 

AlOx or HfOx increases, a delay in the charging injection is observed compared to sample with a bare thermal 

SiO2 layer. This suggests that the deep defect states are primarily located within the SiO2 layer. When a AlOx 

or HfOx layer is present, a longer charging time is required to induce defect states in these films, which facilitate 

defect generation and charge injection into the underlying SiO2 film, as shown in Figure 3.4.4 (b), process (4). 

This result also highlights the necessity of depositing the capping layer after the charging process to prevent 

defect generation in the capping layer dielectric. The generated defects in SiO2 are proposed to be associated 

with Si dangling bonds, which are formed due to the bombardment of high energy charged ions [194], [195]. 

Hot corona charging of thermal SiO2 at 450 °C is adopted as the standard process to maximise the generation 

of deep defect states. 

Finally, to evaluate the effectiveness of ALD-HfOx in preserving embedded charge, a Set 6 substrate 

(annealed at 800 °C for 30 minutes) was hot corona-charged for 2, 5, 8, 10 minutes at 450 °C. Following this, 

50 cycles of SiOx or HfOx was deposited on the charged sample using the Savannah ALD. Surface charge 

densities before and after the ALD process were characterised using KP with the calculated values shown in 

Figure 3.4.6. A larger loss of negative charge was observed in SiOx-capped samples compared to HfOx-capped 

samples. This is likely due to the higher density of defects in the SiOx layer relative to HfOx, which facilitates 

charge degradation in a manner similar to the charge injection mechanism proposed in Section 3.3.3. The 

reduction in charge observed in both SiOx and HfOx-capped samples is likely related to the exposure to 
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precursor gases during the initial ALD cycles. Therefore, ALD-HfOx is considered a more suitable capping 

layer for preventing charge loss. Overall, the hot corona-charged dielectric with HfOx capping layer is 

identified as a promising charged dielectric system for the doping of 2D semiconductors.  

 

Figure 3.4.6 Measured charge densities on hot corona-charged Set 6 substrate (annealed at 800 °C, 30 minutes) before 

and after depositing 50 cycles of SiOx or HfOx. 

3.5 Summary 
This chapter focuses on the design and fabrication of negatively charged dielectrics by introducing and 

charging defects. Charging of defects at the SiOx/AlOx interface was studied, identifying three key 

requirements for forming negative charge: the presence of an AlOx layer (as few as 10 ALD cycles), activation 

annealing, and a nearby electron source. In addition to the widely reported Si substrate, negative corona charge 

has been identified as an alternative electron source, enabling defect charging at the SiOx/AlOx interface even 

300 nm from Si. The insights gained on the charging mechanism of ultra-thin AlOx layers lay the foundation 

for novel Si passivation strategies discussed in Chapter 4 and 5. 

A field-effect doping strategy for 2D semiconductors using negatively charged dielectrics was proposed. 

The design for such dielectrics requires a capping layer, a charged layer, and an insulation layer. A 300 nm 

thermal SiO2 layer serves as the insulation layer in this work. Two distinct dielectric charging strategies were 

presented based on different capping and charged layers. 

The post-cap charge embedding strategy utilises defects at the SiOx/AlOx interface. A thickness window 

of ~10-26 nm has been identified for ALD-SiOx, enabling negative charge injection at 450 °C while preventing 

charge degradation at temperature below 150 °C. After fabricating the full dielectric stack, four corona-anneal 

cycles were found to be the optimal charge injection condition, balancing high injected charge density with 

minimal defect generation. Each cycle consists of 30 seconds of negative corona charge deposition at room 
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temperature, followed by a 60-second annealing at 450 °C. The same corona-anneal process was applied to 

charge a ~10 nm AlOx layer on 300 nm SiO2, where charge injection was also observed but at a lower rate.   

The pre-cap charge embedding strategy utilises defects generated by the hot corona process, which 

involves depositing corona charges at elevated temperatures. Defects with deep energy levels were found to 

form in the thermal SiO2 layer, exhibiting greater stability than charged defects at the SiOx/AlOx interface at 

450 °C. ALD-HfOx was chosen as the capping layer for its excellent insulating properties. The charging process 

was performed before capping layer deposition to prevent defect generation in the film. The embedded charges 

were found to be preserved during the deposition of ALD-HfOx, despite of the exposure to highly reactive 

precursor gases. Three charged dielectric stacks – capped with SiOx, AlOx, and HfOx – have been developed 

in this chapter and showed potential to act as field-effect sources for 2D semiconductor doping, as later 

explored in Chapter 7. 
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4 Chapter 4 

Passivation of p-Si Surfaces using 

SiOx/AlOx/SiNx Nanolayer Stacks  

4.1 Introduction to Surface Passivation using Ultra-thin AlOx 
Achieving high-efficiency silicon solar cells is critical for the future of solar power, directly impacting the 

cost-effectiveness and scalability of photovoltaic technology in the push to meet global energy demands. 

Silicon surface passivation remains a critical factor in enhancing the efficiency of solar cells, particularly as 

the photovoltaic industry seeks to push the boundaries of conversion efficiency. Recent advancements in 

silicon technology showed that record-breaking efficiencies >26% are possible thanks to the optimised surface 

passivation to minimise carrier recombination, maximising open-circuit voltage and fill factor [196]. Dielectric 

materials such as silicon dioxide (SiO2), silicon nitride (SiNx), and aluminium oxide (AlOx), have been widely 

studied to passivate silicon surfaces and minimise charge loss [11], [73].  

Aluminium oxide has been particularly promising as it enabled the recent widespread adoption of the 

passivated emitter and rear cells (PERC), and it is crucial for the now mainstream tunnel oxide passivating 

contact (TOPCon) solar cells. AlOx deposited by atomic layer deposition (ALD) can effectively passivate both 

n-type and p-type Si due to the presence of a negative fixed charge on the level of 1 – 10 × 1012 q/cm2 [197], 

[198], [199], [200]. Achieving optimal passivation requires films of 5-30 nm in thickness [201]. Effective 

surface recombination velocities (Seff) as low as 1.6 and 4 cm/s have been obtained on n and p-type Si of 1 

Ω·cm resistivity, passivated by ALD-AlOx of 30 nm [202]. However, the deposition of such thick AlOx layers 

poses challenges for industrial applications due to the substantial production costs required in lengthy ALD 

processes [203]. Furthermore, with the advent of TOPCon, excellent passivation of n-type Si has been 

deployed, and ever-higher efficiencies hinge on achieving superior p-type passivation via AlOx [185], [201], 

[204]. Compared to thick AlOx (5-30 nm) layers, surface passivation using ultra-thin AlOx (<2 nm) is still 

ineffective, severely limiting cell efficiency [41]. While a Seff<2 cm/s has been obtained with 4 nm of AlOx on 

n-Si [18], the lowest reported Seff is constrained to ~11 cm/s on p-emitters, passivated by a 3 nm AlOx and an 

additional SiNx capping layer for enhanced chemical passivation [198]. Understanding and developing 

methods to improve the passivation quality to achieve Seff≤2 cm/s with ultra-thin AlOx (<2 nm), is critical to 

enable >26% efficient TOPCon solar cells [205].  

Surface recombination can be minimised by jointly exploiting chemical and field-effect passivation (FEP) 

[11]. Consistent with the observations in Chapter 3, ALD AlOx with as few as 10 cycles thickness has been 
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reported to induce a negative charge density of ~5×1012 q cm-2 [40], providing sufficient field-effect passivation. 

Further increase in charge density showed minimal additional impact [177]. However, reduced AlOx thickness 

can cause incomplete surface coverage and reduced hydrogen content [185], [206], leading to a high interface 

defect density and subsequently lower passivation quality. Therefore, optimising chemical passivation for 

ultra-thin AlOx is crucial for high-efficiency solar cell applications.  

Chemical passivation is achieved by reducing the amount of dangling bonds at silicon surface that act as 

carrier recombination sites [207]. In an AlOx-passivated Si, an interfacial SiOx layer grows between the AlOx 

and Si and is crucial to the chemical passivation quality [18], [50], [208]. Intentionally growing a thin oxide 

prior to ALD deposition has been demonstrated to reduce surface recombination by effectively terminating the 

silicon crystalline structure with a SiOx layer [56], [185], [207]. Table 4.1.1 presents a summary of the surface 

recombination parameters reported in the literature for schemes using an intentionally grown SiOx combined 

with an AlOx layer, where a general improvement in passivation was observed with a pre-grown SiOx layer. A 

pre-grown SiOx layer is also preferred in industrial applications, as it allows sample storage between cleaning 

and film deposition [20]. Among the low-temperature pre-deposition treatments reported, nitric acid oxidised 

Si (NAOS) offers an easy process control thanks to its self-limiting nature [209]. A higher passivation stability 

has also been reported after firing with a NAOS layer [20]. Despite the numerous studies employing NAOS 

prior to AlOx deposition [16], [185], superior passivation (Seff<2 cm/s) using NAOS and ultra-thin AlOx (<2 

nm) has not been demonstrated yet. 

Besides the pre-grown SiOx, another approach to enhance chemical passivation involves interface 

hydrogenation. Atomic hydrogen is introduced into the dielectric thin film, either in-situ from hydrogen-

containing precursors or ex-situ during post-deposition treatments [210], [211], [212]. The most ubiquitous 

method is via hydrogenated silicon nitride deposited by plasma-enhanced chemical vapour deposition 

(PECVD), commonly used in a stack with thick AlOx to passivate p-type silicon surfaces [197], [213], [214]. 

Besides serving as a hydrogen source, SiNx films functions as an anti-reflection coating and a protective layer 

for AlOx against metallisation paste [215]. Therefore, it is essential to study SiNx films in combination with 

ultra-thin AlOx – something rarely reported in the literature. 

Considering both field-effect and chemical passivation, this chapter presents a SiOx/AlOx/SiNx 

passivation stack for p-type Si surfaces. The SiOx layer is formed using nitric acid, combined with an ultra-

thin AlOx and a hydrogenated SiNx layer. This low-temperature, fast process can reduce production costs. A 

detailed interface analysis is carried out to reveal the passivation mechanisms present.  
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Table 4.1.1 Summary of reported intentionally grown-SiOx prior to ALD-AlOx depositions. Pre-deposition treatment 

marked with * represents that the samples were cleaned using UV ozone, while others were cleaned with RCA followed 

by a HF dip prior to SiOx growth or ALD depositions. HF-last stands for a process where no oxide was intentionally 

grown prior to AlOx deposition. FGA stands for forming gas anneal. All AlOx films are reported to be deposited by 

ALD, while SiNx films are grown by PECVD.  

Ref. Si 
Pre-deposition 

Treatment 

SiOx 

(nm) 

AlOx 

(nm) 

SiNx 

(nm) 
Annealing 

J0  

(fA/cm2) 

Seff  

(cm/s) 

Zin et al.[21]  

n 

2-5 Ω·cm 

180  m 

UV Ozone* 4.3 
10-15 No 

450 °C, N2, 

30min 

5 
 

HF-last*  7 

Gao et al.[22]  

n 

2-5 Ω·cm 

180  m 

UV Ozone* 1.3 
10 No 

450 °C, N2, 

30min 

5 
 

HF-last*  8 

Penaud et al.[20]  

p 

0.5-3 

Ω·cm 

H2O2/H2SO4 

 10 80 815 °C  

9 

HNO3/H2O/surfactant 39 

RCA-1 4 

HNO3 7 

Kaur et al.[18]  

n 

3-4 Ω·cm 

160  m 

HF-last 1.5 
4 No 425 °C, 30 min  

1 

RCA-2 1.75 2 

Hiller et al.[185]  
p 

2.5 Ω·cm 

FGA 1 

7 cycles No 

RTA, 800-

850 °C, 10-90s 

followed by 

FGA, 425 °C, 

30 min 

<75 

 

HNO3 1.6 <125 

O3 (in-situ of ALD) 0.6 <75 

H2O (in-situ of ALD) 0.6 <75 

thermal SiO2 1.6 <40 

Shedd et 

al.[216]  

n 

5 Ω·cm 

200  m 

HF-last 
1-2 15 80 

425 °C or 

450 °C, N2, 30 

min 

19 
 

Ozonised DI Water 16 

4.2 Nanolayer Passivation Optimisation on n-type Si 
Isolating the precise surface recombination parameters without interference from the bulk requires high-quality 

n-type FZ-Si. For this reason, the SiOx/AlOx/SiNx nanolayer stack was first optimised on n-type Si, focusing 

on the thickness of the AlOx layer. Symmetrically passivated samples were fabricated on quarter-sized Set 2 

substrates. The samples were cleaned using the RCA process, followed by an immersion in heated nitric acid, 

as described in Appendix B, to form a SiOx layer. AlOx of 5 to 40 cycles were deposited on both sides of the 

samples using the Anric ALD, followed by a deposition of ~60 nm SiNx films using PECVD. Details of the 

film deposition process is included in Chapter 2. The refractive index was measured to be 1.9 using an 

ellipsometer. After film deposition, the samples were annealed at 400 or 450 °C for 10 minutes in air. Negative 

corona charge was then deposited on both sides of the samples at room temperature to investigate the maximum 

effective lifetime (τeff) reachable with enhanced field-effect passivation. The τeff measured after annealing, and 

with additional negative surface charge, is shown in Figure 4.2.1. 

An increase in τeff was observed with increasing AlOx cycles, indicated by the blue bars in Figure 4.2.1, 

despite of the change in annealing temperatures (400 or 450 °C). With AlOx cycles less than 30, increased τeff 

was observed with additional surface negative corona charge. This indicates that the intrinsic FEP provided by 
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the AlOₓ layer alone was insufficient, and that external charge was required to enhance surface passivation. 

Such an increase becomes smaller with more AlOx deposition until 30 cycles, beyond which little change in 

τeff was observed with additional negative surface charge deposition. The maximum τeff obtained with additional 

field-effect passivation was 1-2 ms with no clear relation to the number of AlOx cycles. The improvements in 

τeff after annealing with increasing AlOx cycles could, in principle be attributed to the enhancement of both 

chemical and FEP, as is discussed below. The optimum AlOx thickness is determined to be 30 cycles.  

 

Figure 4.2.1 Effective lifetime (τeff) measured on SiOx/AlOx/SiNx-passivated n-type Si with increasing AlOx cycles. 

Different columns represent the τeff measured after annealing, and with additional negative surface charge.  

To investigate the change in chemical passivation with increasing AlOx cycles, positive corona charge 

was deposited on both sides of the samples to neutralise the internal fixed charge of AlOx. The previously 

deposited negative corona charge was first removed by dipping samples in isopropyl alcohol (IPA) and drying 

with a N2 gun. All samples were then re-annealed at 450 °C for 10 minutes to remove moisture and surface 

contamination. A slight decrease in τeff was observed compared to “Annealed” samples in Figure 4.2.1, likely 

due to sample handing [217]. Kelvin probe (KP) measurements were conducted to confirm the removal of 

surface charge before depositing positive corona charge in 5 or 10 seconds steps, on both sides of the samples. 

The changes in τeff were monitored as a function of positive surface charge density and plotted in Figure 4.2.2 

(a). The calibration of the deposition rate of positive corona charge is included in Appendix D. With the 

deposition of positive surface charge, τeff decreases due to reductions in the FEP. The effective fixed charge 

density (Qeff) of the films can be determined when the minimum τeff is reached, indicating the flat-band regime 

at which maximum recombination occur. The minimum τeff and Qeff extracted at the flat-band condition with 

increasing AlOx deposition is shown in Figure 4.2.2 (b), representing the quality of chemical and field-effect 

passivation, respectively. 

An increased negative Qeff was observed with more AlOx cycles, as shown by the right shifts of the τeff 

minima. This dependence is nearly linear, as also reported by Richter et al. and Kaur et al [18], [198], 

suggesting that the limiting factor of negative Qeff is the chargeable defect density at the SiOx/AlOx interface 
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[51]. A density of -5.3 × 1012 q/cm2 was here produced by the deposition of 30 cycles of AlOx, effectively 

passivating the n-Si surface. Although 40 cycles of AlOₓ resulted in an increased negative Qeff, no improvement 

in surface passivation was observed. 

Figure 4.2.2 shows that the τeff minima increase with AlOx film thickness, indicating a clear improvement 

in chemical passivation. While previous studies have attributed poor chemical passivation at low ALD cycles 

to incomplete surface reactions due to a deficiency of hydroxyl (-OH) groups, which can lead to a higher Dit 

[198], [218], this explanation does not apply here. In this work, the silicon surface was oxidised prior to ALD, 

resulting in near-complete hydroxylation [185]. Therefore, an alternative explanation must be considered.  

One possible mechanism involves improved chemical passivation by hydrogenation. This is striking 

considering the presence of a hydrogenated SiNx layer, which has a higher concentration of H (>10 at%) 

compared to ALD-AlOx (3-4 at%) [219], [220]. The additional hydrogen introduced by an excess of 5-10 AlOx 

cycles would be minimal by comparison. Therefore, it is proposed that the increased chemical passivation is a 

result of a specific hydrogen species. Here I suggest an increase in negatively hydrogen ions (H-) was promoted 

by an increased film negative Qeff. This hypothesis is supported by density functional theory (DFT) studies, 

where the preferred charge state of hydrogen depends of the alignment of its energy level to the Si bandgap 

[221]. Increased number of AlOx cycles led to stronger FEP and upward band-bending, leading to a lower 

energy level of H with respect to the Fermi energy in the Si bulk, promoting H- formation. Such H- passivates 

the donor states at the Si/SiOx interface, improving chemical passivation [222]. 

 

Figure 4.2.2 (a) τeff as a function of positive surface charge density SiOx/AlOx/SiNx passivated n-Si with increasing AlOx 

cycles. (b) The extracted τeff minima (τeff,min) and Qeff with increasing AlOx cycles. Error bars arise from the step size of 

corona charging (5.88 × 1011 q/cm2 per 10 s) are included.  

Finally, the effective surface recombination parameters are calculated. Figure 4.2.3 shows the injection 

level-dependent lifetimes for samples with 30 and 40 cycles of AlOx deposited, including a theoretical 

calculation of surface recombination current density (J0s) and effective surface recombination rate (Seff) 

following Kimmerle’s formalism [72]. The J0s value was extracted with an effective intrinsic carrier 

concentration (ni,eff) of 9.65 × 109/cm3 at 25 °C. The lowest Seff of 3.3 cm/s and J0s of 9.2 fA/cm2 were 
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demonstrated with only 30 cycles of AlOx, which is comparable to 10 nm AlOx [22], as shown in Table 4.1.1. 

Only in one instance has Seff<2 cm/s been reported via a 4 nm AlOx on high resistivity Cz n-Si [18]. Here, only 

30 cycles of AlOx were deposited, which is equivalent to a layer <3 nm, yielding higher processing speed and 

compatibility with a SiNx antireflection coating.  

 

Figure 4.2.3 Extraction of recombination parameters. (a) Measured injection-dependent effective lifetime of 

SiOx/AlOx/SiNx passivated n-Si samples with 30 and 40 cycles of AlOx. Solid lines indicate the best fit to extract (b) J0s 

and Seff. 

4.3 Applying Nanolayer Passivation Stack to p-type Si 
The passivation of p-Si using the optimised SiOx/AlOx/SiNx stack (Group A) is investigated next. Three 

additional passivation stacks with different combinations of the dielectric layers were studied in parallel to 

reveal the passivation mechanisms of the optimised stack. Only Groups A and B have an AlOx layer of 30 

ALD cycles, while only Groups A and C have a NAOS-SiOx layer. The fabrication of each layer follows the 

same process described in Section 4.2. For Groups B and D, an additional dip in 5% HF was performed to 

remove native oxide prior to film deposition. The passivation stacks are symmetrically deposited on Cz p-Si 

with a resistivity of 5 Ω·cm (Set 3). A summary of the passivation stack structures is shown in Figure 4.3.1. 

 

Figure 4.3.1 Summary of the passivation stacks studied. 
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After fabrication, Groups A-D samples were annealed at 450 °C for 10 minutes and the surface 

recombination parameters were evaluated by measuring the τeff at 25 °C. The measured excess carrier 

dependent effective lifetime and the theoretical calculation to extract Seff and J0s of each sample group is shown 

in Figure 4.3.2. The highest τeff and the lowest Seff of 6.3 cm/s was achieved by the SiOx/AlOx/SiNx (Group A) 

stack, which is equivalent to a J0s of 56.7 fA/cm2. This is comparable to the reported Seff of 7 cm/s achieved by 

a NAOS-SiOx with an AlOx layer of 10 nm [20]. This value is also higher than that observed on n-type Si in 

Section 4.2, which is attributed to the lower τbulk of the p-type wafers, limiting accurate Seff extraction [223]. 

These results demonstrate effective passivation of p-Si is possible with an AlOx thickness of only 30 cycles 

(<3 nm), significantly shortening the processing time. 

 

Figure 4.3.2 Extraction of recombination parameters. (a) Measured injection-dependent effective lifetime of 

SiOx/AlOx/SiNx passivated n-Si samples with 30 and 40 cycles of AlOx. Solid lines indicate the best fit to extract (b) J0s 

and Seff. 

4.4 Assessment of Si-Dielectric Interface Properties 
In this section, detailed analysis of the Si/dielectric interfaces is presented to reveal the passivation mechanism 

of the optimised SiOx/AlOx/SiNx nanolayer stack. To obtain a detailed description of the Si/SiOx interface, a 

surface bias was applied to a PEDOT:PSS as transparent electrode deposited on both surfaces of the samples, 

while monitoring the changes in τeff [148]. The measurements started with a surface potential (Vsurf) of 0 V. A 

sweep with a positive voltage step was carried out until no significant change in τeff was observed. The Vsurf 

was then set back to 0 V and the process was repeated with a negative voltage sweep. Using this method, a τeff-

Vsurf plot can be obtained, which contains detailed information on the Si/dielectric interface. 

τeff-Vsurf plots were obtained on Groups A-D samples both with and without an annealing at 450 °C for 10 

minutes and plotted in Figure 4.4.1. Quantitative interface properties can be extracted by fitting the data to a 
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theoretical model described by an extended Shockley-Read-Hall (SRH) formalism [149], as described in 

Chapter 2, Section 2.4.3. The solid lines in Figure 4.4.1 represent the fitting where the minimum mean squared 

error (MSE) is obtained. The parameters used are included in Appendix E. It should be emphasized that, 

although only a single representative sample was characterised for each passivation scheme, the validity of the 

results is reinforced by complementary C–V and SPV measurements. Furthermore, the conclusions drawn in 

the subsequent sections are substantiated by analysis across multiple groups of samples, thereby ensuring their 

robustness and reproducibility. 

 

Figure 4.4.1 Effective lifetime as a function of surface voltage (τeff-Vsurf) obtained for sample in Groups A-D, both 

before and after an activation annealing at 450 °C for 10 minutes, represented by the symbols. Lines represent the 

model fittings using energy dependent parameterisation.  

4.4.1 Modelling and Understanding of τeff-Vsurf Relations 

Between samples with similar bulk properties, differences in τeff originate from defect-assisted surface 

recombination, governed by SRH statistics [71], [224]. As introduced in Chapter 1, the surface SRH 

recombination rate can be described as:  

 𝑈𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = ∫
𝑛𝑠𝑝𝑠 − 𝑛𝑖

2

𝑝𝑠 + 𝑝1
𝐷𝑖𝑡𝜎𝑛𝑣𝑡ℎ

+
𝑛𝑠 + 𝑛1
𝐷𝑖𝑡𝜎𝑝𝑣𝑡ℎ

𝐸𝑐

𝐸𝑣

 𝑑𝐸 ≈ ∫
𝑛𝑠𝑝𝑠

𝑝𝑠
𝑆𝑛

+
𝑛𝑠
𝑆𝑝

𝐸𝑐

𝐸𝑣

 
(4.4.1) 

which is restated here as it is critical to the following analysis. For the doping concentration in this work 

(moderate p-type doping), n1, p1, ni are much smaller than ns and ps, and thus contribute negligibly as per the 

approximation in the above equation [71], [183]. It is therefore clear that Usurface can be reduced by lowering 

Sn/p or nsps, namely chemical and field-effect passivation, respectively. The latter is achieved by reducing the 

density of one carrier type via fixed dielectric charge or externally applied electric fields, thus reducing the 

total nsps product. 
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By applying a surface electric field – via transparent electrodes or corona charge deposition – nsps is 

varied, leading to a variation in Usurface, and consequently τeff. This dependency therefore provides a method to 

extract detailed interface properties from τeff-Vsurf plots. An example of a τeff-Vsurf plot obtained on an AlOx-

passivated p-Si is shown in Figure 4.4.2, with schematics of the interface states occupation depending on band-

bending. By examining Equation (4.4.1), it is evident that Usurface depends on the capture of the least available 

carrier near the Si surface. Under a net negative charge density, the band bend upwards, the minority carrier at 

the surface is electrons (ps≫ns), resulting in a larger value of (ps+p1)/Sn than (ns+n1)/Sp in the denominator of 

Equation (4.4.1). As a result, Usurface exhibits a stronger dependence on Sn than on Sp. Under strong upward 

band-bending, donor states at the valence band (VB) tail also participate in the recombination activity, as 

shown in Figure 4.4.2 (a). Due to the high defect density at band tails [149], the filling of band-tail states also 

affects field-effect passivation.  

Similarly, at strong downward band-bending, as shown in Figure 4.4.2 (c), filling of the acceptor states 

at the conduction band (CB) tail strongly impact the overall Usurface. At minimal band-bending, Usurface is 

primarily affected by recombination via states near the mid-gap. Therefore, by analysing and modelling the 

τeff-Vsurf plots in detail, recombination at mid-gap and band tails can be distinguished. This methodology has 

only been recently proposed and only applied to limited cases [199], [225]. I adopt and improve the τeff-Vsurf 

technique to elucidate the interface properties of SiOx/AlOx/SiNx-passivated p-type Si surface, where a wet 

chemically grown SiOx is present. 

 

Figure 4.4.2 An exemplary τeff-Vsurf plot of an AlOx-passivated p-Si. (a) represents the condition under high negative 

surface charge, (b) represents zero net charge, and (c) represents the condition under high positive surface charge.  

In the following analysis, Sn0 and Sp0 are used to quantify chemical passivation (as opposed to just Dit), as 

adopted in recent literatures [71], [207], [224], [226]. Carrier capture at band tails is represented by electron 

capture velocity at VB tail (Sn,VB) and hole capture velocity at CB tail (Sp,CB), respectively, while the impact of 
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electron capture at the CB tail (Sn,CB) and hole capture at the VB tail (Sp,VB) is negligible. Effective charge 

density (Qeff) quantifies FEP, representing the total charge density in both shallow and deep traps.  

To complement the extracted interface properties from τeff-Vsurf plots, capacitance-voltage (C-V) 

measurements were carried out on sister samples for each of the passivation stack studied. However, it is noted 

that the C-V analysis formalism used, as described in Chapter 2, Section 2.4.4, does not take account of the 

charge fluctuations (σq) [151], [227], which also contribute to the “smearing-out” feature caused by an increase 

in Dit. Therefore, when fitting the obtained C-V curves, the Dit and σp/n values across the bandgap are taken to 

be the same as extracted from the τeff-Vsurf plots, while the Qeff values are adjusted to find the best fit. The 

extracted Sn0, Sp0, and Qeff from τeff-Vsurf plots are shown in Figure 4.4.3. Qeff extracted from C-V measurements 

are included in Figure 4.4.3 (c), represented by open symbols. The obtained C-V curves, the extracted Qeff from 

each curve, and the parameters used for fittings are included in Appendix F.  

 

Figure 4.4.3 Extracted interface properties for Groups A, B, C, D as deposited (lighter circles) and after anneal (darker 

triangles) are shown in (a) Sn0; (b) Sp0; (c) Qeff extracted from τeff - Vsurf (solid symbols) and C-V (hollow symbols). The 

error bars represent the mean ± 95% CI obtained from 4-6 individual C-V measurements. 

4.4.2 Discussion: Passivation upon Annealing 

The effects of annealing for passivation stacks with an AlOx layer (Groups A and B) are first discussed. An 

activation annealing at 450 °C has been widely reported to improve the passivation quality of AlOx, partially 

attributed to the increased negative charge density [224]. Indeed, right shifts in τeff-Vsurf plots of Groups A and 

B after annealing were observed in Figure 4.4.1, indicating an increased negative Qeff. This is also supported 

by the extracted Qeff values from both the τeff-Vsurf and C-V measurements. A negative Qeff of 4.2×1012 q/cm2 

was observed on Group A sample after annealing, which is comparable to the negative Qeff of 5.3×1012 q/cm2 
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obtained on n-type Si, as demonstrated in Section 4.2. Notably, both before and after annealing, the passivation 

was not limited by FEP, as indicated by the plateaued features at 0 V. Further increases in the negative Qeff had 

minimal effects on τeff. 

Changes in chemical passivation were also observed, as demonstrated by the shifts in τeff minima in Figure 

4.4.2. An increased τeff minimum was observed for Group A, while a decreased τeff minimum was observed for 

Group B. Such changes are also reflected on the extracted Sn0 values, as shown in Figure 4.4.3 (a), which play 

the dominant role in Usurface in a p-Si with minimal band-bending. However, the changes in Sn/p0 were found to 

be insufficient to explain the improved τeff for both Groups A and B after annealing, particularly for Group B, 

where an increased Sn/p0 was observed after annealing.  

It is therefore important to consider recombination via defects at the band tails. The determination of 

interface properties – interface state density (Dit) and carrier capture cross-sections (σp/n) – at the band tails is 

more complex than at the mid-gap. This is due to the higher Dit observed at the band tails due to the stretched 

Si-Si bonds [24], [228], and the strong impact of band-tail occupancy on FEP. Consider the case at the mid-

gap. For a given Sn0, when σn0 is lowered, Dit,mg must be adjusted to a higher value. Due to the low values of 

Dit,mg (~1011 cm-2), this induces minimal change in FEP, allowing the final recombination rates Sn/p0 to remain 

nearly constant while still permitting the adjustment of σp/n,mg and Dit,mg.  

At the band tails, however, higher Dit,VB and Dit,CB (~1015 cm-2) are present. At a given Sn,VB, when σn,VB is 

lowered, the increase of Dit,VB results in more charged donor states at the interface, consequently affecting FEP. 

Therefore, Dit,VB needs to be further reduced to achieve the same Usurface, leading to a lower Sn,VB value while 

maintaining the same fitting of experimental data. Conversely, at a high σn,VB, a slightly higher Dit,VB (compared 

to the Sn,VB divided by the original Dit,VB value) is required, resulting in a higher Sn,VB value.  

To achieve a comprehensive representation of recombination at band tails, a fitting procedure is 

established via a confidence interval containing a collection of parameter values that can fit the experimental 

data to a minimum MSE. The workflow is as follows:  

(1) σp,VB and σn,CB are fixed at 10-17 cm-2, while σp,CB is kept at 5×10-17 cm-2. 

(2) σn,VB is set to 10-17 cm-2, while Dit,VB and Dit,CB are varied to achieve a MSE within 10% of the minimum 

MSE. 

(3) σn,VB is then set to 8×10-17
 cm-2, while Dit,VB and Dit,CB are varied to achieve a MSE within 10% of the 

minimum MSE.  

(4) Repeat (2) and (3) with σp,VB and σn,CB fixed at 10-18 cm-2, while σp,CB is kept at 5×10-17 cm-2. 

The confidence interval of Sn,VB is determined by the values obtained in steps (2), (3) and (4). For 

determine the confidence interval for Sp,CB, σn,VB is fixed at 5×10-17 cm-2 while σp,CB is varied between 1 and 

8×10-17 cm-2, with both σp,VB and σn,CB fixed at 10-17 or 10-18 cm-2. Simultaneously, Dit,VB and Dit,CB are adjusted 
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to maintain a MSE within 10% of the minimum MSE. The extracted Sn,VB and Sp,CB values for Groups A-D 

before and after annealing are plotted in Figure 4.4.4. 

 

Figure 4.4.4 Extracted values of (a) Sn,VB and (b) (a) Sp,CB for Groups A, B, C, D before and after an annealing at 450 °C 

for 10 minutes. 

For Groups A and B, where a high density of negative Qeff is present, recombination is dominated by Sn,VB. 

Despite of the large ranges, a reduction of Sn,VB was observed for Groups A and B after annealing, which is 

proposed to attribute to an improved chemical passivation after annealing. This impact of band-tail states is 

often underestimated when evaluating Dit using C-V measurements, where the focus is typically on the 

extraction of Dit,mg, while neglecting the contributions from band tails [37], [229], [230]. However, since most 

of the studied passivation layers exhibit strong FEP, recombination at band tails plays a crucial role and should 

not be overlooked [149]. Overall, it is concluded that the effective passivation of Groups A and B after 

annealing results from increased negative Qeff and a decreased Sn,VB. 

Next, the effects of annealing on passivation stacks without an AlOx layer (Groups C and D) is considered. 

A deterioration of passivation was observed after annealing for both groups. This is mainly attributed to a 

reduction in positive Qeff, as evidenced by the left shifts of the τeff-Vsurf plots shown in Figure 4.4.1, and the 

extracted values in Figure 4.4.3 (c). The discrepancy between the Qeff extracted from τeff-Vsurf plots and C-V 

measurements is attributed to the charging of shallow states during C-V measurements, particularly in as-

deposited samples where these states are more abundant [231], [232]. Such sa reduction in FEP has also been 

reported by Sharma et al. [27] and De Wolf et al. [26], and has been attributed to hydrogen passivation of K+ 

centres or the de-passivation of K- centres. Considering the observed decrease in both Sn0 and Sp0 following 

annealing, it is most likely that the passivation of K+ centres by H+ is the dominant mechanism responsible for 

the reduced positive Qeff in the studied samples.  

The additional NAOS-SiOx layer was also found to improve passivation, evidenced by the lower Seff and 

J0s obtained on Groups A and C, compared to Groups B and D, as shown in Figure 4.3.2. Such improvement 

is also attributed to reduced recombination at band-tail states, as indicated by the lower Sn,VB values observed 
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on Groups A and C, comparing to Group B and D, respectively, both before and after the activation annealing. 

Both the activation annealing and the purposely grown NAOS-SiOx layer was found to improve Sn,VB, which 

is related to the reduction of extrinsic Si-O dangling bonds [24]. Meanwhile, a lower value of Sp,CB was also 

observed on Group C compared to Group D after annealing, likely contributing to the improved surface 

recombination parameters.  

4.4.3 Discussion: Signature of AlOx-passivated Interface 

Upon examination of the extracted Sn/p0 values in Figure 4.4.3 (a) and (b), a key trend emerges. A Sn0/Sp0<1 

was obtained at AlOx-passivated interface (Groups A and B), while Sn0/Sp0~10 was obtained at SiNx-passivated 

interface (Groups C and D), both before and after annealing. Sn0/Sp0 is reflected in the ratio of the slopes of the 

electron-dominated (left half) and the hole-dominated (right half) of the τeff-Vsurf plots. In Figure 4.4.1 it is 

apparent that a right-tilting of the τeff-Vsurf relationship near the minimum occurs for Groups A and B, while a 

left-tilting was observed for Groups C and D. The high Sn0/Sp0 value for SiNx-passivated interface has been 

well documented, attributing to a high σn/ σp ratio of the defects at the Si/SiOx or Si/SiNx interface [31], [233]. 

Meanwhile, although right-tilting in the τeff-Vsurf plots in AlOx-passivated interfaces has also been observed 

previously [199], its underlying mechanism remains unclear. 

The low Sn0/Sp0 value observed at AlOx-passivated interfaces is proposed to result from two separate 

processes, each leading a decrease in Sn0 and an increase in Sp0. This hypothesis is supported by the observation 

that, before activation annealing, Sp0 in Groups A and B was comparable to that in Groups C and D. An increase 

in Sp0 was observed only in annealed samples, whereas a lower Sn0 was present both before and after annealing, 

indicating two distinct processes with different activation energies. A lower energy is required for the reduction 

of Sn0 and is proposed to be a hydrogen-related process. Hydrogen has been demonstrated to migrate quickly 

through SiO2 with passivation being primarily rection-limited [206], [234]. Therefore, it is likely that the 

thermal budget during fabrication (350 °C for 30 minutes during PECVD) provided sufficient energy for H in 

AlOx to migrate towards the Si-SiOx interface and passivate the dangling bonds.  

Considering the vast availability of H in SiNx films, the added hydrogen content from 30 cycles of AlOx 

is unlikely to be the sole reason for the 10x reduction of Sn0 [206], [219]. An electrostatic effect where the 

charge states of H are changed under AlOx is proposed, which has been introduced in Section 4.2, where an 

improved chemical passivation was observed with merely 10 cycles of AlOx. Here, it is further demonstrated 

that such improvements could originate from the reduction of Sn0 due to passivation of donor states by H-. The 

increased H- species could arise from the change in the electrostatic field in AlOx, which was partially activated 

under thermal budget during PECVD, as shown by the negative Qeff of Groups A and B, before activation 

annealing.  

Lastly, the increase in Sp0 after annealing is discussed. One explanation involves the change in interface 

structure. During activation annealing, Al atoms have been shown to diffuse towards the Si/SiO2 interface [50], 

[189]. Such intermixing of AlOx and SiOx layer give rise to the negative fixed charges by creating new acceptor 
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states below the Si VB minimum [51]. Due to variations in the local bonding configurations, these defect states 

can span over a range of energies [24] and extend into the Si bandgap, contributing to an increase in Sp0 after 

annealing. The presence of such in-gap acceptor states has also been suggested in previous reports [46], [199].  

In conclusion, the distinctly low Sn0/Sp0 ratio observed at AlOx-passivated interfaces has been attributed 

to the formation of new acceptor states at the interface. These acceptor states are likely to have a span of energy 

levels. Defects with energy levels lower than the VB minimum of Si capture electrons and give rise to a fixed 

negative charge density, altering the charged state of hydrogen and lead to a reduction in Sn0. Meanwhile, 

acceptor states with energy levels within the Si bandgap contribute to recombination, increasing Sp0.  

4.5 Atomic-scale Characterisation of the Si/Dielectric Interface 
To study how the observed changes in passivation quality link to structural changes at the Si/dielectric interface, 

scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) was 

performed. A p-type FZ Si substrate with a resistivity of 1 Ω·cm (Set 4) was symmetrically passivated by the 

optimised SiOx/AlOx/SiNx nanolayer stack. An activation annealing at 450 °C for 10 minutes was performed. 

The sample was prepared as described in Chapter 2, Section 2.4.8. To study the electron loss near edge structure 

(ELNES), an energy loss ranges up to 570 eV was used to study the L-edges of Al and Si and K-edges of O 

and N. Reference spectra for Si and Si-Nx was obtained from the bulk region of the sample and then used to 

identify different bonding environments of Si.   

