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Semiconducting transition metal dichalcogenides (TMDs) such as MoS2 exhibit a 

direct band gap when isolated in monolayer form. They also exhibit high carrier 

mobility and are therefore attractive for use as channel materials in metal-oxide 

semiconductor field-effect transistors (MOSFETs) and other devices. MOSFETs rely 

on the integration of a metal-oxide dielectric layer with the semiconducting channel 

material. Atomic layer deposition (ALD) is often used for the deposition of dielectrics, 

but the MoS2 surface is hydrophobic and lacks dangling bonds. Because of this, ALD 

films on MoS2 are often poor quality, containing many gaps or pinholes. 

This work studies the effects of MoS2 surface preparation on ALD film quality. 

ALD films of TiO2 and Al2O3 are deposited on both mechanically exfoliated and 

chemical vapor deposition (CVD) grown MoS2. It is found that mechanically exfoliated 

MoS2 samples exhibit a wide range of film surface coverage as a result of variations in 

surface defect concentration and contamination from the exfoliation process. CVD-



  

grown MoS2 offers more reliable starting surfaces. Therefore, CVD-grown MoS2 was 

chosen to study surface engineering and functionalization for ALD. 

Reactive sulfur vacancies were formed in the MoS2 surface via argon ion sputtering, 

and thiol molecules were introduced to passivate the vacancies and leave the surface 

amenable to ALD. Films grown on thiol-treated surfaces and vacancy-containing 

surfaces were continuous and morphologically similar. DFT calculations showed that 

the thiol molecules attach primarily to sulfur vacancies. The ALD precursor molecule 

also binds strongly to the sulfur vacancies, thus leading to uniform film growth on 

vacancy-containing surfaces. 

The remainder of this work focuses on the discovery of novel electronic materials 

using DFT. The electronic and magnetic properties of Janus TMD nanoribbons were 

studied. Janus TMDs are created by replacing one side of chalcogen atoms (e.g. S) of 

a TMD monolayer with another (e.g. Se). Nanoribbons of Mo- and W-based Janus 

TMDs were studied in zigzag and armchair configurations. Zigzag nanoribbons are 

found to be magnetic metals, while armchair nanoribbons are semiconductors. The 

magnetic and electronic properties of these nanoribbons can be modulated by 

controlling the ribbon width and the saturation of edge atoms. 

Further studies investigate the surface functionalization of two-dimensional 

tellurene (Te). DFT is used to investigate the electronic structure of α- and β-Te sheets 

functionalized with hydrogen, oxygen, or fluorine. When functionalized, α- and β-Te 

become metallic, except for hydrogenated β-Te which remains semiconducting. 

Fluorinated Te structures are unstable, but H and O functionalized structures may be 

suitable for use in nanoscale electronics.  
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Chapter 1. Introduction 
 

Two-dimensional materials are atomically thin crystalline materials that can exist 

in many structural phases and possess a wide range of properties, from insulating, 

semiconducting, and conducting to even topological or superconducting properties.1–4 

Two-dimensional semiconductors such as molybdenum disulfide (MoS2) have 

attracted plenty of interest in recent years towards applications in field-effect transistors 

and other electronic devices.5–8 MoS2 possesses an indirect band gap in its bulk, layered 

form, and a direct band gap in its monolayer form.9 This material exists in nature, but 

monolayers of MoS2 can be readily synthesized with chemical vapor deposition 

techniques.10–14 As such, MoS2 is a promising material for next-generation electronic 

devices. 

1.1. Overview of Dissertation 

This dissertation primarily focuses on the integration of high-quality dielectric 

layers with MoS2 using atomic layer deposition (ALD). The motivation for this work, 

including the operation of metal-oxide-semiconductor field-effect transistors 

(MOSFETs) and the properties of two-dimensional MoS2 are presented in Chapter 2. 

This chapter also provides an overview of the ALD process and introduces the 

difficulties in performing ALD on MoS2 surfaces. 

Chapter 3 describes the ALD reactor used in this work, along with the techniques 

used for preparing the MoS2 surfaces. This chapter also describes the characterization 

techniques used to study the surfaces and interfaces of ALD films grown on MoS2. The 
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characterization of the surface morphology in particular is important to understand and 

improve ALD film growth on MoS2. 

While experimental techniques provide direct insight into the properties of a 

material, limitations can arise particularly in the detection of low numbers of interfacial 

molecules or atoms. Computational modeling can provide some insight into the 

interactions between molecules and the MoS2 surface. In this work, density functional 

theory (DFT) was used to study the energetics of molecule-MoS2 interactions. Chapter 

4 describes the basics of DFT along with some practical details of its implementation. 