The annular dark-field (ADF) transmission micrograph of the p-Si/SiOx/AlOx/SiNx structure is shown in 

Figure 4.5.1 (a). I note here that the experimental design, the microscopy requirements, and part of the sample 

preparation and data analysis were conducted by myself. The hands-on TEM operation was conducted by Prof 

Sergio Lozano, Dr Guanze He and Dr Anastasia Soeriyadi, to whom I am kindly thankful. Atomic-resolution 

imaging was not achieved because the accelerating voltage was limited to 80 kV to mitigate beam-induced 

damage. At higher voltages, higher-resolution images can be obtained, but this consistently led to the formation 

of pinholes near the interface. Preliminary trials with a cryogenic stage indicated that cooling is necessary to 

suppress damage and would permit operation at higher accelerating voltage; however, a systematic cryo-TEM 

was not feasible within the available microscope time. 

Elemental maps and depth profiles were obtained from EELS analysis within the region highlighted by 

the red rectangle and shown in Figure 4.5.1 (b) and (c), respectively. The depth profile reveals a ~ 2.5 nm 

Al:SiOxNy layer with an average elemental ratio of Al:Si:O:N of 1:2.5:8.1:1.3. The high concentration of 

oxygen suggests the formation of interstitial oxygen defects, which are known to give rise to deep acceptor 

states [235]. Additionally, a ~0.8 nm SiOx and ~1.2 nm SiOxNy layer were identified between Si and SiNx. The 

formation of these interlayers is likely attributed to the thermal budget during deposition and activation 

annealing. Notably, while no pure AlOx was detected, a significant negative charge density of 4-5 × 1012 q/cm2 

was observed, indicating that most of the defects responsible for the fixed charge reside near the interface to 

Si. 
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Figure 4.5.1 (a) ADF image of a p-Si passivated by the optimised SiOx/AlOx/SiNx after an activation anneal. EELS 

analysis was carried out in the red rectangle region to obtain (b) elemental maps and (c) depth profiles of Si, Al, O and 

N averaged over the marked area. 

The ELNES from the highlighted area in Figure 4.5.1 (a) is shown in Figure 4.5.2 (a) and (b). Each spectra 

integrates all horizontal pixels in the highlighted area, with 4 Å between each horizontal line. Peaks between 

76.2 eV and 79 eV correspond to the Al L2,3 edge in amorphous AlOx (a-AlOx), reflecting different Al 

coordination. Literature reports lower energy losses (76.5~78.2 eV) for tetrahedral Al and higher (79.3~80 eV) 

for octahedral Al [50], [236], [237]. Tetrahedral Al, often found to be more predominant close to the interface 

to Si, has been reported to be related to the formation of negative charge [50]. However, only a mixture of 

tetrahedral and octahedral coordinated Al can be identified in Figure 4.5.2. 

 

Figure 4.5.2 STEM-EELS spectra measurement showing (a) Al L2,3-edge and (b) Si L-edge with the peaks identified. 

The distance between each green spectrum is 4 Å. The darker green colour marks the fifth and the tenth spectra 

counting from the first spectra on the bottom (Si side), also indicated by the numbers on the right. The blue and red 

spectra are reference spectra obtained in bulk region of Si and SiNx ~ 4 and 2.7 nm from the interfaces. 

Figure 4.5.2 (b) presents the measured spectra for the Si L2,3-edge, including reference spectra of Si 

(metal) and Si (SiNx) to illustrate the changes in fine structures throughout the film. A distinct peak at 100.7 

eV was identified for Si (metal). Moving deeper into the dielectric film, a rightward shift in the peak and arises 

of additional peaks at 105.4, 110.5 and 113 eV were observed, indicating changes in the chemical environment 

of Si. The peak at 105.4 eV is likely related to Si-N bond as it coincides with the SiNx reference spectra [238]. 
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Peaks at 110.5 and 113 eV could be identified as Si-O bond as shown in [239]. The emergence of Si-O and Si-

N bonds were detected at the same depth as the Al species, which suggests a mixed layer of Al:SiOxNy. The 

presence of this mixed layer, along with the excess oxygen identified in the elemental profile shown in Figure 

4.5.1 (c), likely contributes to the fixed negative charge and increased Sp0 after annealing discussed in Section 

4.4.3. 

4.6 Summary 
This chapter presents the application of an ultra-thin AlOx layer (~2.5 nm) for passivating p-type Si in high-

performance solar cells. Beyond a high negative charge density, additional aspects such as interface state 

density (chemical passivation), optical properties, and processing cost were considered in the design of the 

nanolayer stack. The optimised SiOx/AlOx/SiNx structure, incorporating a low-temperature wet-chemically 

grown SiOx layer, demonstrated effective passivation for both n and p-type Si, achieving low Seff values of 3.3 

and 6.3 cm/s, respectively. This is comparable to that achieved using thick >10 nm AlOx layer while 

significantly reducing processing time.  

A detailed analysis of the Si/dielectric interface was conducted to elucidate the passivation mechanisms 

of the optimised SiOx/AlOx/SiNx nanolayer stack. By examining variations in τeff with surface carrier densities 

(τeff-Vsurf plots), recombination at mid-gap and band tail states was extracted. A set of parameters including Sn/p0 

and Qeff from τeff-Vsurf and C-V measurements are selected to best represent the chemical and field-effect 

passivation across different nanolayer stacks.  

The role of recombination at band tail states was highlighted, particularly at interfaces exhibiting strong 

band bending common in solar cells. The enhanced passivation observed at the AlOx-passivated interface was 

attributed to a combination of increased negative Qeff and reduced electron capture velocity at the valence band 

tail (Sn,VB). Improved chemical passivation, provided by the intentionally grown SiOx layer, was also linked to 

a reduction of Sn,VB, associated with a lower density of extrinsic Si-O dangling bonds at the interface. 

Additionally, a low Sn0/Sp0 ratio of less than 1 was observed at AlOx-passivated interfaces, in contrast to the 

~10 observed at SiNx-passivated interfaces. Such signature low Sn0/Sp0 ratio at AlOx-passivated interfaces is 

proposed to originate from the intermixing of the interfacial SiOx layer with the AlOx layer, introducing new 

acceptor states near the interface. It is likely that such acceptor states have energy levels that span over a range. 

Acceptor states with deep energy levels contribute to the fixed negative charge density and an increased H- 

density, leading to a reduction of Sn0. Meanwhile, acceptor states with energy levels within the Si bandgap 

assist recombination, increasing Sp0. These findings suggest an intrinsic link between chemical and field-effect 

passivation, which have so far considered independent mechanisms. 

Finally, the elemental distribution and bonding configurations at the Si/dielectric interface were 

investigated using TEM and EELS on p-Si passivated by the optimised SiOx/AlOx/SiNx nanolayer stack. An 

Al:SiOxNy interfacial layer with high oxygen content and a mix of tetrahedral and octahedral coordinated Al 

was identified. This interfacial composition likely accounts for the observed changes in passivation after 
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annealing, further supporting the intrinsic link between chemical and field-effect passivation. The insights 

gained in this chapter on improving surface passivation provide a foundation for further optimisation of ultra-

thin AlOx layers for application in TOPCon solar cells, and the future improvement of solar cell devices.  
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5 Chapter 5  

Field Induced Tailoring of 

SiOx/AlOx/SiNx Surface Passivation 

5.1 Introduction to Field-Assisted Passivation  
Recombination at the Si/dielectric interface can be minimised by jointly optimising chemical and field-effect 

passivation. While both mechanisms depend on the fabrication and temperature treatment processes of thin 

film dielectrics, recent reports show that an external electric field can drastically change the resulting 

passivation [225]. Field-effect passivation has been shown to improve with the application of external voltages, 

leading to an increase in negative charge density in AlOx by more than 1 × 1013 q cm-2 upon the application of 

a positive voltage [240]. This suggests the potential for using an external electric field to tune or enhance FEP. 

However, these changes in the charge density are thought to stem from shallow trap states and are thus unstable 

[56]. An in-depth investigation is needed to understand the mechanisms and limits of external electric fields 

in controlling and enhancing dielectric fixed charges and, therefore, their potential to improve device 

performance. Such understanding complements current efforts in optimising the fabrication processes and 

dielectric stack design for advanced solar cell architectures [199], [241]. This is particularly important for 

ultra-thin AlOx (<2 nm), where charge density remains limited despite optimisation of fabrication processes 

[41].  

While the effects of electric field on FEP have been widely studied, its impact on chemical passivation 

remains largely unexplored. Hydrogenation is a well-established technique for improving chemical passivation 

both at the surface and in the bulk of semiconductors. High hydrogen concentrations in SiNx (10-15 at%) [242] 

and AlOx (3-4 at%) [220] near the interface have been experimentally observed through secondary ion mass 

spectrometry (SIMS) [243], [244], [245], atom probe tomography (APT) [244], [246], and elastic recoil 

detection analysis (ERDA).[247] Density functional theory (DFT) calculations suggest that hydrogen exists in 

different charge states (H0, H+, H-), depending on the Fermi level alignment relative to the donor or acceptor 

level of hydrogen [48], [248]. Given its charged nature, external electric fields have been used to tune hydrogen 

migration and further optimise chemical passivation [225]. However, previous studies have focused on high-

quality thermal oxide (>10 nm) combined with SiNx; while low-temperature thin oxides have not been studied 

yet, although they are favoured for increased throughput and lower production costs [20]. Moreover, the 

hydrogen passivation mechanism in AlOx/SiNx stacks remains unclear, with some reports indicating that 
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hydrogen from AlOx plays a dominant role in passivation in AlOx/SiNx stacks, despite the higher hydrogen 

concentration in SiNx [206], [249], [250].  

In this chapter, the potential of field-assisted annealing to enhance passivation of the SiOx/AlOx/SiNx 

nanolayer stack in Chapter 4 is evaluated. Corona discharge is used to establish a temporary electric field 

during annealing, and the resulting changes in interface properties are assessed by measuring effective minority 

lifetime as a function of surface voltage (τeff-Vsurf), complemented by capacitance-voltage measurements. To 

fully understand the interface dynamics during annealing under electric fields, a SiOx/SiNx structure is also 

studied. A comprehensive model is proposed based on experimental findings. 

5.2 Passivation Tailoring via Surface Electric Fields 
The SiOx/AlOx/SiNx nanolayer stack, as optimised in Chapter 4, was symmetrically deposited on quarter-sized 

p-type Cz Si samples with a resistivity of 10-20 Ω·cm (Set 3). The SiOx layer was formed wet chemically 

using nitric acid and 30 cycles of AlOx were deposited using the Anric ALD. PECVD-SiNx films of ~60 nm 

was deposited on both sides of the samples. Details of the film deposition process is described in Chapter 2, 

Section 2.2 and Appendix B. As-deposited samples were first annealed at 450 °C for 10 minutes to activate 

the intermixing of the SiOx and AlOx layers, giving rise to an improved passivation, as demonstrated in Chapter 

4. Three different groups were used for surface passivation studies: (1) annealed, with no further processing; 

(2) annealed, followed by a positive corona-anneal (+ C-A); (3) annealed, followed by a negative corona-

anneal (– C-A).  

Each corona-anneal process comprises a positive/negative corona charge deposition of 90 seconds at 

room temperature on both sides of the sample, followed by an annealing at 450 °C for 30 seconds. The short 

annealing was found sufficient to remove the surface charge, as validated by the measurements of surface 

photovoltage (SPV). The SPV results are included in Appendix G. Effective lifetime was measured after the 

different annealing treatments.  

A comparison of the injection level-dependent τeff for samples after an activation anneal, +C-A, or -C-A 

processes are shown in Figure 5.2.1, including a theoretical calculation of the surface recombination velocity 

(Seff) and the surface recombination current density (J0s), following Kimmerle’s formalism [72]. The extracted 

J0s at low injection levels are excluded from extraction due to the high noise-to-signal ratio in the measured τeff 

in this regime. Compared to the sample without additional corona-anneals, the sample with a +C-A 

demonstrated a reduction in Seff from 6.9 cm/s to 5.5 cm/s, while the sample with a -C-A exhibited an increase 

to 39.4 cm/s. A J0s below 45.3 fA/cm2 was obtained on the sample with a +C-A, which was achieved by a low-

temperature oxidised SiOx and ~2.5 nm AlOx.  



X. Niu Chapter 5 Field Induced Tailoring of SiOx/AlOx/SiNx Surface Passivation 
 

73 

 

 

Figure 5.2.1 Extraction of recombination parameters. (a) Measured injection-dependent effective lifetime of 

SiOx/AlOx/SiNx passivated p-type Si after annealing, + C-A and – C-A. Solid lines indicate the best fit to extract (b) J0s 

and Seff. 

To further investigate how changes in the interface properties influenced the observed variations in 

passivation quality, τeff was monitored as function of an external voltage applied by transparent electrodes 

(PEDOT:PSS) on both surfaces. To ensure consistency, the τeff-Vsurf plots were obtained following two steps: 

(1) Vsurf was set to 0 V, and a positive sweep was performed.  

(2) Vsurf was set back to 0 V again, and a negative sweep was performed. 

The resulting τeff-Vsurf plots of samples with different annealing treatments are shown in Figure 5.2.2. Step 

(1) and (2) were repeated for multiple times, represented by the different shades of colour symbols. The solid 

lines represent the theoretical fitting using an extended Shockley-Read-Hall model considering all data points 

obtained [149], as described in Chapter 2, Section 2.4.3. The parameters used to best fit the experimental data 

are included in Appendix E.  

Distinctly different τeff-Vsurf plots were observed for samples passivated with SiOx/AlOx/SiNx nanolayer 

stacks subjected to different annealing treatments. The origin of the variations in passivation quality is first 

discussed qualitatively. X-axis shifts in the τeff minima indicate changes in the negative Qeff. However, 

variations in field-effect passivation are unlikely to account for the changed passivation quality, as evidenced 

by the minimal increase in τeff with the application of a negative Vsurf for all samples. Meanwhile, chemical 

passivation – commonly inferred from the minimum τeff – is also found to be insufficient to fully explain the 

observed changes in passivation quality. This is due to the significant increase in Seff and J0, despite the sample 

with a -C-A process exhibiting a higher minimum τeff. It is proposed that the primary factor driving the 

passivation changes on samples annealed under different electric field is an altered recombination in the tail 

states. 
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Figure 5.2.2 Effective lifetime as a function of surface voltage for SiOx/AlOx/SiNx-passivated p-type Si via the 

PEDOT:PSS as transparent electrodes with different post-deposition treatment. Solid lines indicate model fittings using 

energy dependent parameterisation. 

Following the previously developed fitting process (Chapter 4, Section 4.3.2), the confidence interval of 

electron capture velocity at the valence band tail (Sn,VB) and hole capture velocity at the conduction band tail 

(Sp,CB) are extracted and plotted in Figure 5.2.3. For the SiOx/AlOx/SiNx nanolayer studied in this work, the 

recombination rate is dominated by Sn,VB due to a strong upward band-bending in the presence of a negative 

Qeff. Despite the large confidence interval, the sample with -C-A showed a slight increase in Sn,VB, while the 

sample with +C-A exhibited a slight decrease, compared to the annealed sample. This corresponds to the τeff,max-

τeff,min values of the electron-dominated half (left half) of the τeff-Vsurf plots, which was smaller for the sample 

with a -C-A, contributing to a worsen passivation despite of the high τeff minimum obtained. While Sp,CB does 

not significantly contribute to recombination at high negative charge density, its decrease in both +C-A and -

C-A samples is reflected in the larger τeff,max-τeff,min values of the hole-dominated half (right half). The alignment 

between extracted Sp,VB values and variations in the shape of the τeff-Vsurf plots further supports the reliability of 

the extracted interface properties at band tails. It is concluded that the observed changes in surface 

recombination parameters on SiOx/AlOx/SiNx-passivated samples are attributed to changes in Sn,VB. Such 

changes in carrier capture velocities in the band tails could arise from the passivation or de-passivation of Si-

O dangling bonds [24]. 
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Figure 5.2.3 Extracted confidence interval of (a) Sn,VB and (b) Sp,CB on SiOx/AlOx/SiNx-passivated samples with different 

annealing treatments. 

5.3 Understanding Interface Properties  

5.3.1 Field Induced Interface Modification in SiOx/AlOx/SiNx Nanolayers 

Interface dynamics during annealing under electric fields are further investigated. Electron and hole capture 

velocities at mid-gap (Sn/p0) and effective charge density (Qeff) were extracted from the τeff-Vsurf plots and shown 

in Figure 5.3.1. To complement the extracted values, Qeff was independently obtained from C-V measurements, 

and the extracted values are included in Figure 5.3.1. The measured C-V curves and numerical values are 

included in Appendix F. 

 

Figure 5.3.1 Extracted interface properties for SiOx/AlOx/SiNx-passivated samples annealed under different electric 

fields are shown in (a) Sn0, (b) Sp0, and (c) Qeff. The error bars represent the mean ± 95% CI of the four to six individual 

C-V measurements taken. 



X. Niu Chapter 5 Field Induced Tailoring of SiOx/AlOx/SiNx Surface Passivation 
 

76 

 

The effects of corona-anneals on the chemical passivation of SiOx/AlOx/SiNx nanolayer stack are first 

assessed. A decrease in both Sn0 and Sp0 was observed after -C-A, aligning with the observed increase in the 

minimum τeff. Meanwhile, after +C-A, Sn0 increased while Sp0 decreased, which is consistent with the less 

prominent increase in the τeff minima, as shown in Figure 5.2.2.  

Considering the low thermal budget during the corona-anneal process (450 °C for 30 seconds), structural 

change at the interface is likely to be minimal [224]. A hydrogen-related mechanism is proposed, stemming 

from the response of charged hydrogen under the applied electric fields [225]. Schematics illustrating the 

proposed interface dynamics under corona-anneals are shown in Figure 5.3.2. As discussed in Chapter 4, a 

high density of negative Qeff is present in the SiOx/AlOx/SiNx nanolayer after annealing, attributed to the 

negatively charged acceptor states in the Al:SiOx layer, as shown in Figure 5.3.2 (a). Under a positive electric 

field, electrons with excess energy are injected from Si to the interface, breaking the bonds between donor 

states and H- [251], [252]. Under the electric field, H- migrates away from the interface, leading to an increased 

Sn0, while H+ migrates towards the interface, leading to a decreased Sp0, as shown in Figure 5.3.2 (b). A similar 

process is likely to occur under a negative surface charge, where acceptor states are de-passivated due to hot 

hole injection. However, the abundance of H+ in p-Si migrating towards the interface under the applied electric 

field produces a decrease in Sp0, as shown in Figure 5.3.2 (c).  

 

Figure 5.3.2 Schematics demonstrating the carrier injection and hydrogen migration process under surface electric fields 

corresponding to the sample (a) with an activation annealing, (b) during +C-A, and (c) during -C-A. 

Changes in FEP were also observed after annealing under different electric fields, as evidenced by the 

right shifts in τeff minima in Figure 5.2.2. An increase of 1 × 1012 q cm-2
 and a decrease of 1.3 × 1012 q cm-2 

were revealed after +C-A and –C-A processes, respectively. This observation is further supported by C-V 

measurements, represented by the open symbols in Figure 5.3.1 (c). The smaller values of negative Qeff 

extracted from C-V, compared to τeff-Vsurf measurements, could be explained by film non-uniformities. Samples 

used to conduct C-V measurements could have a thinner AlOx layer, which results in reductions in the negative 

Qeff [18], [241].  

The observed changes in the negative Qeff are proposed to also arise from carrier injection from Si to the 

interface. An electric field is established at the Si/dielectric interface with the application with of a 
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positive/negative electric field, which lead to electron/hole injection to trap states near the interface, resulting 

in an increased/decreased negative Qeff. These processes are demonstrated in Figure 5.3.2 (b) and (c), 

respectively. While similar observations have been reported previously [199], the stability of such trapped 

charges at elevated temperatures has not been demonstrated. In this work, an increased negative Qeff was 

demonstrated after annealing at 450 °C under positive surface charge. This is particularly significant as it 

highlights an extrinsic strategy to enhance field-effect passivation in ultra-thin AlOx, which remains a limiting 

factor for higher efficiency TOPCon devices [185], [201], [204]. Furthermore, it is pointed out that changes in 

both chemical and field-effect passivation are likely driven by carrier injection at the interface, indicating an 

intrinsic link between these two mechanisms, which are typically considered independently.  

5.3.2 Field Induced Interface Modification in SiOx/SiNx Nanolayers 

To further validate the proposed interface dynamics, changes in the interface properties of a SiOx/SiNx 

passivation nanolayer (without AlOx) were studied after annealing under electric fields. Three samples were 

fabricated, where the SiOx layers were formed via wet-chemical nitric acid growth. In obtaining the τeff-Vsurf 

plots, significant hysteresis was observed. To ensure consistency, the τeff-Vsurf plots were obtained in three steps: 

(1) Vsurf was set to 0 V, and a positive sweep was performed.  

(2) Vsurf was set back to 0 V again, and a negative sweep was performed. 

(3) Vsurf was kept at high negative voltage and a sweep from negative to positive Vsurf was performed to 

investigate hysteresis.  

The obtained τeff-Vsurf plots from step (1) and (2) are shown in Figure 5.3.3 (a), while data collected in 

step (3) is shown in Figure 5.3.3 (b). The theoretical fittings of the experimental data are indicated by the solid 

lines. The extracted Sn/p0 and Qeff are shown in Figure 5.3.3 (c)-(e). To complement the τeff-Vsurf plots, Qeff was 

independently obtained from C-V measurements, represented by the open symbols in Figure 5.3.3 (e). The 

measured C-V curves and numerical values are included in Appendix F. 

Distinct τeff-Vsurf plots were obtained in SiOx/SiNx-passivated samples after annealing under different 

electric fields. First, changes in chemical passivation at mid-gap are discussed. Compared to the interfaces 

passivated by SiOx/AlOx/SiNx, higher Sn0 and lower Sp0 values were obtained. This aligns with the finding in 

Chapter 4, where a σn/σp ratio of less than 1 was observed at AlOx-passivated interfaces, while a ratio of ~10 

was observed at SiNx-passivated interfaces, indicating distinct interface defects. Despite of the distinctively 

different interfaces, similar changes in Sn0 and Sp0 were observed. For Sp0, an increase was observed after +C-

A, while a decrease was observed after -C-A. Decreased Sn0 values were observed after both +C-A and -C-A. 

These results further support the previous hypothesis that changes in chemical passivation are primarily driven 

by a hydrogen-related process, which is abundant in both passivation stacks due to the hydrogenated SiNx 

layer. 
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Figure 5.3.3 Effective lifetime as a function of surface voltage (τeff-Vsurf plots) for SiOx/SiNx-passivated samples after 

annealing under different electric fields obtained from (a) step (1) and (2) and (b) step (3). Solid lines indicate model 

fittings using energy dependent parameterisation. The extracted interface properties are shown in (c) Sn0, (d) Sp0 and (e) 

Qeff. The darker symbols represent values extracted from (a), while the lighter symbols represent values extracted from 

(b). Extracted Qeff from C-V measurements are included in (e), represented by the open symbols. The error bars 

represent the mean ± 95% CI of the four to six individual C-V measurements taken.  

Changes in FEP were also observed, as evidenced by shifts in the τeff minima shown in Figure 5.3.3 (a). 

Extracted values from τeff-Vsurf plots indicate an increase and decrease of 0.9×1012 q cm-2 after +C-A and -C-A, 

respectively, supported by C-V measurements. The change in Qeff contrasts with that of SiOx/AlOx/SiNx-

passivated samples, suggesting an alternative charging mechanism. A possible explanation is the charging of 

Si≡N dangling bonds by corona charges. These defects, known as K-centres, exhibit three charged states of 

K0, K+, or K-, and can be charged/discharged depending on the polarity of the corona charge [27], [225]. Under 

the annealing at 450 °C, the injected charges are likely to be driven deeper into material bulk, presenting a 

higher stability [32], [181]. This is supported by the minimal changes in the CPD values after the corona-

anneal process. Further details of the measured CPD values are included in Appendix G. Charge injection to 

SiNx is also likely present in the SiOx/AlOx/SiNx nanolayers, however less prominent than the charge injection 

to the deep acceptor defects in the Al:SiOx layer. As a result, annealing under the same electric field led to 

opposite changes in Qeff when comparing the SiOx/AlOx/SiNx and SiOx/SiNx stacks. 
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Hysteresis was also observed during measurements, as evidenced by the left shifts of curves in Figure 

5.3.3 (b), compared to Figure 5.3.3 (a). Considering the measurement procedure, the observed increase in 

positive Qeff was caused by the application of a large negative Vsurf. An increase of 4.5, 2.6, and 2.0 × 1012 q 

cm-2 in positive Qeff was found for + C-A, annealed, and – C-A samples, respectively. It is worth noting that 

the larger change in positive Qeff after + C-A is likely to arise from the higher negative Vsurf applied in step (2). 

Such changes in Qeff have been extensively reported for SiNx-passivated interfaces and attributed to the 

capturing/releasing of electrons from shallow traps [26], [27], [231]. This observation further supports the 

hypothesis that carrier injection at the Si/dielectric interface contributes to the observed changes in negative 

Qeff at SiOx/AlOx/SiNx-passivated interfaces. At both the SiOx/SiNx and the SiOx/AlOx/SiNx-passivated 

interfaces, an inverse modification of Qeff was observed with the application of surface electric fields – negative 

surface charge leads to an increase(decrease) in positive(negative) Qeff. 

Besides the changes in positive Qeff, differences in charge fluctuation (σq) were also observed on samples 

with different annealing treatments, reflected in the curvature of the bottom region of the τeff-Vsurf plots. Charge 

fluctuation is defined as the standard deviation in a Gaussian charge distribution centred on Qeff [151]. A larger 

σq results in a larger curvature, broadened feature on τeff variations under weak field-effect passivation near the 

minimum, where τeff is highly sensitive to surface charge density changes. The extracted σq values are plotted 

in Figure 5.3.4 (a), indicating a higher σq after +C-A and a lower σq after -C-A. The coefficient of charge 

variation, defined as the ratio of charge fluctuation to mean charge density (σq/Qeff), is used as a measure of 

charge dispersion. The calculated σq/Qeff values are plotted in Figure 5.3.4 (b), where no significant difference 

between samples annealed under different electric fields was observed. These results suggest that changes in 

the curvature of the τeff-Vsurf plots are also driven by variations in Qeff. Lower σq/Qeff values were extracted from 

τeff-Vsurf plots obtained in step (3), suggesting a higher charge uniformity. This can be explained by the large 

increase in positive Qeff, where more holes are injected to the trap states at the interface, saturating the interface. 

This reduces the variations in local charge density caused by the Coulomb repulsion of positive charges. 

 

Figure 5.3.4 Extracted (a) charge fluctuation (σq) and (b) coefficient of charge variation (σq/Qeff) extracted from τeff-Vsurf 

plots. 
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5.4 Discussion 
Taking account of observations at both SiOx/AlOx/SiNx and SiOx/SiNx-passivated interfaces, carrier injection 

and hydrogen migration under the applied electric field have been identified as the two key mechanisms which 

jointly affect the chemical (Sn/p0) and field-effect passivation (Qeff) of Si-dielectric interfaces. The interface 

dynamics is further discussed, highlighting two seemingly contradictory observations in the changes of Qeff.  

Reversed changes in Qeff were observed at the SiOx/SiNx interface following the application of a negative 

Vsurf at room temperature and after -C-A, despite negative surface charge being present in both cases. To 

understand these contradictory findings, I refer to the two different charging processes and the location of the 

charged traps. Schematics illustrating these two processes are included in Figure 5.4.1. Under both treatments, 

the change in positive Qeff is likely attributed to a shift in charge states of K-centres [28], [32]. Such defects 

are distributed throughout the SiNx bulk and near the Si/dielectric interface [27], [28], [253]. Under a negative 

surface charge, holes are injected from Si to the interface and captured by K0 and K-, resulting in an increased 

positive Qeff, as shown in Figure 5.4.1 (a). The location of the K+ charged by hot holes is expected to be within 

3 nm from the interface [254]. Meanwhile, K-centres in SiNx bulk capture electrons from the surface electrode 

(PEDOT:PSS or negative corona charges) and become negatively charged, resulting in a decreased positive 

Qeff.  

A higher density of charge is injected into the interface compared to the SiNx bulk, resulting in a net 

increase in positive Qeff after the application of a negative Vsurf, as extensively reported in the literature [231], 

[232], [240]. Upon annealing, however, the surface electric field is removed and the trapped holes are released 

back to Si stimulated by the elevated temperature [255], while the K-centres in the SiNx bulk remain negatively 

charged, resulting in a decrease in the positive Qeff after –C-A, as shown in Figure 5.4.1 (b).  

 

Figure 5.4.1 Schematics demonstrating charge injection near the SiNx surface and at the Si/dielectric interface of (a) 

under negative surface charge, which corresponds to the application of a negative Vsurf or corona charge at room 

temperature, (b) after annealing at 450 °C representing the interface change after -C-A. 
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Reversed changes in Qeff were also observed at SiOx/AlOx/SiNx and SiOx/SiNx-passivated interfaces after 

the same corona-anneals, which is likely attributed to the difference in the defects at the Si/dielectric interfaces. 

Schematics demonstrating the charge injection processes under a positive surface charge are shown in Figure 

5.4.2. As discussed previously, while positive charge is injected to the SiOx/SiNx-passivated interface under a 

negative surface charge, the injected charge is unstable under elevated temperatures, leading to a net decrease 

in positive Qeff after -C-A. At the SiOx/AlOx/SiNx-passivated interface, however, acceptor states are induced 

by the presence of Al atoms, as discussed in Chapter 4 and previously reported [57]. Such acceptor states have 

energy levels below the Si valence band minimum (VBM), therefore preserving the change in charge density 

near the interface after the removal of corona charges under elevated temperature (450 °C).  

 

Figure 5.4.2 Schematics demonstrating charge injection near the SiNx surface and at the Si/dielectric interface of (a) 

under positive surface charge, which corresponds to the application of a positive corona charge at room temperature, (b) 

after annealing at 450 °C representing the interface change after +C-A. 

5.5 Summary 
This Chapter presents a new strategy to modify and optimise the surface passivation quality through field-

assisted annealing. A Seff of 5.5 cm/s and a J0s below 45.3 fA/cm2 were demonstrated on p-Si passivated by a 

SiOx/AlOx/SiNx nanolayer stack after annealing under positive surface charge. This was achieved using low 

temperature, chemically grown SiOx with a ~2.5 nm AlOx layer. A detailed interface study was conducted by 

monitoring changes in τeff with varying applied surface voltages (Vsurf), complemented by C-V measurements. 

Interface properties extracted from the fitting of the τeff-Vsurf plots indicate that the changes in surface 

recombination properties are due to differences in electron capture velocity at the valence band tail (Sn,VB), 

highlighting the significant role of recombination at tail states in nanolayers with strong field-effect 

passivation.  

Distinct changes in both chemical passivation at mid-gap (Sn0 and Sp0) and field-effect passivation (Qeff) 

were observed. A hypothesis involving carrier injection at the interface and hydrogen migration under the 

applied surface charge is proposed to explain these changes, indicating an intrinsic link between chemical and 

field-effect passivation. This hypothesis is further supported by changes observed at the SiOx/SiNx-passivated 
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interfaces after annealing under different electric fields and extensive indications in the literature [28], [32], 

[199], [225], [256].  

Additional charging mechanisms were revealed, detailing the influence of the location and energy levels 

of the defect states involved in the charging process, which led to opposing changes in Qeff observed under 

different conditions. It is pointed out that annealing under a positive surface charge can further promote 

negative charge density in ultra-thin AlOx, with an increase of ~1×1012 q cm-2 observed after a single corona-

anneal process. The promoted negative charge is stable through a 450 °C annealing. 

The use of this strategy, which tunes interface properties by annealing under electric fields, offers the 

possibility of further adjustment of the nanolayer stacks for improved optical properties or reduced production 

cost, further improving device performance. The new understanding gained from this work is instrumental in 

developing alternative approaches to further enhance the surface passivation performance of different 

nanolayer, leading to solar cell efficiency improvements. 
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6 Chapter 6 

Fabrication and Evaluation of 2D MoS2 

Field-Effect Transistors 

6.1 Hysteresis in 2D MoS2 Field-effect Transistors 
Due to the atomically thin nature of 2D MoS2, its properties are highly sensitive to both intrinsic factors (e.g. 

vacancies, interlayer interactions) [257], [258] and extrinsic factors (e.g. air adsorbates, residues, and dielectric 

traps) [259]. This pronounced sensitivity often results in unintentional doping, leading to significant hysteresis 

and device variations, posing challenges for practical applications [108]. In laboratory settings, such variations 

can obscure the intrinsic properties of MoS2, making the minimisation of these unintentional doping essential. 

While unintentional doping is difficult to quantify and compare across devices, hysteresis serves as a useful 

indicator of its extent. It describes the difference in threshold voltage between forward and backward gate 

voltage sweep and is present due to the charge trapping/de-trapping process. Therefore, understanding the 

origins of hysteresis and minimising it is crucial to accurately extracting the intrinsic properties of 2D MoS2 

and for enabling high-performance, stable devices. 

Figure 6.1.1 summarises the effects of various factors on the hysteresis of 2D MoS2 FETs at different 

temperatures [260]. Water and oxygen in the air are recognised as the primary adsorbed species on the MoS2 

surface, primarily leading to n-type doping [261]. Air adsorbates also contribute most significantly to 

hysteresis commonly observed [123], [262], [263]. The resulting hysteresis is damped at elevated temperature 

due to increased desorption of these adsorbates, as shown in Figure 6.1.1 (a). The extent of doping depends on 

the humidity [263], as well as the quality of 2D MoS2 which serves as reactive sites and contributes to device 

variations. The chemical mechanism by which water and oxygen molecules dope the MoS₂ channel surface 

has been described in previous studies [264], [265]. Weakly bound water molecules can dissociate or form 

dipoles on the MoS₂ surface, and these dipoles may donate electrons into the conduction band, effectively 

shifting the Fermi level upward and leading to n-type doping [266]. In addition, oxygen molecules adsorbed 

at sulphur vacancy sites or on the basal plane can also participate in charge transfer. Rather than extracting 

electrons, as observed in some oxides, oxygen in contact with MoS₂ tends to stabilise surface defects and 

facilitate electron donation from water or other species [264], [266]. The combined effect is an increased 

conductivity and left shifted Vth.  

To minimise these effects, measurements are typically performed in a vacuum or inert gas. Alternatively, 

encapsulation layers such as h-BN, AlOx, HfOx, or polymers are commonly used to protect the channel from 
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environmental adsorbates [108], [123]. Another approach involves chemically passivating the channel, such 

as through exposure to H2S gas, which has been shown to effectively eliminate hysteresis in air, although the 

chemical involved may introduce unwanted doping [262].  

Additional factors also contribute to hysteresis, although their impact is comparatively minor. Ion 

impurities, such as Na+, K+, H+, can be incorporated during dielectric growth. However, the mobility of larger 

ions like Na+ and K+ only occurs at elevated temperatures (340-450 K) under electric fields [267], [268], as 

shown in Figure 6.1.1 (b), rendering their contribution to hysteresis at room-temperature negligible. Charge 

trapping at the MoS2-dielectric interface is also reported to cause unintentional doping and hysteresis, as 

outlined in Section 1.3.2.2 and shown in Figure 6.1.1 (c). This effect becomes more pronounced at elevated 

temperatures due to enhanced thermal-assisted trapping and de-trapping. Furthermore, the charging of oxide 

traps located near the Si substrate can screen out the gate voltage, thereby delaying the turn-on of the FET, as 

illustrated in Figure 6.1.1 (d). This effect manifests a sudden increase in current upon reversal of the gate 

voltage polarity. This specific effect has so far only been reported for SiO2 at temperatures exceeding 400 K 

[269]. 

Finally, intrinsic factors such as traps in the 2D channel or interface defects between different van der 

Waals layers also contribute to hysteresis, as depicted in Figure 6.1.1 (e). This mechanism was proposed based 

on the observation of hysteresis in suspended devices, indicating that it arises from the filling and emptying of 

intrinsic traps [260].  

 

Figure 6.1.1 A summary of the different extrinsic (a) and intrinsic (b-e) factors inducing hysteresis in 2D MoS2 FETs, 

their band diagrams, and schematics of the hysteresis curves under room temperature (RT) and high temperature (HT), 

reproduced after [260]. 

In summary, smaller hysteresis is indicative of a high-quality channel with minimal unintentional 

interactions with the surrounding environment. The objective of this Chapter is to establish a robust fabrication 
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and measurement protocol that mitigates the influence of such unintentional doping due to extrinsic factors. 

This protocol minimises device variability and hysteresis, providing a reliable foundation for investigating 

field-effect doping via charged dielectrics in Chapter 7. Furthermore, a comprehensive model is proposed to 

elucidate the observed phenomena. 

6.2 All-dry Fabrication of 2D MoS2 FETs 
During the development of charged dielectrics, significant charge degradation was observed upon exposure to 

liquid solutions such as deionised (DI) water and common cleaning solvents. This degradation prevents the 

investigation of changes in the electrical properties of 2D MoS2 using conventional photolithography-based 

FET fabrication processes. As a result, a novel all-dry fabrication method for 2D MoS2 FETs is essential. The 

primary challenge lies in accurately aligning metal contacts to exfoliated MoS2 flakes, which are typically only 

10-20 µm in size.  

6.2.1 Monolayer Identification 

Mechanically exfoliated monolayers of MoS2 are used as channel material in this work. The exfoliation and 

transfer process are described in Appendix B. Monolayers were identified based on their contrast to the 

substrate under an optical microscope and verified using Raman spectroscopy, as shown in Figure 6.2.1. The 

monolayers presented in this thesis have a wavenumber difference of 19-20 cm-1 between the E2g and A1g peaks, 

which is in line with the literature [86]. This frequency separation arises because the two vibrational modes 

shift systematically with increasing layer number: the in-plane E2g
1 mode redshifts as additional layers reduce 

the restoring force for in-plane vibrations, while the out-of-plane A1g mode blueshifts due to enhanced 

interlayer coupling that constrains out-of-plane motion [270]. The resulting increase in the peak separation 

therefore provides a reliable spectroscopic signature for identifying monolayer MoS₂. 

 

Figure 6.2.1 Exemplary optical microscope photos of exfoliated (a) monolayer and (b) multilayer flakes and their 

corresponding (c) Raman spectrums, which were obtained at the location indicated in (a) and (b) with red dots. 
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6.2.2 Mask Fabrication 

Bottom-gate top-contact structured FETs were fabricated in this work, with a schematic of the device shown 

in Figure 6.2.2. To enable electrical measurements, full area aluminium (Al) back contact was used, while two 

front contacts were required to connect the selected monolayer MoS2. Thus, a suitable mask is needed to protect 

the channel region during contact evaporation. Due to the micron-scale dimensions of exfoliated flakes, masks 

with features smaller than 10 µm are desirable. This is typically achieved using photoresist masks patterned 

by UV light or laser writers [271]. However, the use of solvents involved in such a process was found to 

degrade the dielectric embedded charge, as further discussed in Section 6.2.4. Therefore, to preserve the 

dielectric charge, a contactless all-dry patterning process is required. Additionally, to minimise the shadowing 

effects during evaporation, the mask must be flat. Finally, the mask design should be reproducible and easy to 

manipulate to be precisely aligned with the selected flake. 

 

Figure 6.2.2 Schematic of a 2D MoS2-based back-gate front-contact structured FET. 

With the considerations above, TEM grids were identified as the optimal choice. The FETs presented in 

this thesis were fabricated using a copper TEM grid with 600 hexagon mesh with a bar size of 6 µm as the 

evaporation mask. A process flow of mask fabrication is shown in Figure 6.2.3 (a-c). TEM grids were first 

attached to M1.6 stainless-steel washers using wax. The flat side of the washer is covered with wax melted at 

50 °C. After cooling, the washer is aligned on top of the TEM grid under a stereo microscope. The TEM grid-

washer stack is then reheated on a hot plate, attaching the TEM grid to the washer. This low-temperature 

bonding process preserves the flatness of the TEM grid. The stainless-steel washer serves three critical 

functions:  

(1) Structure reinforcement: it prevents deformation of TEM grid during handling.  

(2) Ease of alignment: with a thickness of 300 µm, the washer allows for straightforward handling. 

(3) Magnetic fixation: when placed on a magnet, the washer securely holds the TEM grid in the aligned 

position, enabling transfer to subsequent processing. 

The channel and contact regions are then defined using a UV pico-second laser from Inngu Laser, as 

described in Appendix B. The mask is positioned with the side attaching TEM grid facing upward to ensure 

the lasered area bend away from the substrate during alignment, as shown in Figure 6.2.3 (c). To ensure 

structural robustness, minimal etching is preferred. It is also advantageous to leave space for additional contacts 

in the case of front-back shortage due to dielectric defects. After front contact evaporation, silver dag was 
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applied to form durable and sizable contacts suitable for probe landing. For these reasons, a design with bar-

shaped contacts is optimal. An optical microscope image of the designed mask and a fabricated device is shown 

in Figure 6.2.3 (d), with an enlarged image of the channel region in Figure 6.2.3 (e). 

 

Figure 6.2.3 (a-c) Process flow to fabricate evaporation masks to fabricate 2D MoS2 FETs using TEM grids and 

stainless-steel washers. (d) The optical microscope of a fabricated device with an isolated contact, which is shorted to 

the back gate. (e) An optical microscope image of the channel region. 

6.2.3 Mask Alignment and Batch Processing 

The fabricated mask is placed on a Si substrate and aligned to the exfoliated MoS2 monolayer under an optical 

microscope. To ensure the mask remains securely in place after alignment, a flexible magnetised stripe with a 

uniform magnetic field was used to hold the masks. Cover glasses were placed between the magnet and sample 

to protect the magnets during evaporation. An image of a sample holder is shown in Figure 6.2.4.  
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Figure 6.2.4 An image of a sample holder with a fridge magnet to secure the mask during transfer. 

To achieve high-throughput device fabrication, an efficient and reproducible alignment method is crucial. 

A slot to hold and manipulate the washer during alignment was fabricated by etching a round window into a 

200 µm thick mirror-polished Si substrate. The Si substrate is flat, robust, and thinner than the washer, which 

allows the washer to be securely held in place without contacting the substrate surface. A photo of the 

alignment set-up is shown in Figure 6.2.5 (a). Once the selected flake is identified under the optical microscope, 

the mask is roughly positioned on the substrate. The slot is then held above the sample while its height is 

adjusted by simultaneously adjusting the height of lab jack stands until the washer fits within the slot. Both the 

selected flake and the mask should be in focus. The mask is then aligned with the flake by moving the optical 

microscope stage. Once aligned, the optical microscope stage is lowered to detach the mask from the slot, 

leaving it held in place by the magnet.  

An 8-slot holder is designed to facilitate the transfer of aligned samples to the subsequent thermal 

evaporation. A demonstration of the slot is shown in Figure 6.2.5 (a-b). All samples are first attached to the 8-

slot holder prior to alignment. A pyramidal frustum-shaped holder is 3D printed, with the smaller side attached 

to the Si slot, while the larger side provides sufficient space for the optical lens, as shown in Figure 6.2.5 (c-

d). The Si slot was cleaved to be ~1.5 cm × 2 cm, allowing for the alignment of each sample without disturbing 

the alignment of the neighbouring samples. This alignment procedure proves to be highly efficient, with an 

average of 6 working devices produced per batch. The failed devices are believed to result from shifts in the 

mask position during thermal evaporation. This issue arises when the wax glue is slightly heated and adheres 

to the silicon substrate, thereby causing mask displacement. 

Glass Slide

Fridge Magnet

Cover Glass

Substrate

Mask
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Figure 6.2.5 An image of (a) the alignment setup, (b) the 8-slot holder inside of the thermal evaporator, (c) a zoom-in 

image of the alignment setup and (d) a schematic of the Si slot securing the mask.  

6.2.4 Assessing the Stability of Dielectric Charge 

To study the charge stability after different treatments, a substrate with 300 nm of thermal SiO2, charged at 

450 °C for a total of 5 minutes using the hot corona method, and capped by 50 cycles of HfOx (Set 4-C) was 

used. Charge densities were measured using KP before and after a 1-minute exposure to isopropyl alcohol 

(IPA) or O3, which are commonly used in the photolithography process, and compared against the all-dry 

fabrication process, as shown in Figure 6.2.6. The variation in the initial CPD values arises from differences 

in the charging intervals. Charging strategies with intervals of 60 s, 30 s, and a continuous 5-minute duration 

were adopted for testing samples under IPA, O₃, and dry fabrication conditions respectively. A variation of 

less than 5% in CPD values was observed after device fabrication, while a ~50% loss was found after O3, and 

a complete charge loss after exposing substrates to IPA and acetone. These results highlight the reliability of 

the substrates’ charged state following the all-dry fabrication process. The underlying cause for the charge 

instability is further discussed in Chapter 7. 

Si Slot

Mask

Pyramidal 

Frustum Holder

Optical Lens

(a) (b)

(c) (d)



X. Niu Chapter 6 Fabrication and Evaluation of 2D MoS2 Field-Effect Transistors 
 

90 

 

 

Figure 6.2.6 Contact potential differences (CPD) measured before and after treatment of 1-minute exposure to IPA, 

acetone, O3, and all-dry fabrication. The error bars represent 90% confidence interval of data obtained on 3-5 samples. 

6.3 Control and Optimisation of FET Measurements 
Monolayer MoS2 is highly sensitive to environmental factors, including air adsorbates, light exposure, and 

measurement history. This section explores the impact of various factors on the device performance and aims 

to establish an optimised protocol for accurately characterising the electrical properties of 2D MoS2. 

6.3.1 Effects of Atmosphere Environment  

As reviewed in Section 6.1, adsorbates from ambient air have been recognised as a source of unintentional 

doping in 2D MoS2. This doping effect is affected by environmental variations such as humidity, leading to 

device variability. To minimise unintentional doping caused by environmental factors, a measurement setup 

was designed to operate within an enclosed chamber filled with high-purity argon.  

To evaluate the effectiveness of the argon environment in eliminating air-induced doping, an FET device 

was fabricated on a substrate consisting of 300 nm thermal SiO2 capped with 50 cycles of ALD-SiOx (Set 3-

A). The hysteresis behaviour was characterised using a back-gate voltage (Vgs) sweep from – 80 V to 80 V 

with a step size of 2 V, and a drain-source voltage (Vds) of 0.01 V. Measurements were conducted in darkness, 

with five transfer curves obtained with a 180-second interval before introducing the argon gas at a flow rate of 

4-5 litre per minute (LPM). Immediately following this, an additional five measurements were performed 

under argon atmosphere.  

For a clear demonstration of changes in the transfer characteristics, only the first and last curves obtained 

under air and argon conditions are presented in Figure 6.3.1 (a). The dotted lines in Figure 6.3.1 (a) indicate 

the linear extraction of Vth, while the arrows indicate the forward and backward sweep directions. To 

demonstrate the repeatability of the results, the extracted threshold voltages for forward and backward sweeps 

(Vth1, Vth2) and field-effect mobility (µFE) from the forward curves from all measurements taken are shown in 

Figure 6.3.1 (b). The extraction of threshold voltages is described in Chapter 2, Section 2.4.7. Due to the nature 

of the backward sweep, which is further discussed in Section 6.4, Vth2 is much more dependent on 

environmental conditions compared to Vth1. Thus, the following discussions mainly focus on the properties 
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extracted from the forward transfer curves, while the backward curve is analysed to characterise the hysteresis 

(Vhys = Vth2 – Vth1). The field-effect mobilities (µFE) were also extracted from the forward sweep.  

 

Figure 6.3.1 (a) Transfer characteristics measured in air and Argon and (b) the extracted Vth and µFE. 

All curves in Figure 6.3.1 (a) exhibit a clockwise hysteresis. Repeated measurements in air revealed a 

slight decrease in µFE, as evidenced by the green diamond symbols in Figure 6.3.1 (b). Upon the introduction 

of argon, both Vth1 and Vth2 converge, thereby reducing the Vhys. Additionally, an increase in µFE was observed 

in measurements in argon, as shown in Figure 6.3.1 (b). The changes in both Vth and µFE were observed to 

plateau around the third measurement, suggesting the saturation of argon atmosphere. This takes approximately 

15 minutes.  

To confirm if the above changes in transfer characteristics is repeatable on multiple devices, nine devices 

fabricated on substrate Set 3-A were measured both in air and argon atmosphere. Five consecutive 

measurements with intervals of 180 seconds were taken on each device with the Vth, Vhys and µFE values 

extracted from the last measurement. To elucidate the influence of the measurement environment on device 

characteristics, the variations in Vth1, Vhys and µFE were determined by calculating the difference between values 

obtained in argon and air (argon – air) and plotted in Figure 6.3.2Figure 6.3.2. The error bars represent the 95% 

confidence interval. A predominately positive shift in ΔVth1 was observed, with the corresponding confidence 

interval slightly overlapping zero. This trend suggests an overall increase in Vth1 when measurements are 

conducted in argon, indicative of a reduction in n-type doping. A consistent decrease was observed for Vhys, as 

indicated by the negative ΔVhys values with the confidence interval lying below zero, demonstrating a decrease 

in hysteresis. Furthermore, ΔµFE showed clear positive values, confirming an enhancement in the carrier 

mobility in an argon environment. Collectively, these results substantiate that measurements performed in an 

argon environment effectively suppress the influence of adsorbates present in air, thereby enabling a more 

accurate and reliable assessment of device performance. 
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Figure 6.3.2 Changes in the extracted values of (a) Vth1 and Vhys and (c) µFE from measurements carried out in air and 

argon (argon – air). The error bars represent the 95% confidence interval of the values obtained.  

6.3.2 Effects of Measurement Range and Step Size 

A substrate with 300 nm thick thermal SiO2 capped with 360 cycles of ALD-SiOx (Set 4-A) was used to 

fabricate a FET and investigate the effects of the measurement range. The substrate was annealed at 800 °C 

for 30 minutes prior to device fabrication. The device was set in darkness and argon environment 15 minutes 

before the start of measurements and remained in such condition throughout the measurements. The minimum 

and maximum values of Vgs were varied between – 80 to -120 V and + 80 to + 120 V, respectively. The 

measurements were carried out by first varying the minimum Vgs, followed by varying the maximum Vgs. The 

step size was 2 V for all measurements, and Vds was kept at 0.01 V. At each condition, three measurements 

were taken at 180-seconds intervals. For a clear demonstration, the last transfer curves taken under each 

condition are shown in Figure 6.3.3 (a) and (b), while and the extract values of Vth, Vhys and µFE from all 

measurements are shown in Figure 6.3.3 (c) and (d). The dotted lines in Figure 6.3.3 (a-b) indicate the linear 

extraction of Vth. 

As shown in Figure 6.3.3 (a) and (c), a statistically significant decrease in Vth1 was observed when the 

minimum Vgs was reduced from –80 V to –120 V, indicating n-type doping. At the same time, a statistically 

significant increase in Vhys was recorded, while µFE showed minimal change. When higher maximum Vgs values 

were applied, as shown in Figure 6.3.3 (b) and (d), the forward curves largely overlap, indicating minimal 

changes in Vth1 – as expected, since the forward measurement probe the same voltage range up to 80 V. It is 

noted, however, that care is required when extracting Vth1 as an extended linear region can bias the algorithm 

described in Section 2.4.7 to a more accurate value, but the difference is not raised from changes in the intrinsic 

properties of the channel. To minimise this effect, The extracted Vth1 in Figure 6.3.3 (d) are obtained by fixing 

the linear fit window to 0-80 V, while full curves are used to evaluate Vhys and µFE. Under these conditions, 

higher maximum Vgs yields a statistically significant increase in Vhys, with only minor changes in µFE. The 

larger Vhys is attributed to charge injection during the longer sweeps at higher Vgs, which raises Vth2 and thus 
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widens the hysteresis. A sweep of –80 to +80 V was adopted for most devices to capture turn-on while 

minimising measurement-induced doping. 

 

Figure 6.3.3 Transfer curves of the last measurements taken with (a) minimum Vgs ranging between – 80 and – 120 V, 

and (b) maximum Vgs ranging between + 80 to + 120 V. The extracted values of Vth1, Vhys, µFE of measurements taken 

with varying (c) minimum Vgs and (d) maximum Vgs. Three measurements were taken at each condition. The error bars 

represent the 10-90% of the values obtained in the three measurements. 

The effects of the Vgs step size were then investigated using a device fabricated on a substrate with a 300 

nm-thick thermal SiO2, capped with 50 cycles of ALD-SiOx (Set 3-A). The measurements were conducted in 

an argon atmosphere and in darkness, with a Vgs sweep between – 80 and + 80 V and the Vds at 0.01 V. Step 

sizes of 1, 2 and 4 V were studied. The obtained transfer curves and the extracted values of Vth1, Vhys and µFE 

in Figure 6.3.4. Only the last curves measured in each condition are shown.  
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Figure 6.3.4 (a) Transfer curves of the last measurements taken with Vgs step sizes of 1, 2 and 4 V. (b) Extracted values 

of Vth1, Vhys, and µFE of all the measurements taken. The error bars represent the 10-90 % of the values extracted. 

A variation of less than 10 V was observed in both Vth1 and Vhys. Meanwhile, a statistically high channel 

mobility was observed by setting the step size to 2 or 4 V compared to 1 V. This increased mobility is likely 

due to the shorter measurement time associated with the larger step size, which generates less heat during the 

measurement and suppresses scattering. To balance the need for sufficient data points for reliable linear fitting 

with the need to minimize mobility degradation, a moderate step size of 2 V was selected. 

6.3.3 Effects of Light 

A substrate with a 300 nm thick thermal SiO2, capped with 360 cycles of ALD-SiOx (Set 4-A) was used to 

fabricate a FET and investigated the effects of light conditions. The substrate was annealed at 800 °C for 30 

minutes prior to device fabrication, as shown necessary in Appendix C. The device was set in argon atmosphere 

15 minutes prior to the first measurement. Three measurements with intervals of 180 seconds were taken in 

each condition, with the Vgs sweep between – 80 and + 80 V, a step size of 2 V, and the Vds at 0.01 V. The 

device was illuminated with the highest power setting on the stereo microscope using a halogen lamp, 

designated the ‘light’ condition. A black foam was used to cover the setup in the ‘dark’ condition, as described 

in Chapter 2, Section 2.4.7. The last measured curves of each condition and the extracted Vth1, Vhys, and µFE of 

all the measurements taken are shown in Figure 6.3.5.  

A statistically significant decrease in Vth1 and an increase in Vhys were observed under illumination 

compared to measurements in the dark, indicating additional n-type doping induced by light. In contrast, no 

significant change was observed in channel mobility. These results suggest that performing measurements in 

a controlled dark environment is more appropriate for evaluating the intrinsic properties of 2D MoS₂. 
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Figure 6.3.5 (a) Transfer curves of the last measurements taken under illumination and in dark. (b) Extracted values of 

Vth1, Vhys, and µFE of all the measurements taken. The error bars represent the 10-90% range of the values extracted.  

6.3.4 Effects of Annealing 

As demonstrated in Section 6.3.1, an argon atmosphere effectively mitigates the impact of air adsorbates. 

However, this approach does not address the unintentional doping caused by polydimethylsiloxane (PDMS) 

residues, strain, and air blisters formed during the dry transfer process [272]. Annealing at 200 °C in a vacuum 

has been reported as an effective method to mitigate these effects and further remove the air adsorbates. In this 

section, the impact of annealing 2D MoS2 FETs in argon and vacuum at 100 and 200 °C was investigated to 

evaluate the necessity of incorporating such a process into the measurement protocol. 

A substrate with 300 nm thick thermal SiO2 capped with 360 cycles of ALD-SiOx (Set 4-A) was used to 

fabricate a 2D MoS2-based FET and investigated the effects of annealing in argon and vacuum. The substrate 

was annealed at 800 °C for 30 minutes prior to device fabrication, as shown necessary in Appendix C. The 

fabricated device was connected to a chip carrier using copper wires to prevent disconnection during heating, 

which could occur due to the thermal expansion of the measuring stage. A side view of a device on a chip 

carrier is shown in Figure 6.3.6. All measurements were taken in darkness, with the Vgs sweeping between – 

80 and + 80 V at a step size of 2 V, and the Vds at 0.01 V. Three to five measurements were taken at each 

condition, with an interval of 120 seconds between each measurement. Measurements were taken at room 

temperature (25-35 °C). 

 

Figure 6.3.6 An image of a fabricated device bonded to a chip carrier. 

Annealing in argon was conducted in the measurement setup described in Chapter 2, Section 2.4.7 on a 

temperature-controlled stage. The argon flow was set on to 4 LPM at the start of the first measurement. After 
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five measurements, the stage temperature was set to 100 °C, which took 10 minutes to ramp up. The set 

temperature was kept at 100 °C for 20 minutes before turning off the heater. The stage returned to room 

temperature after 1.5 hours. Subsequently, the same device was heated to 200 °C, with a ramp-up time of 16 

minutes from room temperature and held at 200 °C for 20 minutes. The stage returned to room temperature 

after 2.5 hours. The last transfer curves measured in each condition, and their corresponding Vth1, Vhys, and µFE 

values are shown in Figure 6.3.7.  

Following an annealing at 100 °C, a statistically significant decrease in Vth1 was observed, with 

neglectable change in the Vhys. This change is likely attributed to the removal of PDMS residues or strain, and 

less likely to result from the removal of air adsorbates, as these are known to n-dope 2D MoS2 [261]. 

Additionally, the observed increase in µFE from an average of ~8.2 to 11.7 cm2 V-1 s-1 is likely due to the 

removal of a combination of PDMS residue, strain and air blisters, all of which contribute to carrier scattering 

[272]. On the other hand, µFE decreased to 6.8 cm2 V-1 s-1 following annealing at 200 °C, indicating oxidisation 

of 2D MoS2 to MoO3 and causing p-doping [273]. This is also supported by the right shift in Vth1 of ~20 V 

after the 200 °C-annealing. Therefore, it is demonstrated that while annealing in argon at 100 °C effectively 

removes unintentional doping, annealing at 200 °C is unsuitable, as it compromises the channel by inducing 

oxidation. 

 

Figure 6.3.7 (a) Transfer curves of the last measurements taken before and after annealing in argon at 100 and 200 °C 

for 20 minutes. (b) Extracted values of Vth1, Vhys, and µFE of all the measurements taken. The error bars represent the 10-

90% of the values extracted. 

A setup modified from an Edwards E306A thermal evaporation system was used to test the effects of 

annealing under vacuum. The same sample used to evaluate argon annealing was subsequently used for this 

study. All measurements were conducted at a vacuum pressure of ~5 × 10-6 Torr. The stage temperature was 

set to 100 °C and took 20 minutes to ramp up. The set temperature was kept at 100 °C for 20 minutes before 

turning off the heater. The stage returned to room temperature after 1.5 hours. For the annealing at 200 °C, the 

stage took 25 minutes before first reaching the set-temperature. Due to the uncalibrated PID parameters, the 

stage temperature overshot to 280 °C, after which the heater was turned off. The time during which the device 

was kept above 200 °C was roughly 20 minutes. The stage returned to room temperature after 1.5 hours. The 
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last transfer curves measured in each condition, and the extracted Vth1, Vth2, and µFE from all measurements 

taken is shown in Figure 6.3.8. The transfer curve obtained after annealing in argon at 200 °C is included for 

comparison.  

An average left shift of 10 V was found in Vth1 in vacuum compared to argon. This indicates further 

elimination of the effects of air adsorbates in vacuum, although the improvement was modest. Similar to 

annealing in argon at 100 °C, left shifts in both Vth1 and increases in µFE were observed after vacuum annealing 

under both 100 and 200 °C. No statistically significant change in Vhys was detected throughout these processes 

with all values below10 V, indicating minimal hysteresis. These results point to the effective removal of PDMS 

residues, strain and air blisters, which were not fully removed by prior annealing in argon. Compared with 

argon annealing, vacuum annealing proves more effective in suppressing unintentional doping introduced 

during the dry transfer process, primarily because it allows higher annealing temperatures and longer durations 

without risking oxidation of the 2D MoS2 channel. 

 

Figure 6.3.8 (a) Transfer curves of the last measurements taken before and after annealing in vacuum (~5 × 10-6 Torr) at 

100 and 200 °C for 20 minutes. Curve measured after annealing in argon at 200 °C is included for comparison. (b) 

Extracted values of Vth1, Vhys, and µFE of all the measurements taken. The error bars represent the 10-90% of the values 

extracted. 

However, due to practical considerations, annealing and measuring in a vacuum requires significant time, 

especially when dealing with a large number of devices. Argon annealing at 100 °C is thus further investigated 

for its effectiveness in reducing device variations. The annealing time was kept at 20 minutes.  

Eight devices fabricated on substrate with a 300 nm SiO2, capped with 50 cycles of ALD-SiOx was 

measured in argon before and after annealing (Set 3-A). The extracted changes in Vth1, Vhys and µFE for each 

measured device are presented in Figure 6.3.9. Five consecutive measurements with intervals of 180 seconds 

were taken on each device with the extracted values from the last measurement plotted. All measurements 

were conducted in darkness, with the Vgs sweeping between – 80 to + 80 V, and a step size of 2 V. The Vds was 

kept at 0.01 V. 

No statistically significant change in Vth1 was observed, as the 95% confidence interval crossed zero, 

indicating that some devices exhibited higher Vth1 after annealing while others showed lower values. This 
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variation is likely a result of uncontrolled oxidation of the devices during argon annealing, which is also 

supported by the results in Figure 6.3.7. Hysteresis was consistently reduced across all devices, with the 

confidence interval lying entirely below zero, suggesting effective removal of adsorbates following argon 

annealing. In addition, a statistically significant increase in µFE was observed, as shown in Figure 6.3.9 (b). 

These results indicate that while annealing in argon at 100 °C can partially remove unintentional doping, it 

may also introduce oxidation due to non-ideal gas environment and variations in channel areas. Taking into 

account both these effects and the considerable time required to measure a large number of devices, 

measurements in an argon atmosphere were adopted as the standard protocol for this thesis.  

 

Figure 6.3.9 Changes in the extracted values of (a) Vth1 and Vhys and (c) µFE from measurements carried out in argon and 

after argon annealing. The error bars represent the 95% confidence interval of the values obtained. 

In summary, this section examined the effects of atmosphere, measurement sweep setup, light conditions, 

and annealing on the extracted electrical properties of 2D MoS2-based FETs. Based on the findings and 

practical considerations, it was concluded that the optimal protocol for reliable, comparable results involve 

conducting measurements in a dark, argon environment with a Vgs sweep between – 80 to + 80 V and a step 

size of 2 V. At least three measurements at each condition should be taken with a 180-second interval. This 

protocol is followed throughout the remainder of this thesis, unless otherwise stated. 

6.4 Discussion 
Section 6.3 explored the effects of various extrinsic factors on the electrical properties of 2D MoS2. Systematic 

changes in the Vth, Vhys and µFE were observed under varying environmental conditions. The origins of such 

changes are proposed to be a combination of air adsorbates and charge transfer from the dielectrics.  

Figure 6.4.1 shows the band diagrams of the gate-dielectric-2D MoS2 system during transfer curve 

measurements conducted in argon and air atmosphere. In an argon atmosphere, as Vgs increases, excess 

electrons are injected into the channel via field-effect, enhancing conductivity. This leads to a turn-on current 
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at point (a), as shown in Figure 6.4.1 (d). In contrast, when measurements are performed in air, adsorbates such 

as water and O2 molecules can bind to the channel surface, introducing trap states. The acceptor nature of O2 

molecules have also been demonstrated in [274]. These acceptor states can capture the excess electrons injected 

by field-effect, resulting in a reduced conductivity at the same Vgs and a lower Ids at point (b) compared to point 

(a). Additionally, the physically bonded adsorbates can act as scattering centres, further diminishing channel 

conductivity. It is hypothesised that the energy level of these acceptor states is lower in their charged state 

compared to their neutral state. Consequently, during the backward scan, more electrons are trapped at the 

same Vgs than during the forward scan, resulting in a clockwise hysteresis. This leads to a further reduction in 

Ids, with point (c) showing a lower current compared to point (b). Measuring devices in an argon environment 

largely eliminates adsorbate-related trap states, resulting in higher Ids and reduced hysteresis in the transfer 

characteristics.  

 

Figure 6.4.1 Band diagrams during (a) forward bias in argon, (b) forward bias in air, (c) backword bias in air, and (d) 

schematic illustration of the transfer curves. Numerical scales are partially omitted for clarity, as the full quantitative 

data presented in Figure 6.3.1.  

It was observed that substantial hysteresis remains even when measurements were conducted in an argon 

atmosphere. This hysteresis is unlikely to originate from residual adsorbates in the environment, as a similar 

level of hysteresis was observed by measuring samples in vacuum (5 × 10-6 Torr), as shown in Section 6.3.4. 

It is proposed that, in addition to the acceptor states introduced by air adsorbates, trap states exist near the 

dielectric surface or at the channel-dielectric interface, as shown in Figure 6.4.1. The origin of these states 

could be related to PDMS residues, which can be removed through annealing, leading to higher Ids, as 

demonstrated in Section 6.3.4. Additionally, these acceptor states may arise from dangling bonds at the 

dielectric surface or within the bulk material. These trap states capture electrons, and their Coulomb 

interactions with the positively charged ions in MoS2, further contributing to the degradation of channel 

mobility [275]. The presence of these states could account for the hysteresis observed even after annealing.  

Donor states are also likely to be present at the interface and alter the transfer characteristics. As 

demonstrated in Section 6.3.2, applying a larger negative Vgs led to a left shift in the Vth, indicating excess 

electrons within the channel. This shift occurred despite the additional measured points, which were found to 
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reduce channel mobility. The band diagrams of two measurements with different minimum Vgs values V1 and 

V2, where V1 < V2 < 0, is shown in Figure 6.4.2 (a-c), with exemplary transfer curves shown in Figure 6.4.2 

(d). As illustrated in Figure 6.4.2 (a), when Vgs is at a high negative value, the strong electric field facilitates 

the injection of electrons from donor states located in the dielectric bulk and/or at the dielectric-channel 

interface. Meanwhile, for a measurement with a minimum Vgs of V2 (Meas 2), fewer electrons are injected, 

resulting in lower Ids at the same Vgs compared to a measurement with a minimum Vgs value of V1 (Meas 1), as 

shown in Figure 6.4.2 (b) and (c). Overall, higher applied negative Vgs leads to higher Igs, and thus a left shift 

in Vth. 

 

Figure 6.4.2 Band diagrams for (a) Meas 1 at V1<Vgs<V2, (b) Meas 1 at V2<Vgs and (c) Meas 2 at V2<Vgs. Meas 1 has a 

more negative Vgs starting value of V1 than Meas 2, which starts from V2. Exemplary transfer curves are shown in (d), 

with the points corresponding to (a-c) marked. Numerical scales are partially omitted for clarity, as the full quantitative 

data presented in Figure 6.3.3. 

Finally, the effects of illumination are discussed, which was found to shift both Vth1 and Vth2 towards more 

negative values, with an increase in Vhys and a decrease in µFE. Band diagrams under illumination and in dark 

and their corresponding Ids in the transfer curve is shown in Figure 6.4.3. The changes in threshold voltages 

under illumination are analogous to that observed when a larger negative Vgs is applied, as discussed above. 

Indeed, in both cases, excess carriers are generated in the channel, which led to increased Ids under the same 

Vgs, as shown in Figure 6.4.3 (c). Under illumination, the excess carrier is generated by the incident photons, 

which excites valence band electrons to the conduction band and contribute to channel conductance, as shown 

in Figure 6.4.3 (a). The decreased µFE can be explained by the increased scattering due to the elevated 

temperature under illumination.  
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Figure 6.4.3 Band diagrams for MoS2 FET (a) under illumination and (b) in darkness. Exemplary transfer curves are 

shown in (c), with the points corresponding to (a-b) marked. Numerical scales are partially omitted for clarity, as the 

full quantitative data presented in Figure 6.3.5. 

The long-term stability of the MoS₂-based FETs was not systematically investigated in this work. 

Nevertheless, previous studies have reported that MoS₂ flakes undergo noticeable oxidation after 

approximately 110 days when stored under ambient conditions, whereas minimal degradation was observed 

when stored in vacuum [276]. In this work, all fabricated devices were stored in a dark vacuum box (~650 

Torr) with repeated purging using dry N₂ and vacuum cycling to minimise the presence of water and oxygen. 

Under these storage conditions, the devices were expected to retain their performance for several months with 

negligible changes, which was sufficient to ensure the acquisition of comparable data. 

6.5 Summary 
This chapter presented an all-dry protocol for the fabrication of 2D MoS2 FETs. The key steps involve the 

fabrication and alignment of evaporation masks with the exfoliated flakes to form front contacts. TEM grids 

attached to magnetic washers were used as masks to achieve clean, fast, and reliable fabrication of the devices. 

[276]Strategies to enable the fabrication of multiple devices in a single process were also demonstrated. The 

developed protocol has been shown to yield an average of 6 devices in a single process. More importantly, full 

preservation of the charge in the dielectric was demonstrated, providing a foundation for the study of field-

effect doping in Chapter 7. 

The effects of extrinsic factors, including air adsorbates, measurement settings and light conditions, on 

the electrical properties of 2D MoS2 FETs have been systematically investigated. Measurements in argon 

environment were found necessary in reducing device variations and revealing the intrinsic properties of 2D 

MoS2 channel. Meanwhile, appropriate settings for the measurement range, step size, and light conditions have 

been selected considering both their effects on the properties of 2D MoS2 and practical reasons. Annealing in 

argon and vacuum have been found to further mitigate the effects of adsorbates. However, considering the 

time cost of annealing and its relatively limited effects, it was not included in the measurement protocol. A 

measurement protocol to minimise hysteresis and device variations have been established. Comprehensive 
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models to account for the observed hysteresis and its changes under different conditions were proposed, 

highlighting the effects of charge trapping and de-trapping of defect states. 
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7 Chapter 7 

Field-Effect Doping of 2D MoS2 

7.1 State of the Art Doping of 2D MoS2  
Controllable and selective doping of semiconductors is crucial in enabling precise tuning of the channel 

conductance and optimising device performance. Substitutional doping using ion implantation, the default 

method for bulk semiconductors (eg. Si, Ge), is not applicable for 2D materials as the atomically thin structure 

will be destroyed when exposed to high-energy ions [277]. Therefore, various doping methods have been 

recently developed, including (1) “bottom-up” substitutional doping; (2) charge transfer doping; and (3) field-

effect doping. 

Substitutional doping involves the replacement of a lattice atom by an electron donor or acceptor. 

“Bottom-up” substitutional doping of 2D MoS2 is usually carried out during the synthesis process, where 

foreign atoms are introduced to replace molybdenum (Mo) or sulphur (S). This method introduces permanent 

doping without destroying the 2D structure. Niobium (Nb) atoms introduced during the chemical vapour 

deposition (CVD) process have been reported to achieve p-type doping densities as high as ~1019 cm-3 [278]. 

Besides Mo substitution, the sulphur anion can also be replaced with electron acceptors such as nitrogen (N) 

using molybdenum chloride (MoCl5) and thiourea as precursors [279], or with a N2 plasma [280]. Meanwhile, 

n-type doping of 2D MoS2 has been demonstrated with manganese (Mn) [281] and rhenium (Re) atoms [282]. 

However, a degradation in carrier mobility has been observed due to increased scattering from dopants. 

Furthermore, as dopants are incorporated during film synthesis, achieving controlled and area-selective doping 

is challenging [283]. These disadvantages make substitutional doping less suitable for high-performance 

transistors. 

Charge transfer from chemically or physically surface-absorbed molecules on the 2D MoS2 surface has 

also been demonstrated as an effective doping strategy. Strong electron donors such as polyethyleneimine 

(PEI) [103], [104] and benzyl viologen (BV) [107] have been reported to induce n-doping in 2D MoS2, while 

AuCl3 solution, molecular reductants and oxides, and organosulfur compounds, have been reported to induce 

p-doping [105], [106]. However, the stability of the chemical species and the doping effect remain a concern 

for this method  along with the reduced mobility due to scattering from the surface adsorbates [103], [284]. 

Charge transfer doping from dielectric defects has emerged as a promising doping strategy. As discussed 

in Chapter 1, carriers in 2D MoS2 can transfer to interface defect states in dielectrics and achieve doping 

without disturbing the 2D structure. Additionally, due to the long distance between the charged defect and 
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channel carriers, scattering due to Coulomb interactions is reduced, leading to minimal loss in mobility [112]. 

Area selective doping was demonstrated, with a spatial resolution of ~200 nm with a doping density of ~1012 

cm-2 using an electron beam, enabling charge transfer between 2D MoS2 and defects in the neighbouring 

hexagonal boron nitride (hBN) and SiO2 [285], as shown in Figure 7.1.1 (a)-(b). However, encapsulation with 

hBN was found to be necessary to protect the 2D MoS2 from the electron beam. Degradation in mobility was 

found under high-energy beam exposure used to induce high doping density of ~1013 cm-2.  

Field-effect doping is an underexplored strategy for tuning conductivity in 2D MoS2. While the concept 

of field-effect doping is widely utilised in the operation of field-effect transistors (FETs), its application is 

limited by the need for a constant external voltage [286]. Other sources of electric field have been explored. 

Mallik et al. reported n-doping of 2D MoS2 using sodium ions incorporated into SiO2 during CVD growth 

[267], [287], as shown in Figure 7.1.1 (c)-(d). More recently, O’Sullivan et al. demonstrated a >60% of 

reduction in graphene sheet resistance using corona charge, where the charge carrier in graphene can be 

switched from electrons to holes depending on the polarity of the corona charge [288]. Additionally, air-stable 

n-doping of WSe2 was achieved using SiNx, where the electron sheet density increased with the NH3/SiH4 ratio, 

corresponding to a higher positive charge density in the SiNx layer [289]. However, p-type field-effect doping 

on 2D TMDs using a dielectric system, which can be readily integrated into device structures, remains largely 

unexplored. 

 

Figure 7.1.1 (a) charge transfer from interface defects, demonstrating (b) a doping resolution of 200 nm. (a)-(b) 

reproduced from [285]. (c) field-effect doping via mobile ions SiO2, demonstrating (d) multilevel non-volatile memory. 

(c)-(d) reproduced from [267]. 
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In this Chapter, field-effect doping of 2D MoS2 using charged dielectric is presented. The channel 

mobility is proposed to be maintained due to the complete preservation of the 2D MoS2 structure. The charges 

are embedded more than 5 nm beneath the dielectric surface, away from MoS2, prior to device fabrication, 

which results in limited Coulomb interactions. In principle, high doping density and area selective doping of 

2D MoS2 can be achieved by engineering the charge density and distribution in the dielectric. This approach 

offers a promising doping strategy, which is critical in incorporating 2D MoS2 in the next-generation electronic 

and optoelectronic devices. 

7.2 Field-Effect Doping via a Virtual Top Gate 
To verify the concept of field-effect doping using charged dielectrics, corona charge was deposited on a top-

gate dielectric to modulate carrier densities in the 2D MoS2 channel. Polymethyl methacrylate (PMMA) was 

used as the dielectric to retain the charge. The stability of corona charge on PMMA was first investigated. 

After depositing ~ 500 nm PMMA on a Si substrate (Set 1), negative corona charging was deposited for 30 

seconds, and the degradation of the surface charge density was monitored using Kelvin probe (KP) at room 

temperature, in air. The change in contact potential difference (CPD) is shown in Figure 7.2.1. The sudden 

increase in CPD value is likely due to an unintended disturbance of the table, causing a change in the probe-

to-sample distance. A CPD value of ~50 V, which is equivalent to a charge density of ~1012 q cm-2, can be 

retained for more than 10 minutes. This enables the investigation of field-effect doping of 2D MoS2 using 

charged PMMA as a virtual top gate.  

 

Figure 7.2.1 Degradation of the CPD values of negative corona charge on PMMA. 

To modulate the carrier densities in 2D MoS2, an FET device with a PMMA capping layer was fabricated. 

The device was first prepared on a substrate with a 300 nm-thick thermal SiO2, capped with 50 cycles of ALD-

HfOx (Set 6-C). Silver dag were applied to form durable contacts and dried in air for 12 hours. PMMA was 

then spin coated and annealed as above. A schematic of the device with a top PMMA layer is shown in Figure 

Si

- - - -
PMMA

Kelvin Probe
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7.2.2. Negative or positive corona charge was deposited for 20 seconds at room temperature, and the surface 

charge density was estimated from KP measurements. The dielectric constant of PMMA is taken to be 3.9 

[290]. 

 

Figure 7.2.2 Schematics of a 2D MoS2 device with PMMA as top gate dielectric. Silver dag is applied as durable 

contacts. Negative corona charge was deposited at room temperature on the PMMA. 

After each deposition of corona charge, transistor transfer curves were obtained in air under dark 

conditions. The Vgs sweep range was –60 V to +60 V, with a step size of 2 V, and Vds at 0.01 V. The effects of 

air adsorbates are expected to be minimal due to the protection provided by PMMA [291]. Two measurements 

were taken after each corona charge deposition. The time between the deposition of corona charge to the end 

of the second transfer measurement is 10±1 minutes. Only the last transfer curves obtained after each corona 

charge deposition is shown in Figure 7.2.3 (a-b) for clarity. The extracted Vth1 and CPD values after each 

corona charge deposition are shown in Figure 7.2.3 (c). 

Minimal hysteresis was observed in all transfer curves obtained, which indicates the protection of the 

channel from extrinsic adsorbates in air. With the deposition of negative/positive corona charge, the Vth1 

systematically increase/decrease, as shown in Figure 7.2.3. This suggests an injection of holes/electrons due 

to field-effect from the corona charge on PMMA. It is noted that the backward transfer curve measured after 

60 seconds of positive corona anneal (dark orange in Figure 7.2.3) presents an abnormal curve shape, which 

could be the result of channel degradation after repeated measurements, or PMMA degradation due to charging. 

These results demonstrate the control of channel carrier density via the deposition of corona charge through a 

top gate dielectric. 

Si

Silver Dag

PMMA

    

Back Gate

Corona Charge

300 nm SiO2

50 cycles HfOx
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Figure 7.2.3 Transfer curves of the last measurements taken with the deposition of (a) negative corona charge, (b) 

positive corona charge, and (c) the extracted Vth1 and the CPD values measured after each corona charge deposition.  

To quantitively analyse the changes in carrier densities due to field-effect, corona charge density on the 

PMMA (Qcorona) and effective electron density in 2D MoS2 (nel) after each charge deposition are calculated 

from Equation (2.4.12) and Equation (1.4.3), respectively. The extracted values of Qcorona and nel are plotted in 

Figure 7.2.4. The extracted slope characterising the charge density changing rate of Qcorona and nel and the R-

squared values for the fitting are shown in Table 7.2.1. 

 

Figure 7.2.4 calculated channel electron density nel and surface corona charge density Qcorona following each deposition 

of corona charge on PMMA. The red lines indicate the linear fit to extract the charge density changing rate for Qcorona 

and nel. 
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G

Silver Dag

PMMA
- - - -

Corona Charge

300 nm SiO2

50 cycles HfOx

S D

Vds

Vgs

(a) (b) (c)



X. Niu Chapter 7 Field-Effect Doping of 2D MoS2 
 

108 

 

Table 7.2.1 Extracted slopes and R-squared from the changes in Qcorona and nel with corona charge deposition time.  

Corona Charge Negative Positive 

Fitting Qcorona nel Qcorona nel 

Slope  

(1010 q cm-2 s-1) 
-4.9 -1.7 5.8 1.1 

R-squared 0.99 0.99 0.97 0.92 

In the initial 60 seconds of charging, the deposition of negative corona charge is linear, with an average 

rate of 4.9 × 1010 q cm-2s-1. A linear decrease in the nel was also observed at an average rate of 1.7 × 1010 q cm-

2s-1. The disparity between these values can be partially attributed to the instability of corona charge on PMMA. 

A decrease of ~1.2 × 1010 q cm-2s-1 in the average deposition rate is estimated due to the 10-minute interval 

between corona charge deposition and transfer measurements. In addition to corona charge degradation, 

defects at the 2D MoS2/PMMA interface likely contribute to the disparity between Qcorona and nel. Changes in 

the 2D MoS2 Fermi level due to field-effect doping can cause these interface states to become 

charged/uncharged. These defects do not contribute to channel conductivity and effectively screen out the 

electric field induced by the surface corona charge.  

With corona charge deposition time longer than 60 seconds, a deviation from the initial linear trend was 

observed. It is likely that the PMMA film quality starts to degrade due to the high charge density, as evidenced 

by the smaller increases in the CPD values after each corona charge deposition. 

With the deposition of positive corona charge, Qcorona exhibited an average deposition rate of 5.8 × 1010 q 

cm-2s-1, while nel increased at a rate of 1.1 × 1010 q cm-2s-1. The previously proposed corona charge instability 

and interface states can similarly account for the discrepancy between these values. The larger disparity 

observed compared to the initial charging stage, along with the lower R-squared values, may be attributed to 

PMMA degradation resulting from prolonged charging.  

In summary, this section demonstrates the control of 2D MoS2 carrier density using corona charge on 

PMMA as a virtual top gate. The results provide proof of the concept proposed in this work: control of the 

carrier density of 2D MoS2 using charged dielectrics. However, charged PMMA was found to be unstable, and 

thus has limited applications. The instability of corona charges on PMMA is mainly attributed to the lack of 

deep states [292]. A more reliable doping solution is explored next.  

7.3 Interactions between 2D MoS2 and Dielectrics 
Charged dielectrics utilising embedded charged defects are a promising approach to achieve permanent and 

controllable doping in 2D MoS2. In Chapter 3, charged dielectrics capped with SiOx, AlOx and HfOx have been 

developed. The embedded charges are likely to reside more than 5 nm beneath the surface, minimising direct 

charge transfer between the charged defects and 2D MoS2 [112], [118]. However, other interactions, such as 

dielectric screening [102] and charge transfer between the channel and defects near the dielectric surface or at 

the interface [108], [112], have been reported to influence hysteresis, doping density, and carrier mobility in 
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2D MoS2. Therefore, it is crucial first to isolate the effects of different capping layer dielectrics in uncharged 

dielectric stacks. 

To investigate how different capping layer dielectrics affect the properties of 2D MoS2 FETs, substrates 

capped with SiOx, AlOx, and HfOx were fabricated. Schematics for the substrates used for this study are shown 

in Figure 7.3.1. Set 6-A includes samples with 20 cycles of ALD AlOx, followed by 360 cycles of and ALD 

SiOx as the capping layer. The samples were annealed at 800 ºC for 30 minutes prior to device fabrication to 

improve the quality of both ALD-SiOx and the substrate SiO2, as explained in Appendix C. The substrates 

were then annealed at 450 ºC for 4 minutes in air to simulate the heating during a charging process. This 

enables a comparable surface defect condition with devices on charged dielectrics. For samples with an AlOx 

capping layer, substrates were annealed at 800 ºC for 30 minutes prior to depositing 100 cycles of AlOx (Set 

6-B). The substrate was then annealed at 450 ºC for 4 minutes in air to simulate the heating treatment during a 

charging process. For samples with an HfOx capping layer, substrates were annealed at 800 ºC for 30 minutes 

before depositing 50 cycles of HfOx (Set 6-C).  

 

Figure 7.3.1 Diagrams of the substrates used with capping layers of (a) ALD-SiOx, (b) ALD-AlOx, and (c) ALD-HfOx. 

2D MoS2 FETs were fabricated on SiOx and HfOx-capped substrates following the all-dry fabrication 

protocol described in Chapter 6. All devices were measured in an argon atmosphere under dark conditions. 

The Vgs sweep range was set to –80 to +80 V, with a step size of 2 V, and Vds at 0.01 V. At least three 

measurements were taken on each device, with a 180-second interval between each measurement. The 

extracted Vth1, Vhys and µFE from the last measurements are shown in Figure 7.3.2. The last measurement is 

chosen as it avoids transient changes in the channel properties and is least affected by exposure to air and light 

during acquisition. At least four devices were measured in each group. The means ± SDs for each group and 

the Welch two-sample comparisons of the mean difference (Δ=HfOx − SiOx) reported as two-sided 95% 

confidence intervals (CI) are listed in Table 7.3.1.  

For the Vth1, devices on SiOx averaged 31.83 ± 7 V and devices on HfOx averaged 16.41 ± 19.80 V. 

Despite of the lower mean of Vth1 for devices on HfOx, the 95% CI for Δ included 0, so a shift in Vth1 was not 

resolved at the 5% level. A larger mean hysteresis was found on devices on HfOx (9.70 ± 2.58) compared to 

SiOx (5.92 ± 2.65), with the 95% CI marginally overlaps 0, making a difference not resolved at the 5% level, 

but consistent with a trend at the 10% level. This suggests a larger extent of unintentional doping, likely 
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originating from defects near HfOx surface or at the 2D MoS2/HfOx interface. Field-effect mobilities are 

comparable between substrates (SiOx 15.02 ± 6.59 cm2 V−1 s−1, HfOx 13.89±4.82 cm2 V−1 s−1), with the 

corresponding CI also including 0. The obtained µFE is found comparable to the values obtained in the literature 

[293], [294], suggesting the use of good quality channels in this work. Taken together, within the present 

sample size and variance the data do not establish dielectric-dependent changes in Vth1, Vhys, or μFE and the 

observed trends should therefore be regarded as suggestive. 

 

Figure 7.3.2 The extracted (a) Vth1, (b) Vhys and (c) µFE from 2D MoS2 FETs fabricated on dielectrics with different 

substrates and capping layers. The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.3.1 Summary of mean ± SD and mean differences (Δ=HfOx  − SiOx) with two-sided 95% Welch CIs for Vth1, 

Vhys, and μFE. A CI including 0 indicates the difference is not established at the 5% level. 

Property Sample Group Mean ± SD 95% CI for Δ 

Vth1 (V) 
SiOx 31.83 ± 7.46 

[-8.86, 39.69] 
HfOx 16.41 ± 19.80 

Vhys (V) 
SiOx 5.92 ± 2.65 

[-7.67, 0.10] 
HfOx 9.70 ± 2.58 

 FE (cm2 V-1 s-1) 
SiOx 15.02 ± 6.59 

[-7.13, 9.39] 
HfOx 13.89 ± 4.82 

 

Various factors, including gate control, contact resistance and interface states, have been suggested to 

affect the properties extracted from transfer curves [108], [295]. To further reveal the intrinsic properties of 

2D MoS2 interfacing to different dielectrics, photoluminescence spectroscopy (PL) was conducted, 

complementing the transfer measurements. Substrates capped with SiOx, AlOx, and HfOx were prepared as 

described previously. 2D MoS2 flakes were transferred onto the substrates and measured in air at room 

temperature to obtain their PL spectra. At least four monolayer flakes were measured on each substrate. This 

sampling was adequate because the flake-to-flake dispersion in the dry-exfoliated monolayers was small, with 
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further details on spatial variability provided in Appendix H. Optical microscope images of the flakes measured 

are provided in Appendix Error! Reference source not found., demonstrating minimal PDMS residue. The 

individual PL spectra of the flakes obtained on each substrate are shown in Figure 7.3.3. The individual and 

the averaged spectra were fitted to a Lorentzian function [163], and peaks at 1.85, 1.89 and 2.03 eV (±0.01 eV) 

were attributed to be A-, A0 and B0 excitons respectively. Lorentzian functions were adopted in this thesis as 

homogeneous broadening yields a Lorentz profile, whereas inhomogeneous and instrumental effects produce 

Gaussian broadening [296]. In this thesis, adding a Gaussian component (Voigt function) did reduce residuals, 

however the split between its Lorentzian and Gaussian parts is poorly defined and thus lead to variations in the 

extracted results. The choice of fitting function is further discussed in Appendix J. The averaged spectra 

together with the individual fitted peaks are also included in Figure 7.3.3 for visual comparison. Averaging is 

appropriate here as the fitted peak energies exhibit only small device-to-device dispersion (<0.01 eV), so the 

averaging does not distort the line shapes [297].  

 

Figure 7.3.3 Photoluminescence spectra of flakes on substrates capped with (a) SiOx, (b) AlOx, and (c) HfOx. The light-

coloured curves represent the obtained data of individual flakes, while the dark-coloured curves represent the averaged 

spectra and their Lorentzian fit.  

In general, flakes on AlOx and HfOx exhibited lower PL intensities and broader A peaks than those on 

SiOx. This trend is consistent with an increased A- trion fraction relative to the neutral A0 exciton, indicative 

of higher electron densities [298]. To quantitively analyse doping across 2D MoS2 on different dielectrics, the 

trion-to-exciton area ratio (IA
-/IA

0) was calculated per flake. The distributions for IA
-/IA

0 are shown in Figure 

7.3.4. The means ± SDs for each group and the Welch two-sample comparisons of the mean difference 

(Δ1=AlOx − SiOx, Δ2=HfOx − SiOx, and Δ3=HfOx − AlOx) reported as two-sided 95% confidence intervals (CI) 

are listed in Table 7.3.2. 
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Distinct IA
-/IA

0 values were obtained on the three dielectrics. Using Welch two-sample comparisons and 

the sign convention in Table 7.3.2, the 95% CIs for Δ1 and Δ2 are entirely below zero, demonstrating that both 

AlOx and HfOx have higher IA
-/IA

0 than flakes on SiOx. The PL spectra support the transfer measurements, 

which indicate higher electron density in flakes on HfOx than on SiOx. In contrast, the CI for Δ3 ([-0.67, 0.12]) 

includes zero, so the doping density difference between flakes on HfOx and AlOx is not resolved at the 5% 

level. 

 

Figure 7.3.4 The extracted ratio of areas under peak A- and A0 (IA
-/IA

0) of flakes on substrates capped with SiOx, AlOx, 

and HfOx. The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.3.2 Summary of mean ± SD and mean differences (Δ1=AlOx  − SiOx, Δ2=HfOx  − SiOx, Δ3=HfOx  − AlOx) with 

two-sided 95% Welch CIs for IA-/IA0. A CI including 0 indicates the difference is not established at the 5% level. 

Sample Group Mean ± SD 95% CI for Δ1 95% CI for Δ2 95% CI for Δ3 

SiOx 0.86 ± 0.13 

[-0.75, -0.14] [-1.00, -0.45] [-0.67, 0.12] AlOx 1.31 ± 0.27 

HfOx 1.58 ± 0.22 

 

7.3.1 Discussion 

The effects of interfacial dielectrics on the properties of 2D MoS2 were investigated using a combination of 

transfer measurements and PL. Differences were observed in both the average doping densities and their degree 

of variations in 2D MoS2 flakes on SiOx, AlOx, and HfOx-capped substrates. In all groups, the capping 

dielectric layer is thicker than 5 nm, and the changes in the channel properties are likely due to its interactions 

with the defects near the dielectric surface and at the 2D MoS2/dielectric interface [109], [110], [111], [118].  

In both transfer measurements and PL spectra, a higher electron density is observed in 2D MoS2 on AlOx 

and HfOx compared to SiOx. This aligns with previous reports, where an n-type channel is generally observed 
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in devices using AlOx and HfOx as gate dielectrics [112], [130], while both n-type and p-type conduction has 

been reported in devices using SiOx [131], [132]. The origin of the doping has been proposed to be oxygen 

vacancies, whose energy level lies right above the conduction band minimum (CBM) [130]. Variations in 

oxygen vacancy density near the dielectric surface are proposed to contribute to the observed differences in 

doping densities of 2D MoS2 on different dielectrics. The highest electron density was observed in 2D MoS2 

on HfOx, which had no additional annealing prior to device fabrication. A slightly lower n-type doping density 

was observed in 2D MoS2 on AlOx, which was annealed at 450 ºC for 4 minutes in air. For both dielectrics, a 

high density of oxygen vacancies is likely to reside near the dielectric surface, which donates electrons to the 

neighbouring 2D MoS2. Meanwhile, SiOx-capped substrates were annealed at 800 ºC for 30 minutes in air 

before device fabrication. This annealing process is likely to remove the oxygen vacancies, leading to an 

absence of strong n-type doping in 2D MoS2. Oxygen vacancies have also been proposed to form mid-gap 

states at the 2D MoS2/dielectric interface, which increases hysteresis and variations in doping densities, as 

observed in 2D MoS2 on HfOx [299]. 

Next, the carrier density extracted from transfer measurements and PL spectra are analysed quantitatively. 

While an increased (decreased) electron (hole) density was observed in 2D MoS2 on HfOx compared to SiOx 

in both transfer measurements and PL spectra, the polarity of the channel, as well as the extracted carrier 

density values are significantly different for the two techniques. Positive Vth1 was observed for the majority of 

devices on both SiOx and HfOx, indicating p-type doping. Average channel hole density is calculated to be 

2.32 and 1.21 × 1012 q cm-2 for devices on SiOx and HfOx, respectively, according to Equation (1.4.3). 

Meanwhile, the strong A- peak identified in 2D MoS2 on HfOx indicates n-type doping. Average electron 

density is calculated to be 2.79 and 5.11 × 1013 q cm-2 for 2D MoS2 on SiOx and HfOx, respectively, according 

to Equation (2.4.13). The origin of the p-type behaviour observed in transfer measurements and the large 

discrepancy between the extracted carrier density values are discussed as follows.  

First, it is noted that transfer curves and PL spectra were obtained under different experimental conditions. 

Transfer curves were measured in an argon atmosphere and under dark conditions, whereas PL spectra were 

acquired in air under laser illumination. As discussed in Chapter 6, experimental conditions for PL 

measurements can lead to unintentional charge transfer between 2D MoS₂ and air adsorbates. While exposure 

to air promotes H₂O and O₂ absorption, causing p-doping [274], laser illumination induces oxygen desorption, 

partially reversing this doping effect [300]. If the discrepancy between the two measurements were solely 

attributed to experimental conditions, the higher p-doping density observed in transfer measurements would 

imply significant air adsorption in an argon atmosphere. This is inconsistent with the observations in Chapter 

6. Therefore, additional factors must be considered.  

It is proposed that the p-type behaviour observed in transfer measurements is related to poor 

metal/channel interfaces. The extraction of carrier density from transfer curves relies on the turn-on feature of 

the channel. In a device with n-type channel and a defect-free source/drain-channel interface, an Ids is 

measurable at Vgs = 0 V. However, in reality, contact resistance is present due to a poor metal/channel interface, 
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which arises from channel structure degradation, interface states, or work function mismatches [301], [302], 

[303]. A contact resistance comparable to the channel resistance can significantly reduce the Ids and delay the 

device turn-on. This issue has been widely reported in 2D materials-based FETs, where a good quality interface 

(< 1 kΩ  m) requires careful contact engineering [94], [304]. Considering that the metal evaporation process 

in this work was not optimised, the p-type behaviour is likely to originate from the 2D-metal contact properties. 

Metal contacts are not required in PL measurements, which allows the revelation of the n-type behaviour of 

2D MoS2. 

Additionally, defects at the 2D MoS2/dielectric interface can delay the device turn-on. Schematics of the 

2D MoS2 channel turn-on process with and without interface states are shown in Figure 7.3.5. At a defect-free 

interface, as shown in Figure 7.3.5 (a), the device turns on at Vgs = Vgs1. However, in reality, defects are present 

at the dielectric-MoS2 interface, as shown in Figure 7.3.5 (b). At the same Vgs1, the applied Vgs induces the 

filling of defect energy states in both the channel and at the interface, resulting in a reduced channel carrier 

density, and subsequently lower Ids. The device stays in the off state until a larger Vgs=Vgs2 is applied to induce 

a comparable density of carriers in the channel, as shown in Figure 7.3.5 (c). Furthermore, the turn-on delay is 

more pronounced in 2D MoS2 on HfOx than on SiOx, owing to a higher interface state density, which results 

in an underestimation of the doping density difference when extracted from transfer curves. 

 

Figure 7.3.5 Schematics of (a) the turn-on point (Vth1) in an ideal FET device with a defect-free dielectric-MoS2 

interface, (b) where the same Vth1 applied, but the device stays off due to filling of the interface states, and (c) delayed 

turn-on (Vth2) of FETs with interface states. 

In summary, the observed differences in the doping density of 2D MoS2 interfaced with different 

dielectrics are proposed to originate from oxygen vacancies near the dielectric surface, which donate electrons 

to the channel and induce n-doping. Such n-doping is less pronounced in 2D MoS2 on SiOx, likely due to the 

removal of oxygen vacancies during high temperature annealing (800 ºC for 30 minutes). Furthermore, the 2D 

MoS2/HfOx interface is proposed to have a higher in-gap interface state density than the 2D MoS2/SiOx 

interface, as evidenced by the larger hysteresis observed. Both in-gap defect states and high contact resistance 

contribute to the delay in device turn-on, leading to the p-type behaviour observed in transfer measurements. 
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These in-gap defect states also cause the doping density difference between 2D MoS2 on HfOx and SiOx to be 

underestimated in transfer measurements and overestimated in PL measurements. This results in significant 

discrepancies in the carrier densities extracted from the two characterisation techniques.  

7.4 Field-Effect Doping using Charged Dielectrics 
The previous section examined how 2D MoS2 interfaced with different dielectrics affects channel doping 

density and hysteresis, along with potential misestimation of the doping densities extracted from transfer and 

PL measurements. Building on these insights, this section investigates the controlled modulation of doping 

density in 2D MoS2 using charged dielectric stacks.  

7.4.1 Charged Dielectric Capped with SiOx 

The uncharged dielectrics capped with SiOx (Set 6-A) were fabricated as described as in Section 7.3. Prior to 

device fabrication, negative charges are injected into the dielectric by depositing negative corona charge for 

30 seconds at room temperature, followed by annealing at 450 ºC for 1 minute (corona-anneal). This process 

was repeated four times, and the CPD values were measured to be 50~60 V on charged substrates. Assuming 

the charges are embedded at the SiOx/AlOx interface, the measured CPD values are equivalent to a charge 

density of –3.6 to –4.4 × 1012 q cm-2 according to Equation (2.4.12). 2D MoS2 FETs were then fabricated on 

both uncharged and charged dielectrics following the all-dry protocol described in Chapter 6. 

All devices were measured within 48 hours of the transfer of 2D MoS2 to substrates. Measurements were 

performed in an argon atmosphere under dark conditions. To prevent possible degradation of the dielectric 

charges, the Vgs sweep range was set to 0 to +80 V, with a step size of 2 V. At least five measurements were 

taken on each device, with a 180-second gap between each measurement. Figure 7.4.1 shows the Vth, Vhys and 

µFE extracted from the last measurement taken on each device, which is the least affected by the exposure to 

air and light during measurement set-up. The means ± SDs for each group and the Welch two-sample 

comparisons of the mean difference (Δ=Charged − Uncharged) reported as two-sided 95% confidence intervals 

(CI) are listed in Table 7.4.1. 

For Vth1, uncharged devices have an average value of 43.99 ± 4.78 V, while charged devices have an 

average value of 39.83 ± 7.43 V. The mean difference (Uncharged − Charged) was 4.16 V with a 95% CI that 

includes zero, thus a shift in Vth1 was not resolved at the 5% level. Assuming both the embedded dielectric 

charges and the applied Vgs are fully mirrored into the 2D MoS2 channel, an increase of 50~60 V in Vth1 would 

be expected for devices on charged substrates, according to Equation (1.4.3) and Equation (2.4.12). The 

absence of this expected increase suggests: (1) a lack of excess holes mirroring into the 2D MoS2 channel by 

the negatively charged dielectrics, (2) ineffective carrier density control by the applied Vgs, or a combination 

of both factors. In contrast, hysteresis increased on charged substrates, with the 95% CI for the mean difference 

entirely below zero. Consistent with enhanced charge trapping near the dielectric surface, the charged group 
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also shows larger SD in Vth1. Field-effect mobility was comparable between two groups with the 95% CI for 

the difference includes zero.  

 

Figure 7.4.1 The extracted (a) Vth1, (b) Vhys and (c) µFE from 2D MoS2 FETs fabricated on substrates capped with SiOx, 

both uncharged and charged prior to device fabrication. Measurements were taken with Vgs sweeps from 0 to +80 V. 

The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.4.1 Summary of mean ± SD and mean differences (Δ=HfOx  − SiOx) with two-sided 95% Welch CIs for Vth1, 

Vhys, and μFE. A CI including 0 indicates the difference is not established at the 5% level. 

Property Sample Group Mean ± SD 95% CI for Δ 

Vth1 (V) 
Uncharged 43.99 ± 4.78 

[-11.51, 3.19] 
Charged 39.83 ± 7.43 

Vhys (V) 
Uncharged 2.80 ± 1.07 

[-0.32, 4.15] 
Charged 5.03 ± 1.51 

 FE (cm2 V-1 s-1) 
Uncharged 10.08 ± 6.58 

[-6.80, 10.17] 
Charged 11.76 ± 4.94 

 

To further confirm the changes in the intrinsic properties of 2D MoS2, PL spectra were obtained on flakes 

transferred onto SiOx-capped dielectrics at room temperature, both uncharged and charged. The spectra were 

obtained within 24 hours of the flake transfer. At least 5 flakes were measured on each substrate. The individual 

and average spectra and the extracted IA
-/IA

0 ratios of each flake are shown in Figure 7.4.2. The means ± SDs 

for each group and the Welch two-sample comparisons of the mean difference (Δ=Charged − Uncharged) 

reported as two-sided 95% confidence intervals (CI) are listed in Table 7.4.2. 
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Figure 7.4.2 Individual and averaged PL spectra of five 2D MoS2 flakes on (a) uncharged substrates and (b) charged 

substrates capped with SiOx. (c) The extracted area ratio between peak A- and A0 (IA
-/IA

0) of the 2D MoS2 flakes on 

uncharged and charged SiOx-capped substrates. The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.4.2 Summary of mean ± SD and mean differences (Δ=Charged  − Uncharged) with two-sided 95% Welch CIs 

for IA
-/IA

0. A CI including 0 indicates the difference is not established at the 5% level. 

Sample Group Mean ± SD 95% CI for Δ 

Uncharged 0.86 ± 0.13 
[-0.07, 0.36] 

Charged 1.00 ± 0.17 

 

Similar peak features were observed on 2D MoS2 flakes on uncharged and charged substrates, as shown 

in Figure 7.4.2 (a) and (b). Lower IA
-/IA

0 values of 0.86 ± 0.13 are obtained from flakes on uncharged substrates 

compared to 1.00 ± 0.17 on charged substrates, with a 95% CI that includes zero, indicating a statistically 

insignificant trend at the 5% level. However, a tendency for n-type doping was found on 2D MoS2 on charged 

substrates from both the transfer and PL measurements. The origin of such changes, as well as the absence of 

strong p-type doping expected from a negatively charged dielectric, is further discussed in Section 7.4.4. 

7.4.2 Charged Dielectric Capped with AlOx 

Next, the doping effects of AlOx-capped charged dielectrics on 2D MoS2 were investigated. Uncharged 

dielectrics were fabricated as described in Section 7.3. The same corona-anneal process used for charging the 

SiOx-capped dielectrics was repeated four times. CPD values were measured to be ~22 V, which corresponds 

to a charge density of –1.6 × 1012 q cm-2, assuming all injected charges are located at the SiO2/AlOx interface. 

PL spectra were obtained from 2D MoS2 flakes on both uncharged and charged substrates within 24 hours of 

the dry transfer process. The individual and average spectra and the extracted IA
-/IA

0 ratios of each flake are 

shown in Figure 7.4.3. The means ± SDs for each group and the Welch two-sample comparisons of the mean 



X. Niu Chapter 7 Field-Effect Doping of 2D MoS2 
 

118 

 

difference (Δ=Charged − Uncharged) reported as two-sided 95% confidence intervals (CI) are listed in Table 

7.4.3.

 

Figure 7.4.3 Individual and averaged spectra of 2D MoS2 on(a) uncharged substrates and (b) charged substrates capped 

with AlOx. (c) The extracted area ratio between peak A- and A0 (IA
-/IA

0) of the 2D MoS2 flakes on uncharged and 

charged substrate. The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.4.3 Summary of mean ± SD and mean differences (Δ=Charged  − Uncharged) with two-sided 95% Welch CIs 

for IA
-/IA

0 obtained on flakes on uncharged and charged AlOx-capped substrates. A CI including 0 indicates the 

difference is not established at the 5% level. 

Sample Group Mean ± SD 95% CI for Δ 

Uncharged 1.31 ± 0.27 
[-0.45, 0.27] 

Charged 1.22 ± 0.26 

Only minimal changes were observed in the spectra shapes and in the IA
-/IA

0 values, indicating similar 

doping densities across the 2D MoS2 flakes on uncharged and charged substrates. The two-sided 95% CI for 

the pairwise mean differences includes zero, so no statistically significant differences are resolved at the 5% 

level. Neither AlOx- nor SiOx-capped (Section 7.4.1) charged substrates resulted in significant p-type doping 

of 2D MoS2. This finding contradicts expectations, as the embedded negative charges in the dielectrics were 

anticipated to alter the carrier density in the adjacent channel. A more detailed discussion on the potential 

causes for the absence of field-effect doping is provided in Section 7.4.4. 

7.4.3 Charged Dielectric Capped with HfOx 

To further investigate the requirements for realising field-effect doping of 2D MoS2 using charged dielectrics, 

the doping effects of HfOx-capped charged dielectrics were examined. It is noted that the capping layer, 

charging methods, and charged defects differ from those of the previously discussed SiOx and AlOx-capped 

charged dielectrics.  
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Uncharged substrates were fabricated as described in Section 7.3. For charged samples, Si substrates with 

300 nm thermal SiO2 were first annealed at 800 ºC for 30 minutes. Negative charges were then injected using 

the hot-corona process for 5 minutes at 450 ºC, as described in Chapter 3. Following the charging process, 50 

cycles of ALD-HfOx were deposited. CPD values were measured to be 70~90 V after the HfOx deposition, 

equivalent to a charge density of –5.1 to –6.5 × 1012 q cm-2, assuming the charges are located near the surface 

of the 300 nm SiO2. FET devices were fabricated on uncharged and charged substrates following the all-dry 

fabrication protocol described in Chapter 6. 

All devices were measured in an argon atmosphere under dark conditions, with the time between the dry 

transfer of 2D MoS2 and transfer measurements under 48 hours. The sweep range was set to 0 to +80 V for 

devices on uncharged substrates, which was found insufficient to capture the full device turn-on on charged 

substrates. The majority of devices on charged substrates were measured with a Vgs sweep range of 0 to +120 

V with two measured between 0 to +80 V. Extracted results from both measurement ranges were included for 

analysis as Section 6.3.2 has demonstrated that change in the maximum Vgs has minimal effects on Vth1. The 

measured transfer curves are also included in Appendix K, demonstrating the lower current of devices on 

charged substrates. These data indicates that the following observations are not an artifact of the linear-region 

fitting procedure, as discussed in Section 6.3.2. Furthermore, the five transfer curves obtained on each device 

are included in Appendix K, clearly demonstrating that the increased Vth1 is not a result of reduced µFE due to 

repeated measurements. The Vgs step size was 2 V, and Vds was 0.01 V. At least three measurements were taken 

on each device, with a 180-second interval between each measurement. The extracted Vth, Vhys and µFE from 

the last measurements of each device are shown in Figure 7.4.4, which are the least affected by the exposure 

to air and light during measurement set up. The means ± SDs for each group and the Welch two-sample 

comparisons of the mean difference (Δ=Charged − Uncharged) reported as two-sided 95% confidence intervals 

(CI) are listed in Table 7.4.4. 
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Figure 7.4.4 The extracted (a) Vth1, (b) Vhys and (c) µFE from 2D MoS2 FETs fabricated on substrates capped with HfOx, 

both uncharged and charged prior to device fabrication. The error bars represent the mean ± 95% confidence interval 

(CI). 

Table 7.4.4 Summary of mean ± SD and mean differences (Δ=Charged  − Uncharged) with two-sided 95% Welch CIs 

for Vth1, Vhys, and μFE. A CI including 0 indicates the difference is not established at the 5% level. 

Property Sample Group Mean ± SD 95% CI for Δ 

Vth1 (V) 
Uncharged 34.86 ± 7.02 

[2.35, 27.04] 
Charged 49.55 ± 13.07 

Vhys (V) 
Uncharged 6.29 ± 1.16 

[1.05, 7.17] 
Charged 10.40 ± 3.37 

 FE (cm2 V-1 s-1) 
Uncharged 10.51 ± 3.78 

[-7.00, 6.87] 
Charged 10.45 ± 7.39 

An increase in the Vth1 from 34.86 ± 7.02 V (Uncharged) to 49.55 ± 13.07 (Charged) was observed, with 

a mean increase of 14.69 V and a Welch 95% CI entirely below zero, establishing a significant trend. As 

demonstrated in Section 6.3.2, increasing the maximum Vgs has minimal effect on the extracted Vth1, thus the 

increase in Vth1 indicates the presence of excess holes in the 2D MoS2 channel on charged substrates. Assuming 

that all applied Vgs is fully mirrored into the channel, this change in Vth1 is equivalent to an excess hole density 

of 1.1 × 1012 q cm-2. Hysteresis grows from 6.29 ± 1.16 V to 10.40 ± 3.37 V with an average increase of 5.24 

V and a 95% CI of [1.05, 7.17] V, likely originating from the higher maximum Vgs applied, as shown in  Figure 

7.4.4 (b). Devices on both uncharged and charged substrates have a µFE of ~10 cm2 V-1 s-1, as shown in Figure 

7.4.4 (c), indicating high-quality channels. These results demonstrate p-type doping of 2D MoS2 using 

negatively charged dielectrics, without the degradation of channel mobility – an issue commonly associated 

with charge transfer doping using chemically absorbed dopants [305].  

PL spectra were acquired to further confirm the doping of 2D MoS2 on HfOx-capped charged dielectrics. 

2D MoS2 flakes were transferred onto both uncharged and charged substrates, and PL spectra were recorded 

at room temperature within 24 hours of transfer. The individual and averaged spectra and their extracted IA
-/IA

0 

ratios for each flake are shown in Figure 7.4.5. The means ± SDs for each group and the Welch two-sample 

comparisons of the mean difference (Δ=Charged − Uncharged) reported as two-sided 95% confidence intervals 

(CI) are listed in Table 7.4.5. 

Figure 7.4.5 (a) shows clear PL changes for flakes on negatively charged dielectrics with an A peak of 

higher intensity and sharper feature. Quantitatively, the IA
-/IA

0 value decreases from 1.58 ± 0.22 (uncharged) 

to 0.77 ± 0.15 (charged). The two-sided 95% CI for Δ is [-1.10, 0.52], entirely above zero, establishing a 

statistically robust reduction in IA
-/IA

0 on charged substrates. This implies lower electron density for flakes on 

negatively charged HfOx-capped dielectrics. These results corroborate the transfer measurements, together 

indicating p-type doping of 2D MoS2 induced by dielectric charges.  
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Figure 7.4.5 Individual and averaged spectra of 2D MoS2 on(a) uncharged substrates and (b) charged substrates capped 

with HfOx. (c) The extracted area ratio between peak A- and A0 (IA
-/IA

0) of the 2D MoS2 flakes on uncharged and 

charged substrate. The error bars represent the mean ± 95% confidence interval (CI). 

Table 7.4.5 Summary of mean ± SD and mean differences (Δ=Charged  − Uncharged) with two-sided 95% Welch CIs 

for IA
-/IA

0 obtained on flakes on uncharged and charged HfOx-capped substrates. A CI including 0 indicates the 

difference is not established at the 5% level. 

Sample Group Mean ± SD 95% CI for Δ 

Uncharged 1.58 ± 0.22 
[-1.10, -0.52] 

Charged 0.77 ± 0.15 

7.4.4 Discussion 

In this section, the doping effects of charged dielectrics capped with SiOx, AlOx, and HfOx were investigated. 

P-type doping was demonstrated in 2D MoS2 on negatively charged HfOx-capped dielectrics but was absent 

on negatively charged SiOx and AlOx-capped dielectrics. A comprehensive discussion on the observed changes 

in 2D MoS2 properties is provided here. 

The origin of the differences in 2D MoS2 on uncharged and charged SiOx-capped dielectrics is first 

discussed. A minimal decrease in the average Vth1 was found for devices on charged substrates, also 

accompanied by an increase in ΔVth1 and Vhys. Meanwhile, a slightly higher IA
-/IA

0 ratio was observed on charged 

SiOx-dielectric. As discussed previously, increased interface state density can simultaneously increase 

variations in doping density, hysteresis in transfer measurements and IA
-/IA

0 ratio in PL spectra. Defects are 

likely created near the SiOx surface during the charging process, as discussed in Chapter 3. These defects could 

contribute to the observed changes in both ΔVth1 and Vhys if their energy levels lie within the 2D MoS2 bandgap. 
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However, due the minimal change in Vth1, it remains unclear whether these defects have also induced n-type 

doping in 2D MoS2.  

For HfOx-capped charged dielectrics, no excess defects are expected near the HfOx surface, as the 

charging process was performed prior to HfOx deposition. The observed increase in the average Vth1 and IA
-/IA

0 

ratios for 2D MoS2 on charged HfOx-dielectric can be concluded to originate from field-effect doping. The 

excess hole density from such field-effect is calculated to be 1.1 and 26 × 1012 q cm-2 from transfer and PL 

measurements respectively, according to Equation (1.4.3) and (2.4.13). Discrepancies were observed in the 

doping densities extracted from both measurements when compared to the embedded negative charge density 

of 5.1 to 6.5 × 1012 q cm-2, as estimated from the measured CPD values. This suggests a potential 

underestimation of doping density in transfer measurements and an overestimation from PL spectra similar to 

the observations in Section 7.3, where the difference in oxygen vacancies in the dielectric is proposed to play 

a role. However, as the surface defect densities of the charged or uncharged HfOx-capped dielectrics are 

expected to be similar, additional factors must be considered to account for the discrepancy. 

The overestimation of change in hole density form PL spectra is likely related to field-effect passivation. 

As discussed in the Section 7.3.1 and in the literature [129], [130], [306], a high density of in-gap defects is 

present at the HfOx-2D MoS2 interface, causing non-radiative recombination. When a high density of fixed 

charge is near the interface, the electron and hole ratio in the 2D MoS2 changes, leading to a suppressed 

recombination activity, and thus higher A0 exciton count. This leads to an overestimation of the decrease in 

electron density due to field-effect doping. It is also noted that other factors such as dielectric screening [307] 

and doping can change the interactions between excitons, trions and electrons (also referred to as many-body 

effects) [308], and leads to a correction in the Eb, and subsequently inaccuracy in the calculated electron density. 

High contact resistance and interface states have been identified to affect the extracted carrier densities 

from transfer measurements, as discussed in Section 7.3.1. It is proposed that interface states also contribute 

to the incomplete coupling of the dielectric charge to the channel observed in transfer measurements. The 

embedded charge is mirrored into both energy levels in 2D MoS2, and the in-gap defects at the interface, 

leading to a relation of: 

 𝑄𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = −(𝑄𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 𝑄𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) (7.4.1) 

where Qdielectric, Qchannel, and Qinterface are the dielectric charge density, excess charge in the channel and at the 

interface states, respectively. This leads to a reduced mirrored charge density in the channel 

(|Qchannel|<|Qdielectric|). A more effective field-effect doping is possible with an improved interface quality.  

Previously, increased doping density (ΔVth1) and hysteresis were considered jointly as indicators of a high 

interface state density. However, in devices on charged HfOx-capped substrates, these two observations are 

proposed to have different origins. The higher maximum applied Vgs may contribute to the increased Vhys, as 

demonstrated in Chapter 6. Meanwhile, non-uniformity in the embedded charge density and potential charge 
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degradation could lead to larger variations between devices. Optimising both mechanisms can enable a more 

precise control of the doping of 2D MoS2 using charged dielectrics.  

Now, the conditions which enabled field-effect doping only in charged HfOx-dielectrics are discussed. 

The three charged dielectric systems studied present three key differences: (1) capping dielectric layer, (2) 

sequence of charge injection and capping dielectric deposition, and (3) types of charged defects. It is proposed 

that the absence of p-type doping in 2D MoS2 on charged SiOx and AlOx-capped substrates is due to dielectric 

charge degradation. Schematics of the proposed mechanism are shown in Figure 7.4.6.  

As discussed in Chapter 3, despite the thick SiOx (> 25 nm) layer, charges can be injected using a negative 

corona charge. This indicates the presence of bulk defects, which assist charge injection at high temperatures. 

These defects could be created by the negative corona charge, which are high energy CO3
- ions [139], and form 

a pathway where electrons can hop through. Moreover, the Al-induced defects are likely to have energy levels 

inside of the 2D MoS2 bandgap [51], making it energetically favourable for the electrons to dissociate with the 

Al-induced defects when neighbouring a semiconductor. Such degradation is forbidden without the 2D MoS2 

channel, which explains the observed high charge stability in air at elevated temperatures. The combination of 

a degradation pathway and the high energy levels of the charged defects facilitate charge degradation, as show 

in Figure 7.4.6 (a). On the other hand, as HfOx is deposited after charge injection, no excess defects were 

generated. The defects responsible for the embedded charges were created during the hot-corona process, 

where high energy ions bombard the SiO2 surface at 450 ºC. This could lead to creating defects with deeper 

energy levels than the Al-induced defects, as shown in Figure 7.4.6 (b). This hypothesis is also supported by 

the higher stability of the charges in air at elevated temperatures, as discussed in Chapter 3.  

 

Figure 7.4.6 Schematics of the interaction between the charged defects and 2D MoS2 in (a) charged SiOx-dielectric and 

(b) charged HfOx-dielectric. 
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7.5 Summary 
This chapter explored field-effect doping of 2D MoS2 using charged dielectrics. This concept was first 

validated via a top PMMA layer on a back-gated FET device. Modulation of the carrier density was 

demonstrated by depositing corona charge on the PMMA layer, creating a temporary electric field. A 

discrepancy was observed between the deposited corona charge density and the resultant change in carrier 

density in the 2D MoS2 channel, likely attributing to defects at the PMMA/2D MoS2 interface. However, the 

instability of charge on PMMA, along with degradation of film properties after repeated charging, rendered it 

unsuitable for practical applications.  

Field-effect doping of 2D MoS2 using ALD-deposited dielectrics with charged defects was then 

investigated as a more stable alternative. Interactions between 2D MoS2 and dielectric materials, both charged 

and uncharged, were examined via transfer and PL measurements. Dielectrics with ALD-SiOx, AlOx, and HfOx 

as capping layers were used. Statistical analysis focusing on carrier density, hysteresis, and mobility was 

carried out. On uncharged dielectrics, 2D MoS2 on ALD-SiOx exhibited higher electron density compared to 

those on ALD-AlOx and HfOx. The different annealing treatments applied to each dielectric, which are known 

to modulate oxygen vacancy concentrations, are proposed as the primary factor contributing to the observed 

variations in channel carrier density and hysteresis.  

On charged dielectrics, the first p-type field-effect doping was demonstrated using hot corona-charged 

dielectrics with a HfOx capping layer. No evident degradation in the channel mobility was observed – a 

commonly encountered issue in alternative doping strategies. Hole densities of 1.1 and 39 × 1012 q cm-2 were 

extracted from transfer and PL measurements, respectively, with a dielectric charge density of 5.1 to 6.5 × 1012 

q cm-2. Discrepancies among these values are attributed to non-optimised FET device fabrication and high 

defect densities at the 2D MoS2/dielectric interface.  

This chapter demonstrated a proof of concept for field-effect doping of 2D semiconductors using charged 

dielectrics and outlined the key design considerations for such dielectrics. Further investigation into the 

stability, tunability, spatial uniformity, and patterning of such doping strategy is essential to advance its 

application into high performance devices.  
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8 Chapter 8 

Summary and Future Work 
Semiconductor devices are fundamental to modern technology. The development of functional dielectrics and 

understanding their interfaces to the semiconductor are essential for enabling novel device applications and 

enhanced performance. While minimising dielectric defect density is typically pursued to improve device 

efficiency and stability, this work emphasises the engineering of interface defect states to enable novel 

functionalities. This work focuses on the role of negatively charged defects and explore their integration into 

two key applications: as passivation nanolayers for silicon solar cells, and as a doping strategy for 2D 

semiconductors such as 2D MoS2. Advanced characterisation techniques including τeff-Vsurf, capacitance-

voltage, TEM, transfer measurements and photoluminescence were employed to reveal the interactions at the 

dielectric-semiconductor interface. 

Novel charged dielectric nanolayers were developed with a focus on the controlled embedding, charging 

and protection of defect states. An ultra-thin AlOx layer, as thin as 10 ALD cycles (~1 nm), demonstrated a 

high negative charge density of 6.9 × 1012 q cm-2 when sandwiched between two SiOx layers, establishing a 

foundation for developing effective but low-cost passivation nanolayer stacks for silicon solar cells. Building 

on the understanding of the charging mechanisms, this work demonstrated for the first time that defects at the 

SiOx/AlOx interface can be effectively charged through negative corona charge deposition at room temperature 

followed by annealing at 450 °C – a process termed corona-anneal. This charging strategy yielded a stable 

negative charge density of 4.3 × 1012 q cm-2 at 450 °C, with the SiOx/AlOx interface placed 300 nm away from 

Si. An alternative approach, termed hot corona, involving corona charge deposition at elevated temperatures, 

was found to induce charged defects near the dielectric surface, exhibiting superior thermal stability at 450 °C 

compared to the charged defects at the SiOx/AlOx interface.  

The effects of various capping dielectrics in preventing charge degradation were investigated. A defect-

assisted charge injection mechanism was identified in ALD-SiOx but was absent in ALD-HfOx. Based on these 

insights, two distinct charging approaches were proposed, differing in the sequence of charge injection and 

capping layer deposition. Three stable charged dielectric systems were developed, which were tailored for the 

field-effect doping of 2D semiconductors.  

Negatively charged dielectric is first applied to passivate silicon surfaces. An ultra-thin AlOx layer was 

incorporated into nanolayer stacks for p-type silicon surfaces, with an emphasis on maintaining high 

passivation quality while reducing processing costs. A minimum Seff of 3.3 and 6.3 cm/s was achieved on n-
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type and p-type silicon, respectively, using a nitric acid oxidised silicon (NAOS) layer, in combination with 

an ~2.5 nm thick AlOx layer and a SiNx anti-reflection layer – forming a SiOx/AlOx/SiNx stack. Advanced 

characterisation of the interface revealed the critical role of carrier capture velocities at band tail states – an 

aspect often overlooked in the literature. Remarkably, the additional of just a 2.5 nm AlOx layer resulted in a 

distinctly different chemical interfaces after annealing, suggesting the formation of new acceptor-like defect 

states which give rise to a negative charged interface. The creation of new defects was confirmed with interface 

analysis using TEM and EELS, which demonstrated the diffusion of Al atoms towards the silicon interface. 

These findings establish a strong correlation between the observed changes in chemical composition and 

bonding configuration to the changes in both chemical and field-effect passivation.  

The passivation of the SiOx/AlOx/SiNx stack on p-type silicon was further enhanced by performing a short 

annealing under electric fields. A reduced Seff to 5.5 cm/s on p-type Si was achieved by annealing under positive 

surface corona charge. Interface studies attributed this improvement to a reduction in electron capture 

velocities at the valence band tail (Sn,VB). Modifications in both chemical passivation at mid-gap and field-

effect passivation were found and proposed to result from a combination of charge injection near the interface 

and hydrogen migration under the applied electric fields at elevated temperatures. This hypothesis is supported 

by additional studies on SiOx/SiNx-passivated interfaces, which further reveal the significance of the location 

and energy levels of defect states near the interface in determining the change in net charge density. Most 

notably, this novel post-deposition treatment has been shown to increase negative charge density within ultra-

thin AlOx layers (~2.5 nm). This is particularly significant as the trade-off between layer conductivity and 

field-effect passivation remains a critical challenge in mainstream TOPCon solar cell devices.  

To enable field-effect doping of 2D MoS2 using the previously developed charged dielectrics, a novel all-

dry device fabrication protocol was developed. This process demonstrated full preservation of the embedded 

charge throughout the field-effect transistors (FETs) fabrication and demonstrated high reliability. A 

comprehensive measurement process was also established, defining controlled gas environment, measurement 

settings, and light exposure conditions. Comprehensive models were proposed to account for the observed 

hysteresis and their dependence on environmental factors.  

Using the all-dry fabrication process, the doping of 2D MoS2 using the previously developed charged 

dielectric systems was studied. Notably, this study demonstrated, for the first time, p-type doping of 2D MoS2 

via field-effect using the hot corona-charged, HfOx-capped dielectrics. An excess hole density of 1.1 × 1012 q 

cm-2 was achieved with an embedded charge negative charge density of 5.1 to 6.5 × 1012 q cm-2, extracted from 

transfer measurements. The discrepancy between embedded and induced charge density is attributed to a high 

density of interface defects. Requirements for achieving effective doping using charged dielectrics were 

proposed. The novel doping strategy demonstrated in this work has the potential to achieve controllable, stable, 

and patterned doping of 2D semiconductors, which has not yet been demonstrated in the literature.  
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8.1 Future Work 
In this work, the SiOx/AlOx/SiNx nanolayer stack demonstrated strong potential for passivating p-type silicon 

surfaces. Corona-annealing has been found to further enhance the passivation quality, tuning both chemical 

and field-effect passivation. Additional studies are required to incorporate this nanolayer into TOPCon devices. 

• While the passivation performance was evaluated on p-type Si surfaces, the SiOx/AlOx/SiNx stack is 

particularly relevant for boron-doped emitters at the front surface of TOPCon structures [309]. The 

passivation quality of the stack on a highly doped emitter surface with surface texturing requires 

additional investigation.  

• This work demonstrated that negative charges in ultra-thin AlOx layers can be further enhanced by 

annealing under a positive electric field. This is highly relevant for improving the performance of AlOx 

as a passivating contact on the back surface of TOPCon devices. Currently, a trade-off exists between 

the conductivity of the layer to the passivation quality, depending on the layer thickness. The corona-

anneal process has the potential to improve the field-effect passivation without increasing the AlOx layer 

thickness [204].  

• For industrial implementation, the long-term stability of interface charges must be assessed under 

elevated temperatures and UV exposure [176]. Additionally, to minimise additional thermal process, the 

possibility of combining the corona-anneal process to the firing step (800 °C for 1-2 seconds) should be 

investigated [310]. 

The dielectric/Si interface was analysed using τeff-Vsurf plots, a straightforward yet powerful 

characterisation which provides detailed information of the semiconductor/dielectric interface. Further 

optimisation of the method could lead to a more detailed analysis of the interface properties.  

• To improve accuracy, a more controlled experimental procedure is required. The automation of data 

acquisition allows precise control over key parameters such as Vsurf step size, time between steps, and 

sweep range. This minimises the changes at the interface caused by the measurement process itself. For 

example, hysteresis was observed in the layers studied in this work, which could lead to inaccuracy in 

the extracted interface properties. 

• Enhanced data accuracy would reduce the confidence intervals, especially for the carrier capture 

velocities at band-tails. With improved data accuracy, the effects of interface properties at band tails, 

including Dit,VB/CB,  σn/p,CB/VB can be studied in detail. This also require an adjusted fitting procedure, 

where the difference between the extracted range caused by difference in data accuracy between samples 

should be minimised.  

This work demonstrated an all-dry fabrication protocol, focusing on the full preservation of the embedded 

dielectric charge. A p-type behaviour and large discrepancy in carrier density between the extracted carrier 

densities from transfer and PL measurements, which is proposed to attribute to the non-optimised device 
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fabrication. Several improvements can be made to minimise the effects of device fabrication in revealing the 

channel properties.  

• Contact resistance can be characterised on multilayer 2D MoS2 flakes. Optimisation of the metal 

deposition process should be carried out, particularly by minimising heating of the sample during metal 

evaporation [94]. This has the potential to decrease the contact resistance and its effects on the extracted 

carrier densities.  

• For practical applications, the fabrication process must be compatible with standard lithography. This 

requires high stability of embedded charge against common solvents and photoresists. A high stability 

in air has been demonstrated, even at elevated temperatures. Further investigation is required to reveal 

the degradation mechanism during wet chemical processes. A denser capping layer or defect states with 

deeper energy levels has the potential of improving the stability of the charged defects. 

• Alternative charging strategies, including ion embedding, should also be explored. For example, Na+ or 

K+ has been reported to induce positive charge [176], while Al3+ has been reported to induce negative 

charge [311]. Such ions have been shown to be stable through wet chemical processes [267], [287]. 

However, for Al3+ ions, the charging mechanism is likely similar to that observed at SiOx/AlOx interface, 

which still require an electron source. Further investigation into the stability of such charging methods 

is required.  

This work observed different channel properties on different dielectrics, both charged and uncharged. 

Further investigation on the interactions between 2D semiconductors and dielectrics is required.  

• It was proposed that the density of oxygen vacancies near dielectric surfaces affects the carrier density 

of the 2D MoS2, as observed in ALD-SiOx, AlOx, and HfOx with different annealing treatment. This 

hypothesis should be further confirmed by comparing the carrier densities of 2D MoS2 on a single 

dielectric material (for example, ALD-SiOx) with different annealing treatments.  

• A larger hysteresis and carrier density variations was found among devices fabricated on ALD-HfOx, 

which is not ideal for high performance FETs. The stability of hot corona-injected charges during ALD 

process of alternative dielectric layers, including SiOx and AlOx, should be studied for demonstrating 

field-effect doping with improved device performance.  

Several critical aspects of the proposed doping strategy remain unaddressed in this work. Specifically, 

the controllability, versatility, and patterned doping has yet to be demonstrated, which are essential for enabling 

practical applications.  

• P-type conductance has not been achieved, which is essential for complementary electronics. To achieve 

this, high work function metals such as Pt or Pd should be employed, combined with an improved 

metal/semiconductor interface [312]. 

• Precise control of the doping level is yet to be studied. Questions including limiting factors for the 

precision of the doping density, the upper limit of the doping density remain unanswered. The lateral 
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uniformity of the charge density should also be addressed. Further studies both to improve the 

controllability of the charge distribution in the dielectric as well as its interactions to 2D semiconductors 

should be carried out.  

• Systematic investigation of the charge stability under room temperature should be carried out. 

• Positively charged dielectrics using hot corona charging of SiO2 is also possible, likely involving the 

creation new donor states [24]. This broadens the available doping range using one single charging 

strategy and opens the door to patterned doping.  

• Novel patterned doping strategies should be developed. One pathway is to fabricate dielectrics with 

localised defects combined with a full area charging strategy. A localised charging strategy combined 

with a uniform dielectric is another promising pathway, as suggested by the point above. In both cases, 

a flat dielectric surface is ideal to preserve the atomically thin structure of 2D semiconductors to 

maintain a high mobility. Investigating the limiting factors for the resolution of such patterned doping 

would also be an interesting avenue for future work. 

• Finally, the proposed doping strategy has the potential to be applied to a variety of 2D materials for 

diverse applications. For instance, 2D MoS2 and WS2 may be applied to make photodetectors, where 

control of the carrier density is also essential [313]. Doping is also required to reduce the sheet resistance 

of graphene as transparent conductors [288]. While the underlying principles remain the same, each 

material and application impose unique requirements. 

 

 



 

130 

 

 

 

 

Bibliography 
[1] International Energy Agency, “Gadgets and Gigawatts: Policies for Energy Efficient Electronics,” 

Paris, May 2019. [Online]. Available: https://www.iea.org/reports/gadgets-and-gigawatts-2 

[2] R. Ramesh, S. Salahuddin, S. Datta, C. H. Diaz, D. E. Nikonov, I. A. Young, D. Ham, M.-F. Chang, 

W.-S. Khwa, A. S. Lele, et al., “Roadmap on low-power electronics,” APL Mater., vol. 12, Art. no. 

099201, 2024, doi: 10.1063/5.0184774. 

[3] K. Calvin, D. Dasgupta, G. Krinner, A. Mukherji, P. W. Thorne, C. Trisos, J. Romero, P. Aldunce, K. 

Barret, G. Blanco, et al., “IPCC, 2023: Climate Change 2023: Synthesis Report, Summary for 

Policymakers.,” Jul. 2023. doi: 10.59327/IPCC/AR6-9789291691647.001. 

[4] S. Philipps and W. Warmuth, “Photovoltaics Report,” Jul. 2024. [Online]. Available: 

https://www.ise.fraunhofer.de/en/publications/studies/photovoltaics-report.html 

[5] A. Liu, X. Zhang, Z. Liu, Y. Li, X. Peng, X. Li, Y. Qin, C. Hu, Y. Qiu, H. Jiang, et al., “The Roadmap 

of 2D Materials and Devices Toward Chips,” Nano-Micro Lett., vol. 16, no. 119, Feb. 2024, doi: 

10.1007/s40820-023-01273-5. 

[6] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, “Single-layer MoS₂ transistors,” 

Nat. Nanotechnol., vol. 6, pp. 147–150, 2011, doi: 10.1038/nnano.2010.279. 

[7] R. J. Theeuwes, W. M. M. Kessels, and B. Macco, “Surface passivation approaches for silicon, 

germanium, and III–V semiconductors,” J. Vac. Sci. Technol. A, vol. 42, Art. no. 06081, 2024, doi: 

10.1116/6.0004030. 

[8] G. D. Wilk, R. M. Wallace, and J. M. Anthony, “High-κ gate dielectrics: Current status and materials 

properties considerations,” J. Appl. Phys., vol. 89, no. 10, pp. 5243–5275, 2001, doi: 

10.1063/1.1361065. 

[9] R. Mahlouji, Y. Zhang, M. A. Verheijen, S. Karwal, J. P. Hofmann, W. M. M. Kessels, and A. A. Bol, 

“Influence of High-κ Dielectrics Integration on ALD-Based MoS₂ Field-Effect Transistor 

Performance,” ACS Appl. Nano Mater., vol. 7, pp. 18786–18800, 2024, doi: 10.1021/acsanm.4c02214. 

[10] F. W. Chen, T. T. A. Li, and J. E. Cotter, “PECVD silicon nitride surface passivation for high-efficiency 

N-type silicon solar cells,” Conf. Rec. 2006 IEEE 4th World Conf. Photovolt. Energy Conversion, 

WCPEC-4, vol. 1, pp. 1020–1023, 2006, doi: 10.1109/WCPEC.2006.279292. 

[11] R. S. Bonilla, B. Hoex, P. Hamer, and P. R. Wilshaw, “Dielectric surface passivation for silicon solar 



X. Niu Bibliography 
 

131 

 

cells: A review,” Phys. status solidi, vol. 214, no. 7, Art. no. 1700293, 2017, doi: 

10.1002/pssa.201700293. 

[12] G. Thareja, “Surface Passivation and Junction Engineering in Silicon/Germanium Metal-Oxide-

Semiconductor Field-Effect-Transistors for High Performance Application,” PhD Dissertation, 

Department of Electrical Engineering, Stanford University, 2011. [Online]. Available: 

https://www.proquest.com/docview/2454389883?pq-

origsite=gscholar&fromopenview=true&sourcetype=Dissertations & Theses 

[13] W. Steckelmacher, VLSI Fabrication principles: Silicon and gallium arsenide. John Wiley & Sons, 

1994. doi: 10.1016/0042-207X(95)80061-1. 

[14] D. Hiller, R. Zierold, J. Bachmann, M. Alexe, Y. Yang, J. W. Gerlach, A. Stesmans, M. Jivanescu, U. 

Müller, J. Vogt, et al., “Low temperature silicon dioxide by thermal atomic layer deposition: 

Investigation of material properties,” J. Appl. Phys., vol. 107, Art. no. 064314, 2010, doi: 

10.1063/1.3327430. 

[15] M. F. Ceiler, P. A. Kohl, and S. A. Bidstrup, “Plasma‐Enhanced Chemical Vapor Deposition of Silicon 

Dioxide Deposited at Low Temperatures,” J. Electrochem. Soc., vol. 142, no. 6, pp. 2067–2071, 1995, 

doi: 10.1149/1.2044242. 

[16] A. Laades, H. P. Sperlich, M. Bähr, U. Stürzebecher, C. A. Diaz Alvarez, M. Burkhardt, H. Angermann, 

M. Blech, and A. Lawerenz, “On the impact of interfacial SiOₓ-layer on the passivation properties of 

PECVD synthesized aluminum oxide,” Phys. Status Solidi Curr. Top. Solid State Phys., vol. 9, no. 10–

11, pp. 2120–2123, 2012, doi: 10.1002/pssc.201200244. 

[17] L. Breitenstein, L., “Studies on Wet-Chemical Surface Conditioning for Al₂O₃ Passivation Layers 

Deposited with ALD,” 26th Eur. Photovolt. Sol. Energy Conf. Exhib. EU PVSEC. Proc., pp. 2247–

2251, 2011, doi: 10.4229/26thEUPVSEC2011-2CV.4.39. 

[18] G. Kaur, N. Dwivedi, X. Zheng, B. Liao, L. Z. Peng, A. Danner, R. Stangl, and C. S. Bhatia, 

“Understanding Surface Treatment and ALD AlOₓ Thickness Induced Surface Passivation  uality of 

c-Si Cz Wafers,” IEEE J. Photovoltaics, vol. 7, no. 5, pp. 1224–1235, 2017, doi: 

10.1109/JPHOTOV.2017.2717040. 

[19] H. Angermann, “Characterization of wet-chemically treated silicon interfaces by surface photovoltage 

measurements,” Anal. Bioanal. Chem., vol. 374, pp. 676–680, 2002, doi: 10.1007/s00216-002-1450-4. 

[20] J. Penaud, P. Jaffrennou, A. Rothschild, and B. Lombardet, “Impact of surface preparation prior to 

Al₂O₃ deposition for i-PERC cells,” Conf. Rec. IEEE Photovolt. Spec. Conf., pp. 1083–1088, 2012, doi: 

10.1109/PVSC.2012.6317791. 

[21] N. Zin, S. Bakhshi, M. Gao, H. Ali, I. Kashkoush, and W. V. Schoenfeld, “Effective Use of UV-Ozone 

Oxide in Silicon Solar Cell Applications,” Phys. Status Solidi - Rapid Res. Lett., Art. no. 1800488, 



X. Niu Bibliography 
 

132 

 

2018, doi: 10.1002/pssr.201800488. 

[22] M. Gao, V. Kumar, W. Schoenfeld, and N. Zin, “UV-Ozone Oxide for Surface Clean, Passivation, and 

Tunneling Contact Applications of Silicon Solar Cells,” IEEE J. Photovoltaics, vol. 13, no. 3, pp. 385–

390, 2023, doi: 10.1109/JPHOTOV.2023.3244370. 

[23] T. Hasan, S. Zafar, E. Ozbay, and A. U. Kashif, “Analysis of HfO₂ and ZrO₂ as High-K Dielectric for 

CMOS Nano Devices,” in 2022 9th International Conference on Electrical and Electronics 

Engineering, ICEEE 2022, IEEE, 2022, pp.99–103. doi: 10.1109/ICEEE55327.2022.9772574. 

[24] W. Füssel, M. Schmidt, H. Angermann, G. Mende, and H. Flietner, “Defects at the Si/SiO₂ interface: 

their nature and behaviour in technological processes and stress,” Nucl. Instruments Methods Phys. Res. 

Sect. A Accel. Spectrometers, Detect. Assoc. Equip., vol. 377, pp. 177–183, 1996, doi: 10.1016/0168-

9002(96)00205-7. 

[25] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices. Wiley, 2006. doi: 10.1002/0470068329. 

[26] S. De Wolf, G. Agostinelli, G. Beaucarne, and P. Vitanov, “Influence of stoichiometry of direct plasma-

enhanced chemical vapor deposited SiNₓ films and silicon substrate surface roughness on surface 

passivation,” J. Appl. Phys., vol. 97, Art. no. 063303, 2005, doi: 10.1063/1.1861138. 

[27] V. Sharma, “Study of Charges Present in Silicon Nitride Thin Films and Their Effect on Silicon Solar 

Cell Efficiencies,” PhD Dissertation, Arizona State University, 2013. 

[28] V. Sharma, C. Tracy, D. Schroder, M. Flores, B. Dauksher, and S. Bowden, “Study and manipulation 

of charges present in silicon nitride films,” Conf. Rec. IEEE Photovolt. Spec. Conf., pp. 1288–1293, 

2013, doi: 10.1109/PVSC.2013.6744377. 

[29] Y. Ren, K. J. Weber, N. M. Nursam, and D. Wang, “Effect of deposition conditions and thermal 

annealing on the charge trapping properties of SiNₓ films,” Appl. Phys. Lett., vol. 97, Art. no. 20297, 

2010, doi: 10.1063/1.3518488. 

[30] R. S. Bonilla, C. Reichel, M. Hermle, and P. R. Wilshaw, “On the location and stability of charge in 

SiO₂/SiNₓ dielectric double layers used for silicon surface passivation,” J. Appl. Phys., vol. 115, Art. 

no. 144105, 2014, doi: 10.1063/1.4871075. 

[31] S. Heo, H. Park, J. G. Chung, H. I. Lee, J. Park, Y. K. Kyoung, Y. S. Kim, K. H. Kim, S. J. Byun, W. 

S. Jeon, et al., “Defect states in amorphous SiNₓ:H compounds using thermally stimulated exo-electron 

emission,” Thin Solid Films, vol. 616, pp. 850–855, 2016, doi: 10.1016/j.tsf.2016.10.001. 

[32] J. Schmidt and A. G. Aberle, “Carrier recombination at silicon-silicon nitride interfaces fabricated by 

plasma-enhanced chemical vapor deposition,” J. Appl. Phys., vol. 85, no. 7, pp. 3626–3633, 1999, doi: 

10.1063/1.369725. 

[33] J. Robertson, W. L. Warren, and J. Kanicki, “Nature of the Si and N dangling bonds in silicon nitride,” 



X. Niu Bibliography 
 

133 

 

J. Non. Cryst. Solids, vol. 187, pp. 297–300, 1995, doi: 10.1016/0022-3093(95)00153-0. 

[34] J. Panigrahi, Vandana, R. Singh, and P. K. Singh, “Enhanced field effect passivation of c-Si surface via 

introduction of trap centers: Case of hafnium and aluminium oxide bilayer films deposited by thermal 

ALD,” Sol. Energy Mater. Sol. Cells, vol. 188, pp. 219–227, Dec. 2018, doi: 

10.1016/j.solmat.2018.08.018. 

[35] G. Dingemans and W. M. M. Kessels, “Status and prospects of Al₂O₃ -based surface passivation 

schemes for silicon solar cells,” J. Vac. Sci. Technol. A Vacuum, Surfaces, Film., vol. 30, Art. no. 

040802, Jul. 2012, doi: 10.1116/1.4728205. 

[36] N. M. Terlinden, G. Dingemans, M. C. M. Van De Sanden, and W. M. M. Kessels, “Role of field-effect 

on c-Si surface passivation by ultrathin (2-20 nm) atomic layer deposited Al₂O₃,” Appl. Phys. Lett., vol. 

96, Art. no. 112101, 2010, doi: 10.1063/1.3334729. 

[37] C. H. Hsu, Y. S. Cho, W. Y. Wu, S. Y. Lien, X. Y. Zhang, W. Z. Zhu, S. Zhang, and S. Y. Chen, 

“Enhanced Si Passivation and PERC Solar Cell Efficiency by Atomic Layer Deposited Aluminum 

Oxide with Two-step Post Annealing,” Nanoscale Res. Lett., vol. 14, no. 139, pp. 1–10, 2019, doi: 

10.1186/s11671-019-2969-z. 

[38] B. Veith, T. Dullweber, M. Siebert, C. Kranz, F. Werner, N. P. Harder, J. Schmidt, B. F. P. Roos, T. 

Dippell, and R. Brendel, “Comparison of ICP-AlOₓ and ALD-Al₂O₃ layers for the rear surface 

passivation of c-Si solar cells,” Energy Procedia, vol. 27, pp. 379–384, 2012, doi: 

10.1016/j.egypro.2012.07.080. 

[39] D. Muñoz-Rojas, V. H. Nguyen, C. Masse de la Huerta, S. Aghazadehchors, C. Jiménez, and D. Bellet, 

“Spatial Atomic Layer Deposition (SALD), an emerging tool for energy materials. Application to new-

generation photovoltaic devices and transparent conductive materials,” Comptes Rendus Phys., vol. 18, 

pp. 391–400, 2017, doi: 10.1016/j.crhy.2017.09.004. 

[40] D. Hiller, D. Tröger, M. Grube, D. König, and T. Mikolajick, “The negative fixed charge of atomic 

layer deposited aluminium oxide - A two-dimensional SiO₂/AlOₓ interface effect,” J. Phys. D. Appl. 

Phys., vol. 54, Art. no. 275304, 2021, doi: 10.1088/1361-6463/abf675. 

[41] C. Ke, Z. Xin, Z. P. Ling, A. G. Aberle, and R. Stangl, “Numerical investigation of metal–

semiconductor–insulator–semiconductor passivated hole contacts based on atomic layer deposited 

AlOₓ,” Jpn. J. Appl. Phys., vol. 56, Art. no. 08MB08, 2017, doi: 10.7567/JJAP.56.08MB08. 

[42] D. Hiller, J. Göttlicher, R. Steininger, T. Huthwelker, J. Julin, F. Munnik, M. Wahl, W. Bock, B. 

Schoenaers, A. Stesmans, et al., “Structural Properties of Al-O Monolayers in SiO₂ on Silicon and the 

Maximization of Their Negative Fixed Charge Density,” ACS Appl. Mater. Interfaces, vol. 10, pp. 

30495–30505, 2018, doi: 10.1021/acsami.8b06098. 

[43] H. Wang, Y. Liu, H. Liu, Z. Chen, P. Xiong, X. Xu, F. Chen, K. Li, and Y. Duan, “Effect of Various 



X. Niu Bibliography 
 

134 

 

Oxidants on Reaction Mechanisms, Self-Limiting Natures and Structural Characteristics of Al₂O₃ Films 

Grown by Atomic Layer Deposition,” Adv. Mater. Interfaces, vol. 5, Art. no. 1701248, 2018, doi: 

10.1002/admi.201701248. 

[44] H. Lee, T. Tachibana, N. Ikeno, H. Hashiguchi, K. Arafune, H. Yoshida, S. I. Satoh, T. Chikyow, and 

A. Ogura, “Interface engineering for the passivation of c-Si with O₃-based atomic layer deposited AlOₓ 

for solar cell application,” Appl. Phys. Lett., vol. 100, Art. no. 143901, 2012, doi: 10.1063/1.3701280. 

[45] G. Dingemans, N. M. Terlinden, M. A. Verheijen, M. C. M. Van De Sanden, and W. M. M. Kessels, 

“Controlling the fixed charge and passivation properties of Si(100)/Al₂O₃ interfaces using ultrathin 

SiO₂ interlayers synthesized by atomic layer deposition,” J. Appl. Phys., vol. 110, Art. no. 093715, 

2011, doi: 10.1063/1.3658246. 

[46] P. M. Jordan, D. K. Simon, T. Mikolajick, and I. Dirnstorfer, “Trapped charge densities in Al₂O₃-based 

silicon surface passivation layers,” J. Appl. Phys., vol. 119, Art. no. 215306, 2016, doi: 

10.1063/1.4953141. 

[47] D. Hiller, D. Tröger, M. Grube, D. König, and T. Mikolajick, “The negative fixed charge of atomic 

layer deposited aluminium oxide – A 2-dimensional SiO₂/AlOₓ interface effect,” J. Phys. D. Appl. 

Phys., vol. 54, Art. no. 275304, 2021, doi: 10.1088/1361-6463/abf675. 

[48] K. Matsunaga, T. Tanaka, T. Yamamoto, and Y. Ikuhara, “First-principles calculations of intrinsic 

defects in Al₂O₃,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 68, Art. no. 085110, 2003, doi: 

10.1103/PhysRevB.68.085110. 

[49] B. Shin, J. R. Weber, R. D. Long, P. K. Hurley, C. G. Van De Walle, and P. C. McIntyre, “Origin and 

passivation of fixed charge in atomic layer deposited aluminum oxide gate insulators on chemically 

treated InGaAs substrates,” Appl. Phys. Lett., vol. 96, Art. no. 152908, 2010, doi: 10.1063/1.3399776. 

[50] G. Noircler, F. Lebreton, E. Drahi, P. de Coux, and B. Warot-Fonrose, “STEM-EELS investigation of 

c-Si/a-AlOₓ interface for solar cell applications,” Micron, vol. 145, Art. no. 103032, 2021, doi: 

10.1016/j.micron.2021.103032. 

[51] O. A. Dicks, J. Cottom, A. L. Shluger, and V. V. Afanas’Ev, “The origin of negative charging in 

amorphous Al₂O₃ films: The role of native defects,” Nanotechnology, vol. 30, no. 20, pp. 1–14, 2019, 

doi: 10.1088/1361-6528/ab0450. 

[52] H. Patel, C. Reichel, A. Richter, P. Masuch, J. Benick, and S. W. Glunz, “Effective charge dynamics 

in Al₂O₃/SiO₂ multilayer stacks and their influence on silicon surface passivation,” Appl. Surf. Sci., vol. 

579, Art. no. 152175, Mar. 2022, doi: 10.1016/j.apsusc.2021.152175. 

[53] H. Kamata and K. Kita, “Design of Al₂O₃/SiO₂ laminated stacks with multiple interface dipole layers 

to achieve large flatband voltage shifts of MOS capacitors,” Appl. Phys. Lett., vol. 110, Art. no. 102106, 

2017, doi: 10.1063/1.4978223. 



X. Niu Bibliography 
 

135 

 

[54] A. Richter, H. Patel, C. Reichel, J. Benick, and S. W. Glunz, “Improved Silicon Surface Passivation by 

ALD Al₂O₃/SiO₂ Multilayers with In-Situ Plasma Treatments,” Adv. Mater. Interfaces, Art. no. 

2202469, 2023, doi: 10.1002/admi.202202469. 

[55] J. J. H. Gielis, B. Hoex, M. C. M. Van De Sanden, and W. M. M. Kessels, “Negative charge and 

charging dynamics in Al₂O₃ films on Si characterized by second-harmonic generation,” J. Appl. Phys., 

vol. 104, Art. no. 073701, 2008, doi: 10.1063/1.2985906. 

[56] J. A. Tofflinger, A. Laades, C. Leendertz, L. M. Montanez, L. Korte, U. Sturzebecher, H. P. Sperlich, 

and B. Rech, “PECVD-AlOₓ/SiNₓ passivation stacks on silicon: Effective charge dynamics and 

interface defect state spectroscopy,” Energy Procedia, vol. 55, pp. 845–854, 2014, doi: 

10.1016/j.egypro.2014.08.068. 

[57] D. Hiller, P. M. Jordan, K. Ding, M. Pomaska, T. Mikolajick, and D. König, “Deactivation of silicon 

surface states by Al-induced acceptor states from Al-O monolayers in SiO₂,” J. Appl. Phys., vol. 125, 

Art. no. 015301, 2019, doi: 10.1063/1.5054703. 

[58] K. Xiong, J. Robertson, M. C. Gibson, and S. J. Clark, “Defect energy levels in HfO₂ high-dielectric-

constant gate oxide,” Appl. Phys. Lett., vol. 87, Art. no. 183505, Oct. 2005, doi: 10.1063/1.2119425. 

[59] S. Tomer, M. Devi, A. Kumar, S. Laxmi, C. M. S. Rauthan, and V. Vandana, “Silicon Surface 

Passivation by Atomic Layer Deposited Hafnium Oxide Films: Trap States Investigation Using 

Constant Voltage Stress Studies,” IEEE J. Photovoltaics, vol. 10, no. 6, pp. 1614–1623, 2020, doi: 

10.1109/JPHOTOV.2020.3022686. 

[60] J. Wang, S. Sadegh Mottaghian, and M. Farrokh Baroughi, “Passivation properties of atomic-layer-

deposited hafnium and aluminum oxides on Si surfaces,” IEEE Trans. Electron Devices, vol. 59, no. 2, 

pp. 342–348, 2012, doi: 10.1109/TED.2011.2176943. 

[61] B. Kumar, B. K. Kaushik, and Y. S. Negi, “Perspectives and challenges for organic thin film transistors: 

Materials, devices, processes and applications,” J. Mater. Sci. Mater. Electron., vol. 25, pp. 1–30, 2014, 

doi: 10.1007/s10854-013-1550-2. 

[62] S. L. Pain, A. Yadav, D. Walker, N. E. Grant, and J. D. Murphy, “Atomic Layer Deposition of Hafnium 

Oxide Passivating Layers on Silicon: Impact of Precursor Selection,” Phys. Status Solidi - Rapid Res. 

Lett., vol. 19, Art. no. 2400202, 2025, doi: 10.1002/pssr.202400202. 

[63] A. Wratten, S. L. Pain, D. Walker, A. B. Renz, E. Khorani, T. Niewelt, N. E. Grant, and J. D. Murphy, 

“Mechanisms of Silicon Surface Passivation by Negatively Charged Hafnium Oxide Thin Films,” IEEE 

J. Photovoltaics, vol. 13, no. 1, pp. 40–47, 2023, doi: 10.1109/JPHOTOV.2022.3227624. 

[64] S. L. Pain, L. Wilkins, A. Yadav, Y. Han, R. Beanland, N. E. Grant, and J. D. Murphy, “Interfacial 

oxides for charge control of hafnium oxide surface passivation of silicon,” Sol. Energy Mater. Sol. 

Cells, vol. 282, Art. no. 113439, 2025, doi: 10.1016/j.solmat.2025.113439. 



X. Niu Bibliography 
 

136 

 

[65] J. Schmidt, M. Winter, D. L. Günther, F. Souren, J. Bolding, and H. de Vries, “Hafnium oxide—A 

promising addition to the zoo of passivation layers for silicon solar cells?,” AIP Adv., vol. 15, Art. no. 

065001, 2025, doi: 10.1063/5.0273888. 

[66] S. Tomer, J. Panigrahi, P. Pathi, G. Gupta, and Vandana, “Effect of ALD window on thermal ALD 

deposited HfOₓ/Si interface for silicon surface passivation,” Mater. Today Proc., vol. 46, pp. 5761–

5765, 2021, doi: 10.1016/j.matpr.2021.02.711. 

[67] J. Gope, Vandana, N. Batra, J. Panigrahi, R. Singh, K. K. Maurya, R. Srivastava, and P. K. Singh, 

“Silicon surface passivation using thin HfO₂ films by atomic layer deposition,” Appl. Surf. Sci., vol. 

357, pp. 635–642, Dec. 2015, doi: 10.1016/j.apsusc.2015.09.020. 

[68] F. Lin, B. Hoex, Y. H. Koh, J. J. Lin, and A. G. Aberle, “Low-temperature surface passivation of 

moderately doped crystalline silicon by atomic-layer-deposited hafnium oxide films,” in Energy 

Procedia, 2012, pp.84–90. doi: 10.1016/j.egypro.2012.02.010. 

[69] L. Zhang, S. Y. Terauchi, Y. Azuma, and T. Fujimoto, “Interdiffusion studies for HfO₂/Si by GIXR 

and XPS,” J. Phys. Conf. Ser., vol. 83, Art. no. 012033, 2007, doi: 10.1088/1742-6596/83/1/012033. 

[70] R. Singh, Vandana, J. Panigrahi, and P. K. Singh, “Plasma assisted atomic layer deposited hafnium 

oxide films for silicon surface passivation,” RSC Adv., vol. 6, pp. 97720–97727, 2016, doi: 

10.1039/c6ra19442g. 

[71] K. R. McIntosh and L. E. Black, “On effective surface recombination parameters,” J. Appl. Phys., vol. 

116, Art. no. 014503, 2014, doi: 10.1063/1.4886595. 

[72] A. Kimmerle, J. Greulich, and A. Wolf, “Carrier-diffusion corrected J₀-analysis of charge carrier 

lifetime measurements for increased consistency,” Sol. Energy Mater. Sol. Cells, vol. 142, pp. 116–

122, 2015, doi: 10.1016/j.solmat.2015.06.043. 

[73] S. P. Muduli and P. Kale, “State-of-the-art passivation strategies of c-Si for photovoltaic applications: 

A review,” Mater. Sci. Semicond. Process., vol. 154, Art. no. 107202, 2023, doi: 

10.1016/j.mssp.2022.107202. 

[74] M. J. Kerr, “Surface, Emitter and Bulk Recombination in Silicon and Development of Silicon Nitride 

Passivated Solar Cells,” PhD Dissertation, The Australian National University, 2002. [Online]. 

Available: http://ssc.cecs.anu.edu.au/files/mark_kerr_thesis.pdf 

[75] S. W. G. Jan Benick, Bram Hoex, O.Schultz, “Surface Passivation of Boron Diffused Emitters for High 

Efficiency Solar Cells,” in 33rd IEEE Photovoltaic Specialists Conference, San Diego; CA; USA: 

Elsevier, 2008, pp.1–5. doi: 10.1109/PVSC.2008.4922637. 

[76] C. Sah, “A New Semiconductor Tetrode-The Surface-Potential Controlled Transistor,” Proc. IRE, pp. 

1623–1634, 1961, doi: 10.1109/JRPROC.1961.287763. 



X. Niu Bibliography 
 

137 

 

[77] G. E. Moore, “Cramming more components onto integrated circuits,” Electronics, vol. 38, no. 8, pp. 

1–4, 1965, [Online]. Available: http://ieeexplore.ieee.org/document/4785860/ 

[78] T. Jiang,  . He, M. Bi, X. Chen, H. Sun, and L. Tao, “First-principles calculations of adsorption 

sensitivity of Au-doped MoS₂ gas sensor to main characteristic gases in oil,” J. Mater. Sci., vol. 56, pp. 

13673–13683, 2021, doi: 10.1007/s10853-021-06168-7. 

[79] S. Ahmed and J. Yi, “Two-dimensional transition metal dichalcogenides and their charge carrier 

mobilities in field-effect transistors,” Nano-Micro Lett., vol. 9, no. 50, pp. 1–23, 2017, doi: 

10.1007/s40820-017-0152-6. 

[80] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim, G. Galli, and F. Wang, “Emerging 

photoluminescence in monolayer MoS₂,” Nano Lett., vol. 10, pp. 1271–1275, 2010, doi: 

10.1021/nl903868w. 

[81] Y. Liu, T. Shen, S. Linghu, R. Zhu, and F. Gu, “Electrostatic control of photoluminescence from A and 

B excitons in monolayer molybdenum disulfide,” Nanoscale Adv., vol. 4, pp. 2484–2493, 2022, doi: 

10.1039/d2na00071g. 

[82] S. Mouri, Y. Miyauchi, and K. Matsuda, “Tunable photoluminescence of monolayer MoS₂ via chemical 

doping,” Nano Lett., vol. 13, pp. 5944–5948, 2013, doi: 10.1021/nl403036h. 

[83] S. Wang, “Synthesis and Characterization of Monolayer Molybdenum Disulphide,” Dphil Thesis, 

Department of Materials, University of Oxford, 2017. 

[84] H. J. Conley, B. Wang, J. I. Ziegler, R. F. Haglund, S. T. Pantelides, and K. I. Bolotin, “Bandgap 

engineering of strained monolayer and bilayer MoS₂,” Nano Lett., vol. 13, pp. 3626–3630, 2013, doi: 

10.1021/nl4014748. 

[85] C. Hou, J. Deng, J. Guan,  . Yang, Z. Yu, Y. Lu, Z. Xu, Z. Yao, and J. Zheng, “Photoluminescence of 

monolayer MoS₂ modulated by water/O₂/laser irradiation,” Phys. Chem. Chem. Phys., vol. 23, pp. 

24579–24588, 2021, doi: 10.1039/d1cp03651c. 

[86] N. Thomas, S. Mathew, K. M. Nair, K. O’Dowd, P. Forouzandeh, A. Goswami, G. McGranaghan, and 

S. C. Pillai, “2D MoS₂: structure, mechanisms, and photocatalytic applications,” Mater. Today Sustain., 

vol. 13, Art. no. 100073, 2021, doi: 10.1016/j.mtsust.2021.100073. 

[87] H. Li,  . Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier, and D. Baillargeat, “From bulk 

to monolayer MoS₂: Evolution of Raman scattering,” Adv. Funct. Mater., vol. 22, pp. 1385–1390, 2012, 

doi: 10.1002/adfm.201102111. 

[88] X. Wang, H. Feng, Y. Wu, and L. Jiao, “Controlled synthesis of highly crystalline MoS₂ flakes by 

chemical vapor deposition,” J. Am. Chem. Soc., vol. 135, pp. 5304–5307, 2013, doi: 

10.1021/ja4013485. 



X. Niu Bibliography 
 

138 

 

[89] C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone, and S. Ryu, “Anomalous lattice vibrations of single- 

and few-layer MoS₂,” ACS Nano, vol. 4, no. 5, pp. 2695–2700, 2010, doi: 10.1021/nn1003937. 

[90] B. Chakraborty, A. Bera, D. V. S. Muthu, S. Bhowmick, U. V. Waghmare, and A. K. Sood, “Symmetry-

dependent phonon renormalization in monolayer MoS₂ transistor,” Phys. Rev. B - Condens. Matter 

Mater. Phys., vol. 85, Art. no. 161403, 2012, doi: 10.1103/PhysRevB.85.161403. 

[91] X. Zheng, A. Calò, E. Albisetti, X. Liu, A. S. M. Alharbi, G. Arefe, X. Liu, M. Spieser, W. J. Yoo, T. 

Taniguchi, et al., “Patterning metal contacts on monolayer MoS₂ with vanishing Schottky barriers using 

thermal nanolithography,” Nat. Electron., vol. 2, pp. 17–25, 2019, doi: 10.1038/s41928-018-0191-0. 

[92] W. Yang,  .  . Sun, Y. Geng, L. Chen, P. Zhou, S. J. Ding, and D. W. Zhang, “The integration of sub-

10 nm gate oxide on MoS₂ with ultra low leakage and enhanced mobility,” Sci. Rep., vol. 5, Art. no. 

11921, 2015, doi: 10.1038/srep11921. 

[93] Y. Park, N. Li, D. Jung, L. T. Singh, J. Baik, E. Lee, D. Oh, Y. D. Kim, J. Y. Lee, J. Woo, et al., 

“Unveiling the origin of n -type doping of natural MoS₂: carbon,” vol. 7, no. 60, pp. 1–7, 2023, doi: 

10.1038/s41699-023-00424-x. 

[94] Y. Wang, J. C. Kim, Y. Li, K. Y. Ma, S. Hong, M. Kim, H. S. Shin, H. Y. Jeong, and M. Chhowalla, 

“P-type electrical contacts for 2D transition-metal dichalcogenides,” Nature, vol. 610, pp. 61–66, 2022, 

doi: 10.1038/s41586-022-05134-w. 

[95] V. Misra and M. C. Öztürk, “Field Effect Transistors,” Electr. Eng. Handb., pp. 109–126, 2004, doi: 

10.1016/B978-012170960-0/50012-8. 

[96] A. Ortiz-Conde, F. J. García Sánchez, J. J. Liou, A. Cerdeira, M. Estrada, and Y. Yue, “A review of 

recent MOSFET threshold voltage extraction methods,” Microelectron. Reliab., vol. 42, pp. 583–596, 

2002, doi: 10.1016/S0026-2714(02)00027-6. 

[97] M. Chhowalla, D. Jena, and H. Zhang, “Two-dimensional semiconductors for Transistors,” Nat. Rev., 

vol. 1, Art. no. 16052, 2016, doi: 10.1038/natrevmats2016.52. 

[98] D. Y.  iu, F. H. Da Jornada, and S. G. Louie, “Environmental Screening Effects in 2D Materials: 

Renormalization of the Bandgap, Electronic Structure, and Optical Spectra of Few-Layer Black 

Phosphorus,” Nano Lett., vol. 17, pp. 4706–4712, 2017, doi: 10.1021/acs.nanolett.7b01365. 

[99] T. Mueller and E. Malic, “Exciton physics and device application of two-dimensional transition metal 

dichalcogenide semiconductors,” npj 2D Mater. Appl., vol. 2, no. 29, pp. 1–12, 2018, doi: 

10.1038/s41699-018-0074-2. 

[100] A. Raja, L. Waldecker, J. Zipfel, Y. Cho, S. Brem, J. D. Ziegler, M. Kulig, T. Taniguchi, K. Watanabe, 

E. Malic, et al., “Dielectric disorder in two-dimensional materials,” Nat. Nanotechnol., vol. 14, pp. 

832–837, 2019, doi: 10.1038/s41565-019-0520-0. 



X. Niu Bibliography 
 

139 

 

[101] J. Ryou, Y. S. Kim, K. C. Santosh, and K. Cho, “Monolayer MoS₂ Bandgap Modulation by Dielectric 

Environments and Tunable Bandgap Transistors,” Sci. Rep., vol. 6, Art. no. 29184, 2016, doi: 

10.1038/srep29184. 

[102] A. Raja, A. Chaves, J. Yu, G. Arefe, H. M. Hill, A. F. Rigosi, T. C. Berkelbach, P. Nagler, C. Schüller, 

T. Korn, et al., “Coulomb engineering of the bandgap and excitons in two-dimensional materials,” Nat. 

Commun., vol. 8, Art. no. 15251, 2017, doi: 10.1038/ncomms15251. 

[103] Y. Du, H. Liu, A. T. Neal, M. Si, and P. D. Ye, “Molecular doping of multilayer MoS₂ field-effect 

transistors: Reduction in sheet and contact resistances,” IEEE Electron Device Lett., vol. 34, no. 10, pp. 

1328–1330, 2013, doi: 10.1109/LED.2013.2277311. 

[104] H. Schmidt, F. Giustiniano, and G. Eda, “Electronic transport properties of transition metal 

dichalcogenide field-effect devices: surface and interface effects,” Chem. Soc. Rev., vol. 44, pp. 7715–

7736, 2015, doi: 10.1039/c5cs00275c. 

[105] A. Tarasov, S. Zhang, M. Y. Tsai, P. M. Campbell, S. Graham, S. Barlow, S. R. Marder, and E. M. 

Vogel, “Controlled doping of large-area trilayer MoS₂ with molecular reductants and oxidants,” Adv. 

Mater., vol. 27, pp. 1175–1181, 2015, doi: 10.1002/adma.201404578. 

[106] X. Liu, D.  u, J. Ryu, F. Ahmed, Z. Yang, D. Lee, and W. J. Yoo, “P-Type Polar Transition of 

Chemically Doped Multilayer MoS₂ Transistor,” Adv. Mater., vol. 28, pp. 2345–2351, 2016, doi: 

10.1002/adma.201505154. 

[107] D. Kiriya, M. Tosun, P. Zhao, J. S. Kang, and A. Javey, “Air-stable surface charge transfer doping of 

MoS₂ by benzyl viologen,” J. Am. Chem. Soc., vol. 136, pp. 7853–7856, 2014, doi: 10.1021/ja5033327. 

[108] Y. Wang, S. Sarkar, H. Yan, and M. Chhowalla, “Critical challenges in the development of electronics 

based on two-dimensional transition metal dichalcogenides,” Nat. Electron., vol. 7, pp. 638–645, 2024, 

doi: 10.1038/s41928-024-01210-3. 

[109] S. Kc, R. C. Longo, R. M. Wallace, and K. Cho, “Computational Study of MoS₂/HfO₂ Defective 

Interfaces for Nanometer-Scale Electronics,” ACS Omega, vol. 2, pp. 2827–2834, 2017, doi: 

10.1021/acsomega.7b00636. 

[110] P. Zhao, A. Padovani, P. Bolshakov, A. Khosravi, L. Larcher, P. K. Hurley, C. L. Hinkle, R. M. 

Wallace, and C. D. Young, “Understanding the Impact of Annealing on Interface and Border Traps in 

the Cr/HfO₂/Al₂O₃/MoS₂ System,” ACS Appl. Electron. Mater., vol. 1, pp. 1372–1377, 2019, doi: 

10.1021/acsaelm.8b00103. 

[111] P. Xia, X. Feng, R. J. Ng, S. Wang, D. Chi, C. Li, Z. He, X. Liu, and K. W. Ang, “Impact and Origin 

of Interface States in MOS Capacitor with Monolayer MoS₂ and HfO₂ High-k Dielectric,” Sci. Rep., 

vol. 7, Art. no. 40669, 2017, doi: 10.1038/srep40669. 



X. Niu Bibliography 
 

140 

 

[112] C. J. McClellan, E. Yalon, K. K. H. Smithe, S. V. Suryavanshi, and E. Pop, “High Current Density in 

Monolayer MoS₂ Doped by AlOₓ,” ACS Nano, vol. 15, pp. 1587–1596, 2021, doi: 

10.1021/acsnano.0c09078. 

[113] A. Rai, A. Valsaraj, H. C. P. Movva, A. Roy, E. Tutuc, L. F. Register, and S. K. Banerjee, “Interfacial-

oxygen-vacancy mediated doping of MoS₂ by high-k dielectrics,” in 2015 73rd Annual Device 

Research Conference (DRC), Columbus, OH, USA: IEEE, Jun. 2015, pp.189–190. doi: 

10.1109/DRC.2015.7175626. 

[114] Y. C. Jung, S. Seong, T. Lee, S. Y. Kim, I. S. Park, and J. Ahn, “Effects of hydrogen annealing 

temperature on the resistive switching characteristics of HfOₓ thin films,” Mater. Sci. Semicond. 

Process., vol. 88, pp. 207–213, 2018, doi: 10.1016/j.mssp.2018.08.013. 

[115] Y. Y. Illarionov, T. Knobloch, M. Jech, M. Lanza, D. Akinwande, M. I. Vexler, T. Mueller, M. C. 

Lemme, G. Fiori, F. Schwierz, et al., “Insulators for 2D nanoelectronics: the gap to bridge,” Nat. 

Commun., vol. 11, Art. no. 3385, 2020, doi: 10.1038/s41467-020-16640-8. 

[116] W. L. Warren, D. M. Fleetwood, M. R. Shaneyfelt, J. R. Schwank, P. S. Winokur, R. A. B. Devine, and 

D. Mathiot, “Links between oxide, interface, and border traps in high-temperature annealed Si/SiO₂ 

systems,” Appl. Phys. Lett., vol. 64, pp. 3452–3454, 1994, doi: 10.1063/1.111943. 

[117] S. Yoshida, S. Taniguchi, H. Minari, D. Lin, T. Ivanov, H. Watanabe, M. Nakazawa, N. Collaert, and 

A. Thean, “The impact of energy barrier height on border traps in the metal insulator semicondoctor 

gate stacks on III-V semiconductors,” Jpn. J. Appl. Phys., vol. 55, Art. no. 08PC01, 2016, doi: 

10.7567/JJAP.55.08PC01. 

[118] L. J. Widiapradja, T. Nam, Y. Jeong, H. J. Jin, Y. Lee, K. Kim, S. Lee, H. Kim, H. Bae, and S. Im, “2D 

MoS₂ Charge Injection Memory Transistors Utilizing Hetero-Stack SiO₂/HfO₂ Dielectrics and Oxide 

Interface Traps,” Adv. Electron. Mater., vol. 7, Art. no. 2100074, 2021, doi: 10.1002/aelm.202100074. 

[119] D. M. Fleetwood, “‘Border Traps’ in MOS Devices,” IEEE Trans. Nucl. Sci., vol. 39, no. 2, pp. 269–

271, 1992, doi: 10.1109/23.277495. 

[120] A. K. Raychaudhuri, “Measurement of 1 /f noise and its application in materials science,” Curr. Opin. 

Solid State Mater. Sci., vol. 6, pp. 67–85, 2002, doi: 10.1016/S1359-0286(02)00025-6. 

[121] P. Zhao, A. Azcatl, P. Bolshakov, J. Moon, C. L. Hinkle, P. K. Hurley, R. M. Wallace, and C. D. Young, 

“Effects of annealing on top-gated MoS₂ transistors with HfO₂ dielectric,” J. Vac. Sci. Technol. B, 

Nanotechnol. Microelectron. Mater. Process. Meas. Phenom., vol. 35, Art. no. 01A118, 2017, doi: 

10.1116/1.4974220. 

[122] T. Boutchacha and G. Ghibaudo, “Low frequency noise characterization of 0.18 μm Si CMOS 

transistors,” Phys. Status Solidi Appl. Res., vol. 37, no. 10/11, pp. 1599–1602, 1997, doi: 

10.1002/(sici)1521-396x(199805)167:1<261::aid-pssa261>3.0.co;2-%23. 



X. Niu Bibliography 
 

141 

 

[123]  . A. Vu, S. Fan, S. H. Lee, M. K. Joo, W. J. Yu, and Y. H. Lee, “Near-zero hysteresis and near-ideal 

subthreshold swing in h-BN encapsulated single-layer MoS₂ field-effect transistors,” 2D Mater., vol. 

5, Art. no. 031001, 2018, doi: 10.1088/2053-1583/aab672. 

[124] J. Na, M. K. Joo, M. Shin, J. Huh, J. S. Kim, M. Piao, J. E. Jin, H. K. Jang, H. J. Choi, J. H. Shim, et 

al., “Low-frequency noise in multilayer MoS₂ field-effect transistors: the effect of high-k passivation,” 

Nanoscale, vol. 6, pp. 433–441, 2014, doi: 10.1039/c3nr04218a. 

[125] Y. Pan, K. Jia, K. Huang, Z. Wu, G. Bai, J. Yu, Z. Zhang,  . Zhang, and H. Yin, “Near-ideal 

subthreshold swing MoS₂ back-gate transistors with an optimized ultrathin HfO₂ dielectric layer,” 

Nanotechnology, vol. 30, Art. no. 095202, 2019, doi: 10.1088/1361-6528/aaf956. 

[126] H. Liu and P. D. Ye, “MoS₂ Dual-Gate MOSFET with Atomic-Layer-Deposited Al₂O₃ as Top-Gate 

Dielectric,” IEEE Electron Device Lett., vol. 33, no. 4, Art. no. 546, 2011, [Online]. Available: 

http://arxiv.org/abs/1112.4397 

[127] H. Liu, M. Si, S. Najmaei, A. T. Neal, Y. Du, P. M. Ajayan, J. Lou, and P. D. Ye, “Statistical study of 

deep submicron dual-gated field-effect transistors on monolayer chemical vapor deposition 

molybdenum disulfide films,” Nano Lett., vol. 13, pp. 2640–2646, 2013, doi: 10.1021/nl400778q. 

[128] C. H. Lee, W. McCulloch, E. W. Lee, L. Ma, S. Krishnamoorthy, J. Hwang, Y. Wu, and S. Rajan, 

“Transferred large area single crystal MoS₂ field effect transistors,” Appl. Phys. Lett., vol. 107, Art. no. 

193503, 2015, doi: 10.1063/1.4934941. 

[129] R. Nur, T. Tsuchiya, K. Toprasertpong, K. Terabe, S. Takagi, and M. Takenaka, “High responsivity in 

MoS₂ phototransistors based on charge trapping HfO₂ dielectrics,” Commun. Mater., vol. 1, no. 103, 

pp. 1–9, 2020, doi: 10.1038/s43246-020-00103-0. 

[130] K. M. Price, S. Najmaei, C. E. Ekuma, R. A. Burke, M. Dubey, and A. D. Franklin, “Plasma-Enhanced 

Atomic Layer Deposition of HfO₂ on Monolayer, Bilayer, and Trilayer MoS₂ for the Integration of 

High-κ Dielectrics in Two-Dimensional Devices,” ACS Appl. Nano Mater., vol. 2, pp. 4085–4094, 

2019, doi: 10.1021/acsanm.9b00505. 

[131] Y. J. Lin and T. H. Su, “Interface modification of MoS₂/SiO₂ leading to conversion of conduction type 

of MoS₂,” Appl. Surf. Sci., vol. 387, pp. 661–665, 2016, doi: 10.1016/j.apsusc.2016.06.147. 

[132] Z. Zeng, Z. Yin, X. Huang, H. Li,  . He, G. Lu, F. Boey, and H. Zhang, “Single-layer semiconducting 

nanosheets: High-yield preparation and device fabrication,” Angew. Chemie - Int. Ed., vol. 50, pp. 

11093–11097, 2011, doi: 10.1002/anie.201106004. 

[133] K. Dolui, I. Rungger, and S. Sanvito, “Origin of the n-type and p-type conductivity of MoS₂ monolayers 

on a SiO₂ substrate,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 87, Art. no. 165402, 2013, doi: 

10.1103/PhysRevB.87.165402. 



X. Niu Bibliography 
 

142 

 

[134] D. Jena and A. Konar, “Enhancement of carrier mobility in semiconductor nanostructures by dielectric 

engineering,” Phys. Rev. Lett., vol. 98, Art. no. 136805, 2007, doi: 10.1103/PhysRevLett.98.136805. 

[135] H. Y. Lan, J. Appenzeller, and Z. Chen, “Dielectric Interface Engineering for High-Performance 

Monolayer MoS₂ Transistors via hBN Interfacial Layer and Ta Seeding,” in 2022 IEEE International 

Electron Devices Meeting (IEDM), IEEE, 2022, pp.166–169. doi: 

10.1109/IEDM45625.2022.10019439. 

[136] A. Alkauskas, P. Broqvist, and A. Pasquarello, “Alignment of defect energy levels at Si-SiO₂ interface 

from hybrid density functional calculations,” AIP Conf. Proc., vol. 1199, pp. 79–80, 2009, doi: 

10.1063/1.3295562. 

[137] D. Yang, Handbook of Photovoltaic Silicon. Berlin, Heidelberg: Springer Berlin Heidelberg, 2019. doi: 

10.1007/978-3-662-56472-1. 

[138] Y. Kuo and H. H. Lee, “Plasma-enhanced chemical vapor deposition of silicon nitride below 250°C,” 

Vacuum, vol. 66, pp. 299–303, 2002, doi: 10.1016/S0042-207X(02)00134-3. 

[139] M. M. Shahin, “Mass-spectrometric studies of corona discharges in air at atmospheric pressures,” J. 

Chem. Phys., vol. 45, no. 7, pp. 2600–2605, 1966, doi: 10.1063/1.1727980. 

[140] M. C. Soult, J. Wojcik, A. Morata, V. Siller, X. Zhu, R. Gehlhaar, A. Tarancón, and P. M. Vereecken, 

“Spectroscopic Ellipsometry for Operando Monitoring of (De) Electrodes,” J. Electrochem. Soc., vol. 

169, Art. no. 040501, 2022, doi: 10.1149/1945-7111/ac5ceb. 

[141] D. Gonçalves and E. A. Irene, “Fundamentals and applications of spectroscopic ellipsometry,” Quim. 

Nova, vol. 25, no. 5, pp. 794–800, 2002, doi: 10.1590/S0100-40422002000500015. 

[142] Film Sense, “What is Ellipsometry?” Accessed: Feb. 22, 2025. [Online]. Available: https://film-

sense.com/ellipsometry-technology/ 

[143] “Refractive Index Data Base.” Accessed: Feb. 22, 2025. [Online]. Available: http://refractiveindex.info 

[144] M. L. C. Cushman, N. Smith, M. Kaykhaii, N. Podraza, “An Introduction to Modelling in Spectroscopic 

Ellipsometry, Focusing on Models for Transparent Materials: the Cauchy and Sellmeier Models,” Vac. 

Technol. Coat., no. 7, pp. 2–9, 2016. 

[145] H. Nagel, C. Berge, and A. G. Aberle, “Generalized analysis of quasi-steady-state and quasi-transient 

measurements of carrier lifetimes in semiconductors,” J. Appl. Phys., vol. 86, no. 11, pp. 6218–6221, 

1999, doi: 10.1063/1.371633. 

[146] SintonInstrument, “WCT-120 User Manual,” Boulder, CO, USA, 2012. 

[147] “Oxford interfaces lab: Sinton analysis,” SintonTeff_5. [Online]. Available: 

https://github.com/OxfordInterfacesLab/SintonAnalysis 



X. Niu Bibliography 
 

143 

 

[148] R. S. Bonilla, “Controlling Surface Carrier Density via a PEDOT:PSS Gate: An Application to the 

Study of Silicon-Dielectric Interface Recombination,” Sol. RRL, vol. 2, Art. no. 1800172, 2018, doi: 

10.1002/solr.201800172. 

[149] R. S. Bonilla and P. R. Wilshaw, “On the c-Si/SiO₂ interface recombination parameters from photo-

conductance decay measurements,” J. Appl. Phys., vol. 121, Art. no. 135301, 2017, doi: 

10.1063/1.4979722. 

[150] M. Yu, S. McNab, I. Al-Dhahir, C. E. Patrick, P. P. Altermatt, and R. S. Bonilla, “Extracting band-tail 

interface state densities from measurements and modelling of space charge layer resistance,” Sol. 

Energy Mater. Sol. Cells, vol. 231, Art. no. 111307, 2021, doi: 10.1016/j.solmat.2021.111307. 

[151] R. S. Bonilla, I. Al-Dhahir, M. Yu, P. Hamer, and P. P. Altermatt, “Charge fluctuations at the Si–SiO₂ 

interface and its effect on surface recombination in solar cells,” Sol. Energy Mater. Sol. Cells, vol. 215, 

Art. no. 110649, 2020, doi: 10.1016/j.solmat.2020.110649. 

[152] R. B. M. Girisch, R. P. Mertens, and R. F. De Keersmaecker, “Determination of Si-SiO₂ Interface 

Recombination Parameters Using a Gate-Controlled Point-Junction Diode Under Illumination,” IEEE 

Trans. Electron Devices, vol. 35, no. 2, pp. 203–222, 1988, doi: 10.1109/16.2441. 

[153] “Oxford interfaces lab: SRV analysis,” srv_app25. [Online]. Available: 

https://github.com/OxfordInterfacesLab/SRV_Matlab_App 

[154] L. Stauffer, “Fundamentals of Semiconductor C-V Measurements,” Eval. Eng., vol. 47, no. 12, p. 20, 

2009, [Online]. Available: https://www.scientific-devices.com.au/pdfs/WeTransfer-

NZvJB6Cw/Capacitance/Fundamentals of CV Measurement.pdf 

[155] R. S. Bonilla, N. Jennison, D. Clayton-Warwick, K. A. Collett, L. Rands, and P. R. Wilshaw, “Corona 

Charge in SiO₂: Kinetics and Surface Passivation for High Efficiency Silicon Solar Cells,” Energy 

Procedia, vol. 92, pp. 326–335, 2016, doi: 10.1016/j.egypro.2016.07.090. 

[156] D. Neamen, Semiconductors Physics and Devices, Fourth. New York, USA: McGraw-Hill, 2003. 

[157] E. H. Nicollian and J. R. Brews, MOS (metal oxide semiconductor) Physics and Technology. New York, 

USA: Wiley-Interscience, 2002. 

[158] Z. Zhang and J. T. Yates, “Band bending in semiconductors: Chemical and physical consequences at 

surfaces and interfaces,” Chem. Rev., vol. 112, pp. 5520–5551, 2012, doi: 10.1021/cr3000626. 

[159] X. Zhang and J. Song, “The effect of surface recombination on surface photovoltage in 

semiconductors,” J. Appl. Phys., vol. 70, pp. 4632–4633, 1991, doi: 10.1063/1.349074. 

[160] R. S. Bonilla, “Modelling of Kelvin probe surface voltage and photovoltage in dielectric-semiconductor 

interfaces,” Mater. Res. Express, vol. 9, Art. no. 085901, Aug. 2022, doi: 10.1088/2053-1591/ac84c8. 

[161] M. A. Pimenta, E. Del Corro, B. R. Carvalho, C. Fantini, and L. M. Malard, “Comparative study of 



X. Niu Bibliography 
 

144 

 

raman spectroscopy in graphene and MoS₂-type transition metal dichalcogenides,” Acc. Chem. Res., 

vol. 48, pp. 41–47, 2015, doi: 10.1021/ar500280m. 

[162] F. Paquin, J. Rivnay, A. Salleo, N. Stingelin, and C. Silva, “Multi-phase semicrystalline microstructures 

drive exciton dissociation in neat plastic semiconductors,” Chem. Soc. Rev., vol. 44, no. 9, pp. 2757–

2785, 2015, doi: 10.1039/b000000x. 

[163] A. K. Rocha Robledo, M. F. Salazar, B. A. Muñiz Martínez, Á. A. Torres-Rosales, H. F. Lara-Alfaro, 

O. Del Pozo-Zamudio, E. A. Cerda-Méndez, S. Jiménez-Sandoval, and A. De Luna Bugallo, “Interlayer 

charge transfer in supported and suspended MoS₂/Graphene/MoS₂ vertical heterostructures,” PLoS 

One, vol. 18, no. 7, Art. no. e0283834, 2023, doi: 10.1371/journal.pone.0283834. 

[164] D. Kaplan, Y. Gong, K. Mills, V. Swaminathan, P. M. Ajayan, S. Shirodkar, and E. Kaxiras, “Excitation 

intensity dependence of photoluminescence from monolayers of MoS₂ and WS₂/MoS₂ 

heterostructures,” 2D Mater., vol. 3, Art. no. 015005, 2016, doi: 10.1088/2053-1583/3/1/015005. 

[165] K. F. Mak, K. He, C. Lee, G. H. Lee, J. Hone, T. F. Heinz, and J. Shan, “Tightly bound trions in 

monolayer MoS₂,” Nat. Mater., vol. 12, pp. 207–211, 2013, doi: 10.1038/nmat3505. 

[166] K. C. Kao, Dielectric Phenomena in Solids: With Emphasis on Physical Concepts of Electronic 

Processes, 1st ed. Amsterdam: Elsevier Academic Press, 2004. [Online]. Available: 

https://www.sciencedirect.com/science/article/pii/B9780123965615500153 

[167] K. Buchtela, “Gas Ionization Detectors,” in Handbook of Radioactivity Analysis, Second Edi., Elsevier, 

2003, pp.123–178. doi: 10.1016/B978-012436603-9/50007-7. 

[168] A. J. Zuckerwar, “Acoustical Measurement,” in Encyclopedia of Physical Science and Technology, 3rd 

ed., R. A. Meyers, Ed., Academic Press, 2003, pp.91–115. doi: 10.1016/B0-12-227410-5/00008-9. 

[169] S. Zhang, N. A. Rind, N. Tang, H. Liu, X. Yin, J. Yu, and B. Ding, “Electrospun Nanofibers for Air 

Filtration,” in Electrospinning: Nanofabrication and Applications, Amsterdam: William Andrew, 

2019, pp.365–389. doi: 10.1016/B978-0-323-51270-1.00012-1. 

[170] A. Goswami and P. Sen, “Energy Harvesting Using Droplet,” in Nanomaterials for Green Energy, New 

York, USA: Elsevier, 2018, pp.113–143. doi: 10.1016/B978-0-12-813731-4.00004-7. 

[171] M. Eguchi, “ XX. On the permanent electret ,” London, Edinburgh, Dublin Philos. Mag. J. Sci., vol. 

49, no. 289, pp. 178–192, 1925, doi: 10.1080/14786442508634594. 

[172] D. R. Kerr, “Effect of Temperature and Bias on Glass-Silicon Interfaces,” IBM J. Res. Dev., pp. 385–

393, 1964, doi: 10.1147/rd.84.0385. 

[173] E. H. Snow, A. S. Grove, B. E. Deal, and C. T. Sah, “Ion Transport Phenomena in Insulating Films,” 

vol. 36, no. 5, pp. 1644–1673, 1965, doi: 10.1063/1.1703105. 

[174] F. Liang, H. Y. Li, Y. Wang, S. Y. Kuang, Y. J. Fan, Z. L. Wang, and G. Zhu, “Charge Distribution 



X. Niu Bibliography 
 

145 

 

and Stability of SiO₂ Nanoarray Electret,” ChemNanoMat, vol. 6, pp. 212–217, 2020, doi: 

10.1002/cnma.201900632. 

[175] R. S. Bonilla, “Surface passivation for silicon solar cells,” Dphil Thesis, Department of Materials, 

Univerisity of Oxford, 2015. 

[176] I. Al-Dhahir, X. Niu, M. Yu, S. McNab, Y. Lin, P. P. Altermatt, C. E. Patrick, and R. S. Bonilla, “Ion-

Charged Dielectric Nanolayers for Enhanced Surface Passivation in High Efficiency Photovoltaic 

Devices,” Adv. Mater. Interfaces, vol. 10, Art. no. 2300037, 2023, doi: 10.1002/admi.202300037. 

[177] K. J. Weber, H. Jin, C. Zhang, N. M. Nursam, W. E. Jellet, and K. R. Macintosh, “Surface passivation 

using dielectric films: How much charge is enough?,” in 24th European Photovoltaic Solar Energy 

Conference, 2009, pp.534–537. 

[178] X. Li, Y. Wang, M. Xu, Y. Shi, H. Wang, X. Yang, H. Ying, and  . Zhang, “Polymer electrets and 

their applications,” J. Appl. Polym. Sci., vol. 138, Art. no. e50406, 2021, doi: 10.1002/app.50406. 

[179] B. L. Henson, “A derivation of Warburg’s law for point to plane coronas,” J. Appl. Phys., vol. 52, pp. 

3921–3923, 1981, doi: 10.1063/1.329241. 

[180] Y. H. Su, C. E. Chung, W. C. Ko, C. H. Yang, W. J. Wu, and C. K. Lee, “Injecting charges on large-

area electret thin film by corona multi-pin discharge method,” Annu. Rep. - Conf. Electr. Insul. Dielectr. 

Phenomena, CEIDP, pp. 1–4, 2010, doi: 10.1109/CEIDP.2010.5723969. 

[181] T. C. Kho, S. C. Baker-Finch, and K. R. McIntosh, “The study of thermal silicon dioxide electrets 

formed by corona discharge and rapid-thermal annealing,” J. Appl. Phys., vol. 109, Art. no. 053108, 

2011, doi: 10.1063/1.3559260. 

[182] H. Amjadi and C. Thielemann, “Silicon-based inorganic electrets for application in micromachined 

devices,” IEEE Trans. Dielectr. Electr. Insul., vol. 3, no. 4, pp. 494–498, 1996, doi: 10.1109/94.536727. 

[183] G. Dingemans and W. M. M. Kessels, “Status and prospects of Al₂O₃-based surface passivation 

schemes for silicon solar cells,” J. Vac. Sci. Technol. A Vacuum, Surfaces, Film., vol. 30, Art. no. 

040802, 2012, doi: 10.1116/1.4728205. 

[184] Y. C. Huang and R. W. Chuang, “Study on annealing process of aluminum oxide passivation layer for 

perc solar cells,” Coatings, vol. 11, Art. no. 1052, 2021, doi: 10.3390/coatings11091052. 

[185] D. Hiller, P. Hönicke, and D. König, “Material combination of Tunnel-SiO₂ with a (sub-)Monolayer of 

ALD-AlOₓ on silicon offering a highly passivating hole selective contact,” Sol. Energy Mater. Sol. 

Cells, vol. 215, Art. no. 110654, 2020, doi: 10.1016/j.solmat.2020.110654. 

[186] J. Xu, S. Li, W. Zhang, S. Yan, C. Liu, X. Yuan, X. Ye, and H. Li, “The impact of deposition and 

annealing temperature on the growth properties and surface passivation of silicon dioxide films 

obtained by atomic layer deposition,” Appl. Surf. Sci., vol. 544, Art. no. 148889, 2021, doi: 



X. Niu Bibliography 
 

146 

 

10.1016/j.apsusc.2020.148889. 

[187] S. Li, J. Xu, L. Wang, N. Yang, X. Ye, X. Yuan, H. Xiang, C. Liu, and H. Li, “Effect of post-deposition 

annealing on atomic layer deposited SiO₂ film for silicon surface passivation,” Mater. Sci. Semicond. 

Process., vol. 106, Art. no. 104777, 2020, doi: 10.1016/j.mssp.2019.104777. 

[188] R. S. Bonilla, C. Reichel, M. Hermle, P. Hamer, and P. R. Wilshaw, “Long term stability of c-Si surface 

passivation using corona charged SiO₂,” Appl. Surf. Sci., vol. 412, pp. 657–667, 2017, doi: 

10.1016/j.apsusc.2017.03.204. 

[189] V. Naumann, M. Schütze, A. Hähnel, S. Lange, A. Müller, and C. Hagendorf, “Analyses and Excess 

Oxygen Investigations by Scanning Transmission Electron Microscopy and Electron Energy Loss 

Spectroscopy at AlOₓ/Si Interfaces in Passivated Emitter and Rear Solar Cells,” Phys. Status Solidi 

Appl. Mater. Sci., vol. 218, Art. no. 2100223, 2021, doi: 10.1002/pssa.202100223. 

[190] T. M. Borisova and R. A. Castro, “Mechanism of charge transport in Si/Al₂O₃/Al structures,” in Journal 

of Physics: Conference Series, 2013, pp.012017 1–5. doi: 10.1088/1742-6596/461/1/012017. 

[191] P. Fiorenza, F. Giannazzo, S. Cascino, M. Saggio, and F. Roccaforte, “Identification of two trapping 

mechanisms responsible of the threshold voltage variation in SiO₂/4H-SiC MOSFETs,” Appl. Phys. 

Lett., vol. 117, Art. no. 103502, 2020, doi: 10.1063/5.0012399. 

[192] Y. Yue, Y. Song, and X. Zuo, “First principles study of oxygen vacancy defects in amorphous SiO₂,” 

AIP Adv., vol. 7, Art. no. 015309, Jan. 2017, doi: 10.1063/1.4975147. 

[193] A. Padovani, L. Larcher, G. Bersuker, and P. Pavan, “Charge transport and degradation in HfO₂ and 

HfOₓ dielectrics,” IEEE Electron Device Lett., vol. 34, no. 5, pp. 680–682, 2013, doi: 

10.1109/LED.2013.2251602. 

[194] D. Vuillaume, D. Goguenheim, and J. C. Bourgoin, “Nature of the defects generated by electric field 

stress at the Si-SiO₂ interface,” Appl. Phys. Lett., vol. 58, pp. 490–492, 1991, doi: 10.1063/1.104617. 

[195] D. Z. Gao, J. Strand, M. S. Munde, and A. L. Shluger, “Mechanisms of oxygen vacancy aggregation in 

SiO₂ and HfO₂,” Front. Phys., vol. 7, no. 43, pp. 1–10, 2019, doi: 10.3389/fphy.2019.00043. 

[196] X. Ru, M. Yang, S. Yin, Y. Wang, C. Hong, F. Peng, Y. Yuan, C. Sun, C. Xue, M. Qu, et al., “Silicon 

heterojunction solar cells achieving 26.6% efficiency on commercial-size p-type silicon wafer,” Joule, 

vol. 8, pp. 1092–1104, 2024, doi: 10.1016/j.joule.2024.01.015. 

[197] A. Richter, J. Benick, and M. Hermle, “Boron emitter passivation with Al₂O₃ and Al₂O₃/SiNx stacks 

using ALD Al₂O₃,” IEEE J. Photovoltaics, vol. 3, no. 1, pp. 236–245, 2013, doi: 

10.1109/JPHOTOV.2012.2226145. 

[198] A. Richter, J. Benick, M. Hermle, and S. W. Glunz, “Excellent silicon surface passivation with 5 Å thin 

ALD Al₂O₃ layers: Influence of different thermal post-deposition treatments,” Phys. Status Solidi - 



X. Niu Bibliography 
 

147 

 

Rapid Res. Lett., vol. 5, no. 5–6, pp. 202–204, 2011, doi: 10.1002/pssr.201105188. 

[199] P. Masuch, C. Reichel, R. S. Bonilla, A. Richter, and J. Benick, “Bias-voltage photoconductance and 

photoluminescence for the determination of silicon-dielectric interface properties in SiO₂/Al₂O₃ 

stacks,” J. Appl. Phys., vol. 134, Art. no. 075705, 2023, doi: 10.1063/5.0153204. 

[200] J. Schmidt, F. Werner, B. Veith, D. Zielke, S. Steingrube, P. P. Altermatt, S. Gatz, T. Dullweber, and 

R. Brendel, “Advances in the surface passivation of silicon solar cells,” in 23rd European Photovoltaic 

Solar Energy Conference, 2008, pp.974–981. doi: 10.1016/j.egypro.2012.02.004. 

[201] X. Loozen, J. B. Larsen, F. Dross, M. Aleman, T. Bearda, B. J. O’Sullivan, I. Gordon, and J. Poortmans, 

“Passivation of a metal contact with a tunneling layer,” Energy Procedia, vol. 21, pp. 75–83, 2012, doi: 

10.1016/j.egypro.2012.05.010. 

[202] A. Richter, S. W. Glunz, F. Werner, J. Schmidt, and A. Cuevas, “Improved quantitative description of 

Auger recombination in crystalline silicon,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 86, Art. 

no. 165202, 2012, doi: 10.1103/PhysRevB.86.165202. 

[203] G. Agostinelli, A. Delabie, P. Vitanov, Z. Alexieva, H. F. W. Dekkers, S. De Wolf, and G. Beaucarne, 

“Very low surface recombination velocities on p-type silicon wafers passivated with a dielectric with 

fixed negative charge,” Sol. Energy Mater. Sol. Cells, vol. 90, pp. 3438–3443, 2006, doi: 

10.1016/j.solmat.2006.04.014. 

[204] S. Mcnab, X. Niu, E. Khorani, A. Wratten, A. Morisset, N. E. Grant, J. D. Murphy, P. P. Altermatt, M. 

Wright, P. R. Wilshaw, et al., “SiNₓ and AlOₓ Nanolayers in Hole Selective Passivating Contacts for 

High Efficiency Silicon Solar Cells,” IEEE J. Photovoltaics, vol. 13, no. 1, pp. 22–32, 2023, doi: 

10.1109/JPHOTOV.2022.3226706. 

[205] A. Richter, R. Müller, J. Benick, F. Feldmann, B. Steinhauser, C. Reichel, A. Fell, M. Bivour, M. 

Hermle, and S. W. Glunz, “Design rules for high-efficiency both-sides-contacted silicon solar cells 

with balanced charge carrier transport and recombination losses,” Nat. Energy, vol. 6, pp. 429–438, 

2021, doi: 10.1038/s41560-021-00805-w. 

[206] G. Dingemans, F. Einsele, W. Beyer, M. C. M. van de Sanden, and W. M. M. Kessels, “Influence of 

annealing and Al₂O₃ properties on the hydrogen-induced passivation of the Si/SiO₂ interface,” J. Appl. 

Phys., vol. 111, Art. no. 093713, May 2012, doi: 10.1063/1.4709729. 

[207] H. Huang, C. Modanese, S. Sun, G. von Gastrow, J. Wang, T. P. Pasanen, S. Li, L. Wang, Y. Bao, Z. 

Zhu, et al., “Effective passivation of p+ and n+ emitters using SiO₂/Al₂O₃/SiNₓ stacks: Surface 

passivation mechanisms and application to industrial p-PERT bifacial Si solar cells,” Sol. Energy 

Mater. Sol. Cells, vol. 186, pp. 356–364, 2018, doi: 10.1016/j.solmat.2018.07.007. 

[208] G. P. Gakis, C. Vahlas, H. Vergnes, S. Dourdain, Y. Tison, H. Martinez, J. Bour, D. Ruch, A. G. 

Boudouvis, B. Caussat, et al., “Investigation of the initial deposition steps and the interfacial layer of 



X. Niu Bibliography 
 

148 

 

Atomic Layer Deposited (ALD) Al₂O₃ on Si,” Appl. Surf. Sci., vol. 492, pp. 245–254, 2019, doi: 

10.1016/j.apsusc.2019.06.215. 

[209] H. Kobayashi, Asuha, O. Maida, M. Takahashi, and H. Iwasa, “Nitric acid oxidation of Si to form 

ultrathin silicon dioxide layers with a low leakage current density,” J. Appl. Phys., vol. 94, no. 11, pp. 

7328–7335, 2003, doi: 10.1063/1.1621720. 

[210] L. Song, Z. Hu, D. Lin, D. Yang, and X. Yu, “Progress of hydrogenation engineering in crystalline 

silicon solar cells: a review,” J. Phys. D. Appl. Phys., vol. 55, Art. no. 453002, 2022, doi: 10.1088/1361-

6463/ac9066. 

[211] R. S. Bonilla and B. Hoex, “Hydrogen passivation of silicon surfaces,” Hydrog. Passiv. Laser Doping 

Silicon Sol. Cells, pp. 75–114, 2021, doi: 10.1049/pbpo134e_ch3. 

[212] P. Hamer, G. Bourret-Sicotte, G. Martins, A. Wenham, R. S. Bonilla, and P. Wilshaw, “A novel source 

of atomic hydrogen for passivation of defects in silicon,” Phys. Status Solidi - Rapid Res. Lett., vol. 11, 

no. 5, Art. no. 1600448, 2017, doi: 10.1002/pssr.201600448. 

[213] D. Schuldis, A. Richter, J. Benick, P. Saint-Cast, M. Hermle, and S. W. Glunz, “Properties of the c-

Si/Al₂O₃ interface of ultrathin atomic layer deposited Al₂O₃ layers capped by SiNₓ for c-Si surface 

passivation,” Appl. Phys. Lett., vol. 105, Art. no. 231601, 2014, doi: 10.1063/1.4903483. 

[214] S. W. G. A. Richter, F. M. M. Sourrati, D. Schuldt, R. M. W. Görtzgen, J. Benick, M. Hermle, “Thermal 

stability of spatial ALD deposited Al₂O₃ capped by PECVD SiNₓ for the passivation of lowly- and 

highly-doped p-type silicon surfaces,” in 27th European PV Solar Energy Conference and Exhibition, 

Frankfurt, 2012, pp.1133–1137. doi: 10.4229/27thEUPVSEC2012-2AV.5.25. 

[215] T. Dullweber and J. Schmidt, “Industrial Silicon Solar Cells Applying the Passivated Emitter and Rear 

Cell (PERC) Concept-A Review,” IEEE J. Photovoltaics, vol. 6, no. 5, pp. 1366–1381, 2016, doi: 

10.1109/JPHOTOV.2016.2571627. 

[216] G. M. Shedd, C. Kosik-Williams, J. E. Webb, P. A. Hajcak, M. F. Krol, A. Funcell, and C. Kedir, “Na-

free glass for elimination of potential induced degradation,” in 2017 IEEE 44th Photovoltaic Specialist 

Conference, PVSC, Washington, DC, USA, IEEE, 2017, pp.322–325. doi: 

10.1109/PVSC.2017.8366153. 

[217] K. Arafune, S. Miki, R. Matsutani, J. Hamano, H. Yoshida, T. Tachibana, H. Ju Lee, A. Ogura, Y. 

Ohshita, and S. I. Satoh, “Surface recombination of crystalline silicon substrates passivated by atomic-

layer-deposited AlOₓ,” Jpn. J. Appl. Phys., vol. 51, Art. no. 04D906, 2012, doi: 

10.1143/JJAP.51.04DP06. 

[218] F. Werner, B. Veith, D. Zielke, L. Kühnemund, C. Tegenkamp, M. Seibt, R. Brendel, and J. Schmidt, 

“Electronic and chemical properties of the c-Si/Al₂O₃ interface,” J. Appl. Phys., vol. 109, Art. no. 

113701, 2011, doi: 10.1063/1.3587227. 



X. Niu Bibliography 
 

149 

 

[219] G. Morello, “Hydrogen content of amorphous PECVD SiNₓ:H films by infrared spectroscopy and 

hydrogen forward scattering results,” J. Non. Cryst. Solids, vol. 187, pp. 308–312, 1995, doi: 

10.1016/0022-3093(95)00155-7. 

[220] U. Varshney, C. Chan, B. Hoex, B. Hallam, P. Hamer, A. Ciesla, D. Chen, S. Liu, C. Sen, A. Samadi, 

et al., “Controlling Light- And Elevated-Temperature-Induced Degradation with Thin Film Barrier 

Layers,” IEEE J. Photovoltaics, vol. 10, no. 1, pp. 19–27, 2020, doi: 

10.1109/JPHOTOV.2019.2945199. 

[221] P. W. Peacock and J. Robertson, “Behavior of hydrogen in high dielectric constant oxide gate 

insulators,” Appl. Phys. Lett., vol. 83, pp. 2025–2027, 2003, doi: 10.1063/1.1609245. 

[222] M. Stavola, “Hydrogen Passivation in Semiconductors,” Acta Phys. Pol. A, vol. 82, no. 4, pp. 585–598, 

1992, doi: 10.12693/aphyspola.82.585. 

[223] H. C. Sio, “Carrier Recombination in Multicrystalline Silicon : A Study using Photoluminescence 

Imaging,” PhD Dissertation, The Australian National University, 2015. [Online]. Available: 

http://hdl.handle.net/1885/101930 

[224] N. E. Grant, S. L. Pain, E. Khorani, R. Jefferies, A. Wratten, S. McNab, D. Walker, Y. Han, R. 

Beanland, R. S. Bonilla, et al., “Activation of Al₂O₃ surface passivation of silicon: Separating bulk and 

surface effects,” Appl. Surf. Sci., vol. 645, Art. no. 158786, 2024, doi: 10.1016/j.apsusc.2023.158786. 

[225] R. S. Bonilla, I. Al-Dhahir, X. Niu, P. P. Altermatt, and P. Hamer, “Enhancing dielectric-silicon 

interfaces through surface electric fields during firing,” Sol. Energy Mater. Sol. Cells, vol. 269, Art. no. 

112799, 2024, doi: 10.1016/j.solmat.2024.112799. 

[226] I. R. Al-dhahir, “Exploiting Extrinsic Passivation on Thin Film Dielectrics for High Efficiency Solar 

Cells,” Dphil Thesis, Department of Materials, University of Oxford, 2021. 

[227] L. E. Black, “New Perspectives on Surface Passivation: Understanding the Si-Al₂O₃ Interface,” PhD 

Dissertation, The Australian National University, 2015. [Online]. Available: 

http://dx.doi.org/10.1016/j.commatsci.2013.12.059 

[228] F. L. Martínez, E. San Andrés, A. Del Prado, I. Mártil, D. Bravo, and F. J. López, “Temperature effects 

on the electrical properties and structure of interfacial and bulk defects in Al/SiNₓ:H/Si devices,” J. 

Appl. Phys., vol. 90, no. 3, pp. 1573–1581, 2001, doi: 10.1063/1.1380992. 

[229] G. Brauer, F. Kerbe, Z. Kajcsos, and A. Ashry, “Effect of a post-deposition anneal on Al₂O₃/Si Interface 

proerties,” in 35th PVSC, June 20-25, 2010, Honolulu, Hawaii Effect, 2010, pp.000891–000896. doi: 

10.1515/9783112501788-014. 

[230] B. Liao, R. Stangl, F. Ma, T. Mueller, F. Lin, A. G. Aberle, C. S. Bhatia, and B. Hoex, “Excellent c-Si 

surface passivation by thermal atomic layer deposited aluminum oxide after industrial firing 



X. Niu Bibliography 
 

150 

 

activation,” J. Phys. D. Appl. Phys., vol. 46, Art. no. 385102, 2013, doi: 10.1088/0022-

3727/46/38/385102. 

[231] C. H. Cho, B. H. Kim, T. W. Kim, S. J. Park, N. M. Park, and G. Y. Sung, “Effect of hydrogen 

passivation on charge storage in silicon quantum dots embedded in silicon nitride film,” Appl. Phys. 

Lett., vol. 86, Art. no. 143107, 2005, doi: 10.1063/1.1894595. 

[232] N. M. Park, S. H. Jeon, H. Hwang, S. H. Choi, and S. J. Park, “Charging effect in amorphous silicon 

quantum dots embedded in silicon nitride,” J. Korean Phys. Soc., vol. 42, pp. 361–366, 2003, doi: 

10.1557/proc-638-f5.14.1. 

[233] P. P. Altermatt, A. G. Aberle, J. Zhao, A. Wang, and G. Heiser, “A numerical model of p-n junctions 

bordering on surfaces,” Sol. Energy Mater. Sol. Cells, vol. 74, pp. 165–174, 2002, doi: 10.1016/S0927-

0248(02)00061-2. 

[234] M. L. Reed and J. D. Plummer, “Chemistry of Si-SiO₂ interface trap annealing,” J. Appl. Phys., vol. 63, 

no. 12, pp. 5776–5793, 1988, doi: 10.1063/1.340317. 

[235] M. Choi, A. Janotti, and C. G. Van De Walle, “Native point defects and dangling bonds in α-Al₂O₃,” J. 

Appl. Phys., vol. 113, Art. no. 044501, 2013, doi: 10.1063/1.4784114. 

[236] B. Hoex, M. Bosman, N. Nandakumar, and W. M. M. Kessels, “Silicon surface passivation by 

aluminium oxide studied with electron energy loss spectroscopy,” Phys. Status Solidi - Rapid Res. Lett., 

vol. 7, no. 11, pp. 937–941, 2013, doi: 10.1002/pssr.201308081. 

[237] K. Kimoto, Y. Matsui, T. Nabatame, T. Yasuda, T. Mizoguchi, I. Tanaka, and A. Toriumi, 

“Coordination and interface analysis of atomic-layer-deposition Al₂O₃ on Si(001) using energy-loss 

near-edge structures,” Appl. Phys. Lett., vol. 83, no. 21, pp. 4306–4308, 2003, doi: 10.1063/1.1629397. 

[238] M. Worch, H. J. Engelmann, W. Blum, and E. Zschech, “Cross-sectional thin film characterization of 

Si compounds in semiconductor device structures using both elemental and ELNES mapping by 

EFTEM,” Thin Solid Films, vol. 405, pp. 198–204, 2002, doi: 10.1016/S0040-6090(01)01680-7. 

[239] J. Park, S. Heo, J. G. Chung, and G. S. Park, “Electron energy loss spectroscopy characterization of 

TANOS (TaN/Al₂O₃/Si₃N₄/SiO₂/Si) stacks,” Microsc. Microanal., vol. 19, no. 5, pp. 109–113, 2013, 

doi: 10.1017/S1431927613012440. 

[240] H. H. Nguyen, R. Jayapal, N. S. Dang, V. D. Nguyen, T. T. Trinh, K. Jang, and J. Yi, “Investigation of 

charge storage and retention characteristics of silicon nitride in NVM based on InGaZnO channels for 

system-on-panel applications,” Microelectron. Eng., vol. 98, pp. 34–40, 2012, doi: 

10.1016/j.mee.2012.05.058. 

[241] A. Ek, C. Reichel, A. Richter, and J. Benick, “Influence of layer thickness on passivation properties in 

SiOₓ/Al₂O₃ stacks,” J. Appl. Phys., vol. 127, Art. no. 235303, 2020, doi: 10.1063/1.5135391. 



X. Niu Bibliography 
 

151 

 

[242] I. Jonak-Auer, R. Meisels, and F. Kuchar, “Determination of the hydrogen concentration of silicon 

nitride layers by Fourier transform infrared spectroscopy,” Infrared Phys. Technol., vol. 38, pp. 223–

226, 1997, doi: 10.1016/S1350-4495(97)00011-X. 

[243] M. Schnabel, B. W. H. Van De Loo, W. Nemeth, B. Macco, P. Stradins, W. M. M. Kessels, and D. L. 

Young, “Hydrogen passivation of poly-Si/SiOₓ contacts for Si solar cells using Al₂O₃ studied with 

deuterium,” Appl. Phys. Lett., vol. 112, Art. no. 203901, 2018, doi: 10.1063/1.5031118. 

[244] S. Pal, J. Barrirero, M. Lehmann, Q. Jeangros, N. Valle, F. J. Haug, A. Hessler-Wyser, C. N. Shyam 

Kumar, F. Mücklich, T. Wirtz, et al., “ uantification of hydrogen in nanostructured hydrogenated 

passivating contacts for silicon photovoltaics combining SIMS-APT-TEM: A multiscale correlative 

approach,” Appl. Surf. Sci., vol. 555, Art. no. 149650, 2021, doi: 10.1016/j.apsusc.2021.149650. 

[245] M. Lehmann, N. Valle, J. Horzel, A. Pshenova, P. Wyss, M. Döbeli, M. Despeisse, S. Eswara, T. Wirtz, 

Q. Jeangros, et al., “Analysis of hydrogen distribution and migration in fired passivating contacts 

(FPC),” Sol. Energy Mater. Sol. Cells, vol. 200, Art. no. 110018, 2019, doi: 

10.1016/j.solmat.2019.110018. 

[246] Y. Shi, M. E. Jones, M. S. Meier, M. Wright, J. I. Polzin, W. Kwapil, C. Fischer, M. C. Schubert, C. 

Grovenor, M. Moody, et al., “Towards accurate atom scale characterisation of hydrogen passivation of 

interfaces in TOPCon architectures,” Sol. Energy Mater. Sol. Cells, vol. 246, Art. no. 111915, 2022, 

doi: 10.1016/j.solmat.2022.111915. 

[247] Y. Shi, M. Wright, M. K. Sharpe, C. D. McAleese, J. I. Polzin, X. Niu, Z. Zhao, S. M. Morris, and R. 

S. Bonilla, “Characterization of solar cell passivating contacts using time-of-flight elastic recoil 

detection analysis,” Appl. Phys. Lett., vol. 123, Art. no. 261106, 2023, doi: 10.1063/5.0174131. 

[248] C. G. Van De Walle, “Universal alignment of hydrogen levels in semiconductors and insulators,” Phys. 

B Condens. Matter, vol. 423, pp. 626–628, 2006, doi: 10.1016/j.physb.2005.12.004. 

[249] G. Dingemans, M. C. M. van de Sanden, and W. M. M. Kessels, “Excellent Si surface passivation by 

low temperature SiO₂ using an ultrathin Al₂O₃ capping film,” Phys. status solidi – Rapid Res. Lett., vol. 

5, no. 1, pp. 22–24, Jan. 2011, doi: 10.1002/pssr.201004378. 

[250] R. Tong, S. Zhang, D. Liu, W. Zhang, Y. Wang, and X. Liu, “Tuning back side passivation for 

enhancing the performance of PERC solar cells,” Sol. Energy Mater. Sol. Cells, vol. 231, Art. no. 

111319, Oct. 2021, doi: 10.1016/j.solmat.2021.111319. 

[251] H. Jin, K. J. Weber, N. C. Dang, and W. E. Jellett, “Defect generation at the Si-SiO₂ interface following 

corona charging,” Appl. Phys. Lett., vol. 90, Art. no. 262109, 2007, doi: 10.1063/1.2749867. 

[252] L. E. Black and K. R. McIntosh, “Defect generation at charge-passivated Si-SiO₂ interfaces by 

ultraviolet light,” IEEE Trans. Electron Devices, vol. 57, no. 8, pp. 1996–2004, 2010, doi: 

10.1109/TED.2010.2051199. 



X. Niu Bibliography 
 

152 

 

[253] V. J. Kapoor and R. A. Turi, “Charge storage and distribution in the nitride layer of the metal-nitride-

oxide semiconductor structures,” J. Appl. Phys., vol. 52, no. 1, pp. 311–319, 1981, doi: 

10.1063/1.328495. 

[254] D. J. DiMaria and J. W. Stasiak, “Trap creation in silicon dioxide produced by hot electrons,” J. Appl. 

Phys., vol. 65, pp. 2342–2356, 1989, doi: 10.1063/1.342824. 

[255] Y. Ren, K. Weber, F. Karouta, K. Vora, and W. Liang, “Charge trapping and storage in SiNₓ thin films 

deposited with Oxford PlasmaLab 100 system,” in 2012 38th IEEE Photovoltaic Specialists 

Conference, Austin, TX, USA, 2012, pp.001094–001097. doi: 10.1109/PVSC.2012.6317793. 

[256] F. Werner and J. Schmidt, “Manipulating the negative fixed charge density at the c-Si/Al₂O₃ interface,” 

Appl. Phys. Lett., vol. 104, Art. no. 091604, 2014, doi: 10.1063/1.4867652. 

[257] M. Yuan, B. Zhang, J. Cai, J. Zhang, Y. Lu, S.  iao, K. Cao, H. Deng, and  . Ji, “In‐plane ferroelectrics 

enabling reduced hysteresis in monolayer MoS₂ transistors,” Carbon Neutralization, vol. 3, pp. 700–

709, 2024, doi: 10.1002/cnl2.148. 

[258] J. Shu, G. Wu, Y. Guo, B. Liu, X. Wei, and  . Chen, “The intrinsic origin of hysteresis in MoS₂ field 

effect transistors,” Nanoscale, vol. 8, pp. 3049–3056, 2016, doi: 10.1039/c5nr07336g. 

[259] J. Jiang, Z. Zheng, and J. Guo, “Tuning the hysteresis voltage in 2D multilayer MoS₂ FETs,” Phys. B 

Condens. Matter, vol. 498, pp. 76–81, 2016, doi: 10.1016/j.physb.2016.06.025. 

[260] N. Kaushik, D. M. A. Mackenzie, K. Thakar, N. Goyal, B. Mukherjee, P. Boggild, D. H. Petersen, and 

S. Lodha, “Reversible hysteresis inversion in MoS₂ field effect transistors,” npj 2D Mater. Appl., vol. 

1, no. 34, pp. 1–9, 2017, doi: 10.1038/s41699-017-0038-y. 

[261] C. Lee, S. Rathi, M. A. Khan, D. Lim, Y. Kim, S. J. Yun, D. H. Youn, K. Watanabe, T. Taniguchi, and 

G. H. Kim, “Comparison of trapped charges and hysteresis behavior in hBN encapsulated single MoS₂ 

flake based field effect transistors on SiO₂ and hBN substrates,” Nanotechnology, vol. 29, Art. no. 

335202, 2018, doi: 10.1088/1361-6528/aac6b0. 

[262] J. Byeon, J. Eom, T. Kim, J. Lim, M. Jung, Y. Lim, H. Park, J. Hong, S. Pak, and S. N. Cha, “Achieving 

Adsorbate-Free Monolayered MoS₂ Field Effect Transistors by Controlled Surface Gas Treatment,” 

ACS Appl. Electron. Mater., vol. 6, pp. 1763–1769, 2024, doi: 10.1021/acsaelm.3c01665. 

[263] D. J. Late, B. Liu, H. S. S. R. Matte, V. P. Dravid, and C. N. R. Rao, “Hysteresis in single-layer MoS₂ 

field effect transistors,” ACS Nano, vol. 6, no. 6, pp. 5635–5641, 2012, doi: 10.1021/nn301572c. 

[264] L.  i, Y. Wang, L. Shen, and Y. Wu, “Chemisorption-induced n -doping of MoS₂ by oxygen,” Appl. 

Phys. Lett., vol. 108, Art. no. 063103, 2016, doi: 10.1063/1.4941551. 

[265] J. Jiang and S. Dhar, “Tuning the threshold voltage from depletion to enhancement mode in a multilayer 

MoS₂ transistor via oxygen adsorption and desorption,” Phys. Chem. Chem. Phys., vol. 18, pp. 685–



X. Niu Bibliography 
 

153 

 

689, 2015, doi: 10.1039/c5cp06322a. 

[266] N. S. Bobbitt, J. F. Curry, T. F. Babuska, and M. Chandross, “Water adsorption on MoS₂ under under 

realistic atmosphere conditions and impacts on tribology,” RSC Adv., vol. 14, pp. 4717–4729, 2024, 

doi: 10.1039/d3ra07984h. 

[267] S. K. Mallik, R. Padhan, M. C. Sahu, S. Roy, G. K. Pradhan, P. K. Sahoo, S. P. Dash, and S. Sahoo, 

“Thermally Driven Multilevel Non-Volatile Memory with Monolayer MoS₂ for Brain-Inspired 

Artificial Learning,” ACS Appl. Mater. Interfaces, vol. 15, pp. 36527–36538, 2023, doi: 

10.1021/acsami.3c06336. 

[268] A. Paradisi, J. Biscaras, and A. Shukla, “Space charge induced electrostatic doping of two-dimensional 

materials: Graphene as a case study,” Appl. Phys. Lett., vol. 107, Art. no. 143103, 2015, doi: 

10.1063/1.4932572. 

[269] G. He, H. Ramamoorthy, C. P. Kwan, Y. H. Lee, J. Nathawat, R. Somphonsane, M. Matsunaga, A. 

Higuchi, T. Yamanaka, N. Aoki, et al., “Thermally Assisted Nonvolatile Memory in Monolayer MoS₂ 

Transistors,” Nano Lett., vol. 16, pp. 6445–6451, 2016, doi: 10.1021/acs.nanolett.6b02905. 

[270] A. Molina-Sánchez and L. Wirtz, “Phonons in single-layer and few-layer MoS₂ and WS₂,” Phys. Rev. 

B - Condens. Matter Mater. Phys., vol. 84, Art. no. 155413, 2011, doi: 10.1103/PhysRevB.84.155413. 

[271] H. Kwon, S. Garg, J. H. Park, Y. Jeong, S. Yu, S. M. Kim, P. Kung, and S. Im, “Monolayer MoS₂ field-

effect transistors patterned by photolithography for active matrix pixels in organic light-emitting 

diodes,” npj 2D Mater. Appl., vol. 3, no. 9, pp. 1–9, 2019, doi: 10.1038/s41699-019-0091-9. 

[272] A. Jain, P. Bharadwaj, S. Heeg, M. Parzefall, T. Taniguchi, K. Watanabe, and L. Novotny, “Minimizing 

residues and strain in 2D materials transferred from PDMS,” Nanotechnology, vol. 29, Art. no. 265203, 

2018, doi: 10.1088/1361-6528/aabd90. 

[273] S. Wang, X. Zeng, Y. Zhou, J. Lu, Y. Hu, W. Wang, J. Wang, Y. Xiao, X. Wang, D. Chen, et al., 

“High-Performance MoS₂ Complementary Inverter Prepared by Oxygen Plasma Doping,” ACS Appl. 

Electron. Mater., vol. 4, pp. 955–963, 2022, doi: 10.1021/acsaelm.1c01070. 

[274] M. S. Al Mamun, Y. Sainoo, T. Takaoka, A. Ando, and T. Komeda, “Hysteresis in the transfer 

characteristics of MoS₂ field effect transistors: gas, temperature and photo-irradiation effect,” RSC 

Adv., vol. 14, pp. 36517–36526, 2024, doi: 10.1039/d4ra04820b. 

[275] F. F. Wang, X. Y. Hu, X. X. Niu, J. Y. Xie, S. S. Chu, and  . H. Gong, “Low-dimensional materials-

based field-effect transistors,” J. Mater. Chem. C, vol. 6, pp. 924–941, 2018, doi: 10.1039/c7tc04819j. 

[276] P. Budania, P. Baine, J. Montgomery, C. McGeough, T. Cafolla, M. Modreanu, D. McNeill, N. 

Mitchell, G. Hughes, and P. Hurley, “Long-Term stability of mechanically exfoliated MoS₂ flakes,” 

MRS Commun., vol. 7, pp. 813–818, 2017, doi: 10.1557/mrc.2017.105. 



X. Niu Bibliography 
 

154 

 

[277] M. Yarali, Y. Zhong, S. N. Reed, J. Wang, K. A. Ulman, D. J. Charboneau, J. B. Curley, D. J. Hynek, 

J. V. Pondick, S. Yazdani, et al., “Near-Unity Molecular Doping Efficiency in Monolayer MoS₂,” Adv. 

Electron. Mater., Art. no. 2000873, 2020, doi: 10.1002/aelm.202000873. 

[278] S. Das, M. Demarteau, and A. Roelofs, “Nb-doped single crystalline MoS₂ field effect transistor,” Appl. 

Phys. Lett., vol. 106, Art. no. 173506, 2015, doi: 10.1063/1.4919565. 

[279] S.  in, W. Lei, D. Liu, and Y. Chen, “In-situ and tunable nitrogen-doping of MoS₂ nanosheets,” Sci. 

Rep., vol. 4, Art. no. 7582, 2014, doi: 10.1038/srep07582. 

[280] A. Azcatl, X. Qin, A. Prakash, C. Zhang, L. Cheng, Q. Wang, N. Lu, M. J. Kim, J. Kim, K. Cho, et al., 

“Covalent Nitrogen Doping and Compressive Strain in MoS₂ by Remote N₂ Plasma Exposure,” Nano 

Lett., vol. 16, pp. 5437–5443, 2016, doi: 10.1021/acs.nanolett.6b01853. 

[281] Y. Kim, H. Bark, B. Kang, and C. Lee, “Wafer-Scale Substitutional Doping of Monolayer MoS₂ Films 

for High-Performance Optoelectronic Devices,” ACS Appl. Mater. Interfaces, vol. 11, pp. 12613–

12621, 2019, doi: 10.1021/acsami.8b20714. 

[282] T. Hallam, S. Monaghan, F. Gity, L. Ansari, M. Schmidt, C. Downing, C. P. Cullen, V. Nicolosi, P. K. 

Hurley, and G. S. Duesberg, “Rhenium-doped MoS₂ films,” Appl. Phys. Lett., vol. 111, Art. no. 203101, 

2017, doi: 10.1063/1.4995220. 

[283] A. Nipane, D. Karmakar, N. Kaushik, S. Karande, and S. Lodha, “Few-Layer MoS₂ p-Type Devices 

Enabled by Selective Doping Using Low Energy Phosphorus Implantation,” ACS Nano, vol. 10, pp. 

2128–2137, 2016, doi: 10.1021/acsnano.5b06529. 

[284] H. Lu, Y. Guo, and J. Robertson, “Charge transfer doping of graphene without degrading carrier 

mobility,” J. Appl. Phys., vol. 121, Art. no. 224304, 2017, doi: 10.1063/1.4985121. 

[285] W. Shi, S. Kahn, L. Jiang, S. Y. Wang, H. Z. Tsai, D. Wong, T. Taniguchi, K. Watanabe, F. Wang, M. 

F. Crommie, et al., “Reversible writing of high-mobility and high-carrier-density doping patterns in 

two-dimensional van der Waals heterostructures,” Nat. Electron., vol. 3, pp. 99–105, 2020, doi: 

10.1038/s41928-019-0351-x. 

[286] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, 

and A. A. Firsov, “Electric Field Effect in Atomically Thin Carbon Films,” vol. 306, pp. 666–669, 

2004. 

[287] S. K. Mallik, S. Sahoo, M. C. Sahu, S. K. Gupta, S. P. Dash, R. Ahuja, and S. Sahoo, “Salt-assisted 

growth of monolayer MoS₂ for high-performance hysteresis-free field-effect transistor,” J. Appl. Phys., 

vol. 129, Art. no. 145106, 2021, doi: 10.1063/5.0043884. 

[288] J. O’Sullivan, M. Wright, X. Niu, P. Miller, P. R. Wilshaw, and R. S. Bonilla, “Towards a graphene 

transparent conducting electrode for perovskite/silicon tandem solar cells,” Prog. Photovoltaics Res. 



X. Niu Bibliography 
 

155 

 

Appl., vol. 31, no. 12, pp. 1478–1492, 2023, doi: 10.1002/pip.3739. 

[289] K. Chen, D. Kiriya, M. Hettick, M. Tosun, T. J. Ha, S. R. Madhvapathy, S. Desai, A. Sachid, and A. 

Javey, “Air stable n-doping of WSe₂ by silicon nitride thin films with tunable fixed charge density,” 

APL Mater., vol. 2, Art. no. 092504, 2014, doi: 10.1063/1.4891824. 

[290] H.  . Zhang, Y. Jin, and Y.  iu, “The optical and electrical characteristics of PMMA film prepared by 

spin coating method,” in IOP Conference Series: Materials Science and Engineering, 2015, pp.012032 

1–5. doi: 10.1088/1757-899X/87/1/012032. 

[291] W. Wu, D. De, S. C. Chang, Y. Wang, H. Peng, J. Bao, and S. S. Pei, “High mobility and high on/off 

ratio field-effect transistors based on chemical vapor deposited single-crystal MoS₂ grains,” Appl. Phys. 

Lett., vol. 102, Art. no. 142106, 2013, doi: 10.1063/1.4801861. 

[292] C. Lili, J. Jian, X. Zhongfu, C. Gangjin, and W. Zhenzhong, “Charge storage and transport in 

polymethylmethacrylate (PMMA) film,” J. Electrostat., vol. 44, pp. 61–65, 1998, doi: 10.1016/S0304-

3886(98)00023-0. 

[293] H. W. Tu, C. C. Shih, C. L. Lin, M. Z. Yu, J. J. Lai, J. C. Luo, G. L. Lin, W. Bin Jian, K. Watanabe, T. 

Taniguchi, et al., “High field-effect performance and intrinsic scattering in the two-dimensional MoS₂ 

semiconductors,” Appl. Surf. Sci., vol. 564, Art. no. 150422, 2021, doi: 10.1016/j.apsusc.2021.150422. 

[294] D. H. Lee, T. Park, T. Jeong, Y. Jung, J. Park, N. Joo, U. Won, and H. Yoo, “Dipole doping effect in 

MoS₂ field effect transistors based on phase transition of ferroelectric polymer dopant,” Front. Mater., 

vol. 10, Art. no. 1139954, 2023, doi: 10.3389/fmats.2023.1139954. 

[295] H. H. Choi, K. Cho, C. D. Frisbie, H. Sirringhaus, and V. Podzorov, “Critical assessment of charge 

mobility extraction in FETs,” Nat. Mater., vol. 17, pp. 2–7, 2017, doi: 10.1038/nmat5035. 

[296] F. Cadiz, E. Courtade, C. Robert, G. Wang, Y. Shen, H. Cai, T. Taniguchi, K. Watanabe, H. Carrere, 

D. Lagarde, et al., “Excitonic linewidth approaching the homogeneous limit in MoS₂-based van der 

Waals heterostructures,” Phys. Rev. X, vol. 7, Art. no. 021026, 2017, doi: 10.1103/PhysRevX.7.021026. 

[297] B. F. M. Healy, S. L. Pain, J. Lloyd-Hughes, N. E. Grant, and J. D. Murphy, “ uantifying 

photoluminescence variability in monolayer molybdenum disulfide films grown by chemical vapour 

deposition,” Mater. Res. Express, vol. 11, Art. no. 015002, 2024, doi: 10.1088/2053-1591/ad18ef. 

[298] R. Itzhak, N. Suleymanov, B. Minkovich, L. Kartvelishvili, V. Kostianovski, R. Korobko, A. Hayat, 

and I. Goykhman, “Exciton Manipulation via Dielectric Environment Engineering in 2D 

Semiconductors,” ACS Appl. Opt. Mater., vol. 3, pp. 1330–1338, 2025, doi: 10.1021/acsaom.5c00105. 

[299] M. Yang, J. W. Chai, M. Callsen, J. Zhou, T. Yang, T. T. Song, J. S. Pan, D. Z. Chi, Y. P. Feng, and S. 

J. Wang, “Interfacial Interaction between HfO₂ and MoS₂: From Thin Films to Monolayer,” J. Phys. 

Chem. C, vol. 120, pp. 9804–9810, 2016, doi: 10.1021/acs.jpcc.6b01576. 



X. Niu Bibliography 
 

156 

 

[300] Y. Wang, Z. He, J. Zhang, H. Liu, X. Lai, B. Liu, Y. Chen, F. Wang, and L. Zhang, “UV illumination 

enhanced desorption of oxygen molecules from monolayer MoS₂ surface,” Nano Res., vol. 13, no. 2, 

pp. 358–365, 2020, doi: 10.1007/s12274-020-2614-2. 

[301] Y. Wang, J. C. Kim, R. J. Wu, J. Martinez, X. Song, J. Yang, F. Zhao, A. Mkhoyan, H. Y. Jeong, and 

M. Chhowalla, “Van der Waals contacts between three-dimensional metals and two-dimensional 

semiconductors,” Nature, vol. 568, pp. 70–74, 2019, doi: 10.1038/s41586-019-1052-3. 

[302] M. A. Ghani, S. Sarkar, J. I. Lee, Y. Zhu, H. Yan, Y. Wang, and M. Chhowalla, “Metal Films on Two-

Dimensional Materials: van der Waals Contacts and Raman Enhancement,” ACS Appl. Mater. 

Interfaces, vol. 16, pp. 7399–7405, 2024, doi: 10.1021/acsami.3c15598. 

[303] R. J. Wu, S. Udyavara, R. Ma, Y. Wang, M. Chhowalla, T. Birol, S. J. Koester, M. Neurock, and K. A. 

Mkhoyan, “Visualizing the metal-MoS₂ contacts in two-dimensional field-effect transistors with atomic 

resolution,” Phys. Rev. Mater., vol. 3, Art. no. 111001, 2019, doi: 

10.1103/PhysRevMaterials.3.111001. 

[304] H. Li, M. Cheng, P. Wang, R. Du, L. Song, J. He, and J. Shi, “Reducing Contact Resistance and 

Boosting Device Performance of Monolayer MoS₂ by In Situ Fe Doping,” Adv. Mater., vol. 34, Art. 

no. 2200885, 2022, doi: 10.1002/adma.202200885. 

[305] J. Jang, J. K. Kim, J. Shin, J. Kim, K. Y. Baek, J. Park, S. Park, Y. D. Kim, S. S. P. Parkin, K. Kang, et 

al., “Reduced dopant-induced scattering in remote charge-transfer-doped MoS₂ field-effect transistors,” 

Sci. Adv., vol. 8, Art. no. eabn3181, 2022, doi: 10.1126/sciadv.abn3181. 

[306] W. L. Scopel, R. H. Miwa, T. M. Schmidt, and P. Venezuela, “MoS₂ on an amorphous HfO₂ surface: 

An ab initio investigation,” J. Appl. Phys., vol. 117, Art. no. 194303, 2015, doi: 10.1063/1.4921058. 

[307] A. J. Shin, A. A. Hossain, S. M. Tenney, X. Tan, L. A. Tan, J. J. Foley, T. L. Atallah, and J. R. Caram, 

“Dielectric Screening Modulates Semiconductor Nanoplatelet Excitons,” J. Phys. Chem. Lett., vol. 12, 

no. 20, pp. 4958–4964, 2021, doi: 10.1021/acs.jpclett.1c00624. 

[308] L. Du, S. Wang, D. Scarabelli, L. N. Pfeiffer, K. W. West, S. Fallahi, G. C. Gardner, M. J. Manfra, V. 

Pellegrini, S. J. Wind, et al., “Emerging many-body effects in semiconductor artificial graphene with 

low disorder,” Nat. Commun., vol. 9, Art. no. 3299, 2018, doi: 10.1038/s41467-018-05775-4. 

[309] F. Feldmann, B. Steinhauser, V. Arya, A. Buechler, F. Feldmann, B. Steinhauser, V. Arya, A. Büchler, 

A. A. Brand, S. Kluska, et al., “Evaluation of TOPCon Technology on Large Area Solar Cells,” in 33rd 

European Photovoltaic Solar Energy Conference and Exhibition, Frankfurt, Germany, 2017, pp.465–

467. [Online]. Available: https://www.researchgate.net/publication/324537506 

[310] E. Simoen, A. Rothschild, B. Vermang, J. Poortmans, and R. Mertens, “Impact of forming gas 

annealing and firing on the Al₂O₃/p-Si interface state spectrum,” Electrochem. Solid-State Lett., vol. 

14, no. 9, pp. 362–364, 2011, doi: 10.1149/1.3597661. 



X. Niu Bibliography 
 

157 

 

[311] H. Nakajima, H. T. C. Tu, and K. Ohdaira, “Hole-Selective Ultrathin Al-Doped SiOₓ Passivation Layer 

Formed by Immersing in Aluminum Nitrate Aqueous Solution,” Phys. Status Solidi - Rapid Res. Lett., 

vol. 16, Art. no. 2200052, 2022, doi: 10.1002/pssr.202200052. 

[312] S. Zhang, S. T. Le, C. A. Richter, and C. A. Hacker, “Improved contacts to p-type MoS₂ transistors by 

charge-transfer doping and contact engineering,” Appl. Phys. Lett., vol. 115, Art. no. 073106, 2019, 

doi: 10.1063/1.5100154. 

[313] I. S. Jeon, S. J. Kim, W. Song, S. Myung, J. Lim, S. S. Lee, H. K. Jung, J. Hwang, and K. S. An, “One-

step synthesis of Zn-doped MoS₂ nanosheets with tunable doping concentration using dopants-loaded 

seeding promoters for visible-light flexible photodetectors,” J. Alloys Compd., vol. 835, Art. no. 

155383, 2020, doi: 10.1016/j.jallcom.2020.155383. 

[314] T. Trupke, M. A. Green, P. Würfel, P. P. Altermatt, A. Wang, J. Zhao, and R. Corkish, “Temperature 

dependence of the radiative recombination coefficient of intrinsic crystalline silicon,” J. Appl. Phys., 

vol. 94, pp. 4930–4937, 2003, doi: 10.1063/1.1610231. 

[315] E. Yablonovitch and T. Gmitter, “Auger recombination in silicon at low carrier densities,” Sov. physics. 

Semicond., vol. 49, pp. 587–589, 1980. 

[316] A. Hangleiter and R. Hacker, “Enhancement of Band-to-Band Auger Recombination by Electron-Hole 

Correlations,” vol. 65, no. 2, pp. 215–218, 1990. 

[317] T. Niewelt, B. Steinhauser, A. Richter, B. Veith-Wolf, A. Fell, B. Hammann, N. E. Grant, L. Black, J. 

Tan, A. Youssef, et al., “Reassessment of the intrinsic bulk recombination in crystalline silicon,” Sol. 

Energy Mater. Sol. Cells, vol. 235, Art. no. 111467, 2022, doi: 10.1016/j.solmat.2021.111467. 

[318] W. Shockley and W. T. Read, “Statistics of the Recombinations of Holes and Electrons,” Semicond. 

Devices Pioneer. Pap., vol. 87, no. 5, pp. 835–842, 1952, doi: 10.1142/9789814503464_0002. 

[319] R. N. Hall, “Electron-Hole Recombination in Germanium,” Phys. Rev., vol. 87, pp. 387–387, Jul. 1952, 

doi: 10.1103/PhysRev.87.387. 

[320] W. Kern, “The evolution of silicon wafer cleaning technology,” J. Electrochem. Soc., vol. 137, no. 6, 

pp. 1887–1892, 1990, doi: 10.1149/1.2086825. 

[321] G. Ouimet, D. L. Rath, S. L. Cohen, E. E. Fisch, and G. W. Gale, “Defect reduction and cost savings 

through re-inventing RCA cleans,” in 1996 IEEE/SEMI Advanced Semiconductor Manufacturing 

Conference, 1996, pp.308–313. doi: 10.1109/asmc.1996.558026. 

[322] Y. Li, G. Kuang, Z. Jiao, L. Yao, and R. Duan, “Recent progress on the mechanical exfoliation of 2D 

transition metal dichalcogenides,” Mater. Res. Express, vol. 9, Art. no. 122001, 2022, doi: 

10.1088/2053-1591/aca6c6. 

[323] Y. Huang, E. Sutter, N. N. Shi, J. Zheng, T. Yang, D. Englund, H.-J. Gao, and P. Sutter, “Reliable 



X. Niu Bibliography 
 

158 

 

Exfoliation of Large-Area High-Quality Flakes of Graphene and Other Two-Dimensional Materials,” 

ACS Nano, vol. 9, no. 11, pp. 10612–10620, Nov. 2015, doi: 10.1021/acsnano.5b04258. 

 



X. Niu Appendix 
 

159 

 

Appendix A: Additional Information on 

Bulk Recombination 
In the semiconductor bulk, EHP can recombine by three different processes: radiative, Auger, and defect 

assisted (SRH). A summary of the three mechanisms is shown in Figure A 1.  

 

Figure A 1 Schematic of bulk recombination mechanisms: radiative, Auger, and defect-assisted recombination. 

Radiative and Aguer recombination are intrinsic processes inherent to semiconductors. In indirect 

semiconductors such as Si, non-radiative recombination processes are dominant due to momentum 

conservation. The bulk recombination rate is the sum of the recombination rates of the three processes, and the 

bulk lifetime τbulk can be expressed as: 

 
1

𝜏𝑏𝑢𝑙𝑘
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝐴𝑢𝑔
+

1

𝜏𝑆𝑅𝐻
 (A 1) 

Radiative Recombination 

In radiative recombination, electrons directly recombine with a hole in the valence band, emitting photons in 

the process. The radiative recombination rate is dependent on the carrier concentrations in the semiconductor. 

The net radiative recombination rate (Urad) can be calculated as: 

 𝑈𝑟𝑎𝑑 = 𝐵(𝑛𝑝 − 𝑛𝑖
2) (A 2) 

where B is the radiative recombination coefficient, which is a material-specific constant. In crystalline Si, the 

constant B has a value of 10-14 cm3s-1 at 300 K [314]. 

Auger Recombination 

In Auger recombination, the energy released from electron-hole recombination is transferred to a third carrier, 

exciting it to higher energy levels. This energy is ultimately lost by interactions with the lattice and emitted as 

phonons. This process can be labelled as eeh or ehh depending which type of carrier the energy is transferred 

to. The recombination rate is dependent on the concentration of the carriers involved:  
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 𝑅𝐴𝑢𝑔 = 𝑅𝑒ℎℎ + 𝑅𝑒𝑒ℎ = 𝐶𝑛𝑛
2𝑝 + 𝐶𝑝𝑛𝑝

2 (A 3) 

where Cn and Cp are the Auger recombination coefficients for electrons and holes. The net Auger 

recombination rate can be expressed as: 

 𝑈𝐴𝑢𝑔 = (𝐶𝑛𝑛 + 𝐶𝑝𝑝)(𝑛𝑝 − 𝑛𝑖
2) (A 4) 

From Equation (A 4), it is evident that UAug is heavily dependent on the carrier concentrations. Additionally, 

the coefficient Cn and Cp are also found to vary drastically depending on the injection level (Δn) [315]. This 

arises from the strong Coulomb interactions between charge carriers at low injection levels, and the electron 

density increases in proximity to holes, enhancing Auger recombination [316]. To account for such effect, 

Coulombic interaction enhancement factors geeh and gehh are incorporated into Equation (A 4): 

 𝑈𝐴𝑢𝑔,𝐿𝐿𝐼 = (𝑔𝑒ℎℎ𝐶𝑛𝑛 + 𝑔𝑒𝑒ℎ𝐶𝑝𝑝)(𝑛𝑝 − 𝑛𝑖
2) (A 5) 

where LLI represents for low injection conditions. In this work, Auger and radiative recombination are 

described by Niewelt’s parameterisation [317]. 

Defect-assisted Recombination 

Defect-assisted recombination, also referred to as Shockley-Read-Hall recombination (SRH recombination), 

is an extrinsic process which occurs due to the presence of impurity-induced states inside the bandgap and 

results in phonon release. Based on the nature of the defect, it can be either donor-like or acceptor-like. Donor-

like states donate an electron and become positively charged and assist electron capture. Acceptor-like states 

accept an electron and becomes negatively charged and assist hole capture. A statistical model assuming a 

single defect at an energy level of ET was proposed by Shockley, Read [318] and Hall [319], described as 

follows: 

 𝑈𝑆𝑅𝐻 =
𝑛𝑝 − 𝑛𝑖

2

𝑝 + 𝑝1
𝑁𝑇𝜎𝑛𝑣𝑡ℎ

+
𝑛 + 𝑛1
𝑁𝑇𝜎𝑝𝑣𝑡ℎ

 
(A 6) 

where NT is the recombination centre concentration, σn/p are electron/hole capture cross-sections, n1 and p1 are 

the SRH trap occupation factors, and vth is the thermal velocity.  
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Appendix B: Additional Methods 

Silicon Wafer Cleaning 

To achieve superior surface passivation, silicon wafer cleaning is essential prior to the dielectric deposition to 

form a high-quality interface. Contamination could originate from the wafer cutting process, storage in the 

plastic box, inorganic compounds or metal species in solutions [320]. A cleaning procedure developed by 

Radio Corporation of America (RCA) in 1965 has been shown to effectively remove such contamination [321], 

and was adopted in this work.  

The RCA cleaning process contains two main steps: standard cleaning 1 (RCA1) and standard cleaning 

2 (RCA2). RCA1 is used to remove organic contaminants, while RCA2 is used to remove alkali and metallic 

residues. A thin chemical SiOx is formed during each step and needs to be removed by HF. 

RCA1 is a solution containing ammonia (NH4OH, 40 wt%), hydrogen peroxide (H2O2, 30 wt%), and 

deionised water (DI water), in a volume ratio of 1:1:5. It is heated up to 80 ºC on a hot plate and the samples 

are immersed in the RCA1 solution for 10 minutes and then rinsed in DI water for 5 minutes. The thin oxide 

is removed by immersing the samples in 10 wt% HF for 1 minute. RCA2 solution contains hydrochloric acid 

(HCl, 36 wt%), H2O2, and DI water at a volume ratio of 1:1:6. Samples are then immersed in RCA2 solution 

at 80 ºC for 10 minutes and rinsed in DI water for 5 minutes. Another HF dip of 1 minute is used to remove 

the thin SiOx formed during this process. An additional HF dip is carried out if samples have been stored in air 

prior to film deposition. 

In some cases, a thin SiOx is grown using nitric acid following the second HF dip after RCA2 cleaning. 

Samples are immersed in 68% HNO3 solution at 80 ºC for 10 minutes and rinsed in DI water for 2 minutes to 

form a nitric acid oxidised silicon (NAOS-SiOx) layer.  

MoS2 Exfoliation and Transfer 

Thanks to the weak interlayer van der Waals forces, few or monolayer MoS2 can be obtained by mechanical 

exfoliation, also referred to as the “Scotch-tape” method [322]. By folding and separating tapes with MoS2 

crystals, the layer thickness can be reduced. This method is straightforward and offers high-quality crystals, 

although the lateral size of monolayers is limited to 10-20 µm [111], [123].  

In this work, high quality MoS2 crystal was purchased from SixCarbon Technology. A photo of the flake 

is shown in Figure A 2 (a). The crystal is stored in a sealed bag in air. The exfoliation process flow is shown 

in Figure A 2 (b-c). Nitto blue tape was selected to first thin down the layer thickness due to its weak adhesion 

and minimal residue. A suitable amount of crystal was transferred to a piece of blue tape by folding, pressing, 

and unfolding the tape multiple times, until the material covers the whole tape. Polydimethylsiloxane (PDMS) 

stamps were then used to transfer the flakes from the blue tape to the substrate. The PMDS stamps were WF 

X4 from Gel-Pak with an elastomer layer thickness of 6.0 mil (152 µm). A schematic of the PDMS stamp used 
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is shown in Figure A 2 (d). The stamp was cut to ~ 1×1 cm2, and the top polyethylene film was removed prior 

to the transfer process. The stamp was pressed onto the blue tape and separated, as shown in Figure A 2 (b). 

The PDMS stamp was then pressed onto the substrate surface and separated to transfer the flakes, as shown in 

Figure A 2 (c). This process was repeated until a sizable monolayer flake is identified on the substrate using 

an optical microscope. In this work, all substrates were heated at 120 ºC for 10 minutes prior to transfer to 

remove surface contamination and improve adhesion [323].  

 

Figure A 2 Images of (a) MoS2 crystal stored in a plastic bag in air, (b) transfer of MoS2 flakes from the blue tape to a 

PDMS substrate, (c) transfer of MoS2 flakes from the PDMS substrate to a Si substrate, and (d) layered structure of the 

PDMS stamp used. 

Laser Cutting 

In this work, a UV pico-second laser from Inngu Laser was used to pattern TEM grids as masks during metal 

evaporation. The design of the etching pattern and the fabricated TEM mask is shown in Figure A 3. The 

channel region indicated by the black lines was first defined by two 150 µm long lines with a 30 µm spacing. 

This pattern was displaced slightly in the central region of the TEM grid until one single metal bar was left 

between two larger openings, as shown in Figure A 3 (b). Bar-shaped contacts indicated by the green lines in 

Figure A 3 (a) were then defined on both sides of the channel region with longer lines of ~500 µm. For each 

etching process, the laser operated at a scanning speed of 2000 mm/s, a current of 7.25 A, a frequency of 1000 

kHz, a Q pulse width of 0.1 µs, and a loop count of 15. This process was required only once to define the 

channel region but was repeated three to five times to define the contacts.  
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Figure A 3 (a) Schematics of the etching pattern used for TEM grids. The black lines leave only one metal bar after 

etching to define the channel. The black lines are displaced horizontally from the centre for a clear demonstration. (b) 

Image of etched TEM grid with the channel region. 

Spin Coating 

Spin coating was used to deposit polymethyl methacrylate (PMMA) on fabricated 2D MoS2 FETs as a top-

gate dielectric layer. A spin coater model WS-650MZ-23NPP from Laurell was used. A standard process with 

an adhesion step at 500 rpm for 5 seconds, a spin-off step at 4500 rpm for 50 seconds, and an additional step 

at 500 rpm for 5 seconds was used. Droplets of PMMA 490 A8 solution from Kayaku was dispensed during 

the adhesion step until the sample surface is fully covered with liquid. After spin coating, the sample was 

immediately annealed at 180 ºC for 90 seconds in air to remove residual solvent and improve film adhesion. 

The film thickness is estimated to be ~500 nm using the spin speed curve provided by the supplier.   
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Appendix C: Additional Information on 

Charged Dielectric Fabrication 

Defect Removal with Increasing Annealing Time 

The fabricated stack as shown in Figure A 4 was annealed at 800 °C for 5 or 30 minutes prior to corona-anneals. 

CPD values of ~0 V were observed on both samples without an AlOx layer after 30 seconds of annealing, 

which suggests the removal of chargeable defects from the SiO2/ALD-SiOx interface and/or in the ALD-SiOx 

layers. A small density of such defects is still present in the sample with a 5-minute annealing at 800 °C, as 

evidenced by ~5 V CPD value measured after 5 seconds of annealing following the charge deposition.  

On the other hand, samples with an AlOx layer demonstrated high charge stability, as indicated by the >10 

V CPD values in both samples after 60 seconds of annealing at 450 °C. The sample annealed for 30 minutes 

at 800 °C was found to retain less charge than the one annealed for only 5 minutes. It is proposed that the 

800 °C annealing also reduces defect density at the SiOx/AlOx interface. High-temperature annealing has been 

reported to favour AlO6 octahedra over AlO4 tetrahedra coordination [42], while the latter is associated with 

negative charge formation at the SiOx/AlOx interface [47], [50]. Thus, optimising the annealing temperature 

and duration is crucial for maximising the charge retention capability of the SiOx/AlOx interface while 

improving the quality of ALD-SiOx.  

 

Figure A 4 Changes in CPD values with increasing annealing time at 450 °C after depositing negative corona charge at 

room temperature, with different annealing treatment prior to corona charge deposition. The error bar represents 10-

90% of the values obtained in a 6×6 mm map with 16 points. 

Defects in Substrate Oxide Layer 

Variations in the quality of the thermal SiO2 film on Set 5 and 6 substrates were found to interfere with the 

evaluation of the charging behaviour of purposely embedded defects. The as-received Set 5 substrate exhibited 

a minimal chargeable defect density, with the film quality degraded due to storage in air within the cleanroom. 
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The as-received Set 6 substrate displayed a high density of chargeable defects, which could be effectively 

removed by annealing at 800 °C for 30 minutes. This pre-deposition annealing was implemented to eliminate 

the effects of the substrate, enabling development of negatively charged dielectrics with controllable charge 

densities.  

 

Figure A 5 Change in CPD values with increasing annealing time at 450 °C on substrate Set 5 and 6 after negative 

corona deposition of 30 seconds.  

Negative Corona Charge Stability 

On unannealed Set 6 substrates, negative corona charge was deposited for 90 seconds and annealed under 

different temperatures to investigate the stability of the charge. A faster charge degradation was found under 

annealing at higher temperatures. This supports the hypothesis that more charge de-trapping is present at higher 

temperatures, which accounts for the higher charge density obtained with hot corona charging at lower 

temperatures.  

 

Figure A 6 Changes in CPD values with increasing annealing time under different temperatures between 150-450 °C. 

All samples were deposited with 90 seconds of negative corona charge at room temperature prior to annealing.  
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Appendix D: Corona Charge Deposition 

Rate Calibration 
The deposition rate of corona charge at room temperature is calibrated by measuring the change in contact 

potential difference (CPD) with multiple deposition using KP. Changes in surface charge density are calculated 

from Equation (2.4.12). Different deposition rate for different charging intervals is required as the initial stage 

of the charging process is non-linear.  

A FZ n-Si (Set 2), planar surface sample with a dielectric stack of SiOx/AlOx/SiNx was used to calibrate 

the positive corona charge deposition rate, as investigated in Chapter 4. Changes in CPD values with increasing 

charging time is shown in Figure A 7. A Cz p-Si (Set 3) with a passivation stack of SiOx/AlOx/SiNx after 

annealing was used to calibrate longer positive/negative corona charge depositions of 90s used for corona-

anneals investigated in Chapter 5. A summary of the deposition rate of different charging times is shown in 

Table A 1.  

 

Figure A 7 CPD versus positive corona charge deposition time of 5 and 10 seconds. 

Table A 1 Deposition rate under positive or negative corona charge deposition 

 Charge Deposition Rate (q cm-2 s-1) 

Polarity 5 s 10 s 90 s 

Positive 4.56 × 1010 5.88 × 1010 8.26 × 1010 

Negative - - -7.91 × 1010 
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Appendix E: Model Parameters to Fit τeff-

Vsurf Plots 
Table A 2 Summary of modelling parameters used to fit the effective lifetime change with different surface 

potentials (τeff-Vsurf) for samples in Group A, B, C, D in (1) As deposited; (2) After annealing at 450 °C for 10 

minutes in air. ENT represents effective nitride thickness.  

Dielectric Stack A B C D 

Treatment As-dep Annealed As-dep Annealed As-dep Annealed As-dep Annealed 

τbulk Niewelt’s parametrisation 

ENT (nm) 58 56 57 55.5 

ΔΦms (V) 0.03 

Qeff (1011 q cm-2) -15 -42 -19 -38 29 17 29 13 

σq (1011 q cm-2) 6 12 6 12 7 7 11 7 

Dit,mg (1011 cm/s) 8 45 9 10 8 10 10 10 

Sn0 (cm/s) 1465.57 1030.48 1236.58 2289.95 10075.80 9159.82 13739.73 11449.77 

Sp0 (cm/s) 3297.53 10304.80 4121.92 12594.75 3663.93 2289.95 3434.93 2289.95 

Sn,VB (105 cm/s) 1.6~4.8 1.4~7.9 3.1~18 1.4~12 2.6~19 2.3~12 5.6~45 5.6~45 

Sp,CB (105 cm/s) 17~23 8.2~17 7.5~27 7.5~32 6.4~20 6.1~13 2.1~16 12~37 

 

Table A 3 Summary of modelling parameters used to fit the τeff-Vsurf of SiOx/SiNx stacks annealed under 

different electric fields. 

Dielectric Stack SiOx/SiNx 

Treatment 
Annealed + C-A - C-A 

forward backward forward backward forward backward 

τbulk Niewelt’s parametrisation 

ENT (nm) 58 

ΔΦms (V) 0.03 

Qeff (1011 q cm-2) 23 37 30 75 12 32 

σq (1011 q cm-2) 8 9 14 12 4 5 

σq/Qeff 0.35 0.24 0.46 0.16 0.33 0.16 

Dit,mg (1011 cm/s) 12 8.5 13 25 34 38 

Sn0 (cm/s) 16487.67 12068.06 59538.82 34349.32 3114.34 3480.73 

Sp0 (cm/s) 2747.95 3892.92 1190.78 1717.47 1557.17 1740.37 
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Table A 4 Summary of modelling parameters used to fit the τeff-Vsurf of SiOx/AlOx/SiNx stacks annealed under 

different electric fields. 

Dielectric Stack SiOx/AlOx/SiNx 

Treatment Annealed + C-A - C-A 

τbulk Niewelt’s parametrisation 

ENT (nm) 58 

ΔΦms (V) 0.03 

Qeff (1011 q cm-2) -46 -57 -34 

σq (1011 q cm-2) 8 14 8 

σq/Qeff 0.17 0.25 0.24 

Dit,mg (1011 cm/s) 16 35 11 

Sn0 (cm/s) 586.23 1202.23 503.79 

Sp0 (cm/s) 7327.85 6411.87 1511.37 

Sn,VB (105 cm/s) 1.0~5.5 0.60~6.3 0.98~4.2 

Sp,CB (105 cm/s) 22~42 6.7~14 1.0~5.7 
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Appendix F: Model Parameters to Fit C-V 

Plots 

 

Figure A 8 Capacitance-Voltage (C-V) measured for Group A, B, C, D in (1) as deposited (lighter circles and lines); (2) 

after annealing at 450 °C for 10 minutes (darker triangles and lines). The symbols represent 2-6 measured curves on 

different Al dots. Each dot was only used once to make each measurement. The measurements were taken from low 

voltages with a positive voltage step towards high voltages. The lines are fitted curves using modelling parameters 

listed in Table A 6. 

Table A 5 Extracted Qeff from individual C-V measurements using the interface properties in Table A 6. 

 eff (1012 q cm-2) A B C D 

As Dep Anneal As Dep Anneal As Dep Anneal As Dep Anneal 

1 -1.5 -5.6 -1.7 -4.0 6.8 2.7 6.5 1.6 

2 -1.5 -5.3 -1.0 -3.9 7.5 2.7 6.5 1.6 

3 -1.5 -5.3 -1.0 -4.2 6.6 2.7 6.2 1.6 

4 -1.6 -5.3 -1.0  7.3 2.7 6.2 1.5 

5 -1.7 -5.5 -1.2   2.7 5.7 1.5 

6       6.2  

 

Table A 6 Summary of modelling parameters used to fit the capacitance-voltage (C-V) curves for samples in Group A, 

B, C, D in (1) as deposited; (2) after annealing at 450 °C for 10 minutes. 

Dielectric Stack A B C D 

Treatment As-dep Annealed As-dep Annealed As-dep Annealed As-dep Annealed 

τbulk Niewelt’s parametrisation 

ENT (nm) 58 56 57 55.5 

Area (cm2) 0.0068 

ΔΦms (V) -0.80 



X. Niu Appendix 
 

170 

 

Dit,mg (1010 cm/s) 8 45 9 10 8 10 10 10 

Dit,VB, Dit,CB 

(1015 cm/s) 
1.5, 40 8, 8 5, 10 7, 9.5 3, 6.5 9, 14 8, 4 3, 20 

 

 

Figure A 9 Capacitance-Voltage (C-V) measured for SiOx/AlOx/SiNx stakcs after (1) annealed; (2) positive 

corona-anneal (+ C-A); (3) negative corona-anneal (- C-A). The symbols represent 4-6 measured curves on 

different Al dots. Each dot was only used once to make each measurement. The measurements were taken 

from 8 V with a negative voltage step to -4 V. The extracted Qeff of each curve is also included. 

Table A 7 Summary of modelling parameters used to fit the capacitance-voltage (C-V) curves for samples in 

SiOx/SiNx stacks in (1) annealed; (2) positive corona-anneal (+ C-A); (3) negative corona-anneal (- C-A). 

Dielectric Stack SiOx/SiNx 

Treatment Annealed + C-A - C-A 

ENT (nm) 58 

Area (cm2) 0.0068 

ΔΦms (V) -0.80 

Qeff (1011 q cm-2) 25 31 22 

Dit,mg (1011 cm/s) 12 13 34 

Dit,VB, Dit,CB 

(1015 cm/s) 
2, 10 2.2, 9 3.5, 9 
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Figure A 10 Capacitance-Voltage (C-V) measured for SiOx/AlOx/SiNx stakcs after (1) annealed; (2) positive 

corona-anneal (+ C-A); (3) negative corona-anneal (- C-A). The symbols represent 4-6 measured curves on 

different Al dots. Each dot was only used once to make each measurement. The measurements were taken 

from 8 V with a negative voltage step to -4 V. The extracted Qeff from each curve is also included. 

Table A 8 Summary of modelling parameters used to fit the capacitance-voltage (C-V) curves for 

SiOx/AlOx/SiNx stacks after (1) annealed; (2) positive corona-anneal (+ C-A); (3) negative corona-anneal (- 

C-A). 

Dielectric Stack SiOx/AlOx/SiNx 

Treatment Annealed + C-A - C-A 

ENT (nm) 60 

Area (cm2) 0.0068 

ΔΦms (V) -0.80 

Qeff (1011 q cm-2) -25 -27 -23 

Dit,mg (1011 cm/s) 16 38 11 

Dit,VB, Dit,CB 

(1015 cm/s) 
2.5, 35 9, 2 2, 16 
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Appendix G: Surface Photovoltage 

Measurements 
Surface photovoltage (SPV) was measured on p-Si passivated by SiOx/AlOx/SiNx and SiOx/SiNx passivation 

stacks with annealing under different electric fields. The measured contact potential difference (CPD) values 

indicate that surface corona charge has been removed during the 30-second annealing at 450 °C. 

 

Figure A 11 Measured CPD values of SiOx/AlOx/SiNx stacks on annealed-only sample, before and after – C-A, and 

before and after + C-A. 

 

Figure A 12 Measured CPD values of SiOx/SiNx stacks on annealed-only sample, before and after – C-A, and before 

and after + C-A. 
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Appendix H: Spatial Variation of PL 

Spectra of 2D MoS2 
The PL spectra shown in Figure A 13 and parameters summarised in Table A 9 were acquired on additional 

substrates that are outside the scope of this thesis. During this session the spectrometer operated in a non-ideal 

state (response drift), so the curves appear atypical. Importantly, all spectra were collected sequentially from 

different areas of the same flake under identical settings. The close similarity of the traces demonstrates 

minimal area-to-area variation within a single flake. These data are provided solely to illustrate intra-flake 

uniformity rather than to support quantitative conclusions about substrate effects.  

 

Figure A 13 PL spectra obtained on different locations on the same flake on various substrates. The insets are the 

optical microscope images of the measured monolayer flakes. The green dots represent the measured location. 
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Table A 9 Summary of extracted peak positions (xA-, xA0, xB) and integrated areas (AA-, AA0, AB) from PL spectra of 

different locations on MoS2 flakes on various substrates fitted with a Lorentzian function. 

  

Sample Location xA- xA0 xB AA- AA0 AB IA-/IA0 R2 

Sample 1 
1 1.84301 1.88437 2.02694 0.05148 0.06916 0.03726 0.74 0.99672 

2 1.84743 1.88868 2.0301 0.06114 0.06794 0.04609 0.90 0.98625 

Sample 2 
1 1.82518 1.85986 2.00123 0.05968 0.08433 0.11812 0.71 0.99855 

2 1.82643 1.86314 2.00482 0.06712 0.08309 0.09385 0.81 0.99886 

Sample 3 
1 1.82543 1.87518 2.01353 0.07938 0.08268 0.06054 0.96 0.99384 

2 1.83196 1.8807 2.01582 0.09024 0.07002 0.05878 1.29 0.99419 

Sample 4 
1 1.81242 1.8543 1.99742 0.05682 0.09075 0.20247 0.63 0.99753 

2 1.81559 1.85728 1.99333 0.07229 0.07943 0.17854 0.91 0.99833 

Sample 5 
1 1.8248 1.86548 2.009 0.06952 0.09418 0.06662 0.74 0.99907 

2 1.8268 1.87037 2.01319 0.07478 0.0846 0.06033 0.88 0.99896 
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Appendix I: Optical Microscope Images of 

2D MoS2 Flakes Measured under PL 

 

Figure A 14 Optical microscope images of flakes on uncharged SiOx-capped substrates. 

 

Figure A 15 Optical microscope images of flakes on uncharged AlOx-capped substrates. 
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Figure A 16 Optical microscope images of flakes on uncharged HfOx-capped substrates. 

 

Figure A 17 Optical microscope images of flakes on charged SiOx-capped substrates. 
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Figure A 18 Optical microscope images of flakes on charged AlOx-capped substrates. 
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Figure A 19 Optical microscope images of flakes on charged HfOx-capped substrates. 
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Appendix J: Choice of Fitting Functions 

for PL of 2D MoS2 
To justify the choice of a Lorentzian function, the PL spectra from flakes on uncharged HfOx were refitted 

using both Lorentzian and Origin’s PsdVoigt1 model. The fitted curves are shown in Figure A 20. Peak 

positions, integrated areas, and the R2 are summarised in Table A 10. As expected for a model with an 

additional shape parameter, PsdVoigt1 yields a slightly higher R2 than the Lorentzian, with visible differences 

confined mainly to the high-energy tail. Given (i) the negligible impact on the reported quantities and (ii) the 

instability of the Lorentz-Gaussian split without an instrument constraint, the Lorentzian function was adopted 

as the minimal sufficient model in the main text. Point (ii) is further demonstrated below.  

 

Figure A 20 PL spectra of MoS2 flakes on uncharged HfOx-capped substrates fitted with Lorentzian and pseudo-Voigt 

(PsdVoigt1) line shapes. 

Table A 10 Summary of extracted peak positions (xA-, xA0, xB) and integrated areas (AA-, AA0, AB) from PL spectra of 

MoS2 flakes on uncharged HfOx, fitted with Lorentzian and PsdVoigt1 models. 

Sample Function xA- xA0 xB AA- AA0 AB IA-/IA0 R2 

Flake 1 
Lorentzian 1.84823 1.88821 2.02762 843.25663 608.5793 444.14051 1.39 0.9994 

PsdVoigt1 1.85211 1.89035 2.0241 901.03652 489.07434 501.9348 1.84 0.9997 

Flake 2 
Lorentzian 1.84833 1.88961 2.02875 848.73725 608.84888 433.86963 1.39 0.9992 

PsdVoigt1 1.85257 1.89207 2.02438 909.97515 471.92481 492.77882 1.93 0.9997 

Flake 5 
Lorentzian 1.84984 1.89237 2.03572 473.61442 268.18939 187.03843 1.77 0.9988 

PsdVoigt1 1.85245 1.89513 2.02882 500.55203 187.94338 239.33261 2.66 0.9996 

Flake 3 
Lorentzian 1.84874 1.89012 2.02681 810.48387 454.6726 400.58997 1.78 0.9993 

PsdVoigt1 1.85295 1.89296 2.0364 863.78824 347.7223 450.28974 2.48 0.9997 
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Although a Voigt profile can reduce residuals, its extra degree of freedom makes the fit unstable without an 

instrumental constraint. The Lorentzian and Gaussian contributions trade off, leading to strong parameter 

covariance and non-unique solutions. In practice, it was found that repeated fits often produce similarly high 

R2 (>0.99) while yielding substantially different peak areas. This ambiguity inflates the uncertainty of derived 

quantities (IA-/IA0) and obscures conclusions. Two remedies are standard: measure and fix the instrumental 

Gaussian width via a calibration line or acquire low-temperature spectra to minimise inhomogeneous and 

instrumental broadening. Because neither was available for all datasets, the Lorentzian line shape was adopted 

as a stable model, which provides comparable and reproducible peak centres and areas across repeated fits. A 

side-by-side comparison and sensitivity analysis are provided in Figure A 21 and Table A 11. 

 

Figure A 21 PL spectra with repeated pseudo-Voigt (PsdVoigt1) fits obtained by varying the initial peak position 

guesses. 

Table A 11 The extracted peak positions and areas from Voigt function fittings selecting different ones. 

Sample Fit xA- xA0 xB AA- AA0 AB IA-/IA0 R2 

HfOx Uncharged 

Flake 5 

1 1.84686 1.88421 2.03711 358.62124 343.79529 207.71148 1.04 0.9979 

2 1.84686 1.88747 2.02966 405.36837 284.24002 242.58669 1.43 0.9989 

3 1.84465 1.89282 2.02966 419.14833 244.37873 219.2080 1.72 0.9985 

4 1.85245 1.89513 2.02882 550.55441 187.94172 239.33664 2.93 0.9996 

AlOx Uncharged 

Flake 5 

1 1.85105 1.87886 2.02222 509.51496 346.15361 444.42423 1.47 0.9991 

2 1.8526 1.89421 2.02553 582.32083 332.93047 423.54895 1.75 0.9996 

3 1.85105 1.88747 2.02222 541.40828 340.16159 443.57045 1.59 0.9993 

AlOx Uncharged 

Flake 2 

1 1.84622 1.88854 2.02176 774.6545 466.83874 482.13099 1.66 0.9995 

2 1.85252 1.89342 2.02767 905.02397 378.18836 431.89431 2.39 0.9997 
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Appendix K: Additional Transfer Curves 

 

Figure A 22 Normalised forward transfer curves of 2D MoS2 on uncharged and charged HfOx-capped substrates. Only 

the last of the five measurements taken on each device are presented for clarity. This demonstrates the changes in Vth1 is 

not an artifact of the change in the measurement range. Transfer curves on charged substrates are normalised to current 

at 80 V. 
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Figure A 23 Five transfer curves measured on each device on HfOx-capped charged substrates, clearly demonstrating 

that the increased Vth1 is not the result of reduced field-effect mobility due to repeated measurements.  