The surfaces of MoS2 prepared by different methods are variable and may contain 

differing concentrations of defects or contaminants. As such, ALD films grown on 

MoS2 show varying levels of surface coverage. Chapter 5 studies the effects of surface 

preparation techniques on ALD film coverage. Surfaces prepared by mechanical 

exfoliation may exhibit contamination even after solvent cleaning, and thus display a 

large variation in film coverage. MoS2 surfaces prepared by chemical vapor deposition 

(CVD) are more consistent and exhibit reproduceable film coverage. Additionally, the 

growth of ALD films using two types of precursors are investigated. Different 

mechanisms of film growth between alkyl and alkyl amine precursors are suggested by 

differences in trends of surface coverage as a function of temperature. 

Chapter 6 describes work done to alter the surface of MoS2 and functionalize it for 

better ALD film growth. Reactive sulfur vacancies were formed in the MoS2 surface 

via argon ion sputtering, and thiol molecules were introduced to passivate the vacancies 

and leave the surface amenable to ALD. Films grown on thiol-treated surfaces and 

vacancy-containing surfaces were continuous and morphologically similar. DFT 
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calculations showed that the thiol molecules attach primarily to sulfur vacancies. These 

calculations also showed that the ALD precursor molecule binds strongly to the sulfur 

vacancies, thus leading to uniform film growth on vacancy-containing surfaces. Further 

calculations determined that the electronic structure of MoS2 is damaged by the 

creation of sulfur vacancies, but healing with thiol molecules restores the desirable 

electronic properties. 

The remaining studies in this work aim to identify new electronic materials. 

Nanoribbons of transition metal dichalcogenides (TMDs) may have unique 

applications in nanoelectronics, spintronics, and as nanoscale metal-semiconductor 

junctions. Chapter 7 presents a DFT study of Janus TMD nanoribbons. Janus TMDs 

are similar to TMDs such as MoS2, but the chalcogen atoms on one side are replaced 

with another chalcogen type resulting in an asymmetric material. This work 

investigates the spontaneous curvature of Janus TMD nanoribbons and the effects of 

curvature on the magnetic and electronic properties of these materials. The curvature 

has mild effects on the magnetic properties of zigzag-edged nanoribbons and a stronger 

effect on modulating the band gap of armchair-edged nanoribbons. These effects are 

dependent on the composition of the Janus nanoribbon. This study helps to identify 

new electronic materials and methods for tuning their properties to fit desired 

applications. 

Chapter 8 presents a DFT study of two-dimensional Tellurene (Te) structures. This 

material exists in two phases known as α- and β-Te. In this study, Te structures are 

studied in both bare Te and hydrogen, oxygen, or fluorine-functionalized counterparts. 

The calculations investigate the stability and electronic properties of these materials 
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and find that while both bare Te phases are semiconducting, functionalized Te sheets 

are metallic except for H-β-Te. This study proposes that these materials are suitable for 

electronic devices or for metallic contacts in nanoscale junctions. 

Chapter 9 summarizes the results of this work. 
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Chapter 2. Background Information 

2.1. Metal-Oxide Semiconductor Field-Effect Transistors 

The metal-oxide-semiconductor field-effect transistor (MOSFET) has been one of 

the most important devices in electronics since the early 1980s. Compared to other 

transistor designs, it is cheaper, simpler, and consumes less power in operation.15 There 

two types of MOSFETs (n-channel and p-channel), of which there are several 

variations. Both operate under similar principles, with the difference being the type of 

charge carrier. As an example, a typical n-channel MOSFET (n-MOS, n-type charge 

carriers), is fabricated in bulk p-type silicon; a schematic is shown in Figure 2.1. Two 

n-type regions are created (the “source” and the “drain”) with a p-type silicon channel 

between them. 

 

Figure 2.1. A typical n-type MOSFET in operation. The source and drain are formed from n-type silicon 
in a p-type silicon substrate. When a positive voltage is applied to the gate, positive charges are driven 
away from the gate. A voltage is then applied across the source and drain, and electrons may flow from 
the source to the drain. Redrawn from Ref. [16]. 

The gate is a metal-oxide-semiconductor (MOS) stack positioned between the 

source and the drain which acts as a capacitor. When a voltage is applied across the 

gate, an electric field is generated in the channel which draws a layer of electrons 
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toward the semiconductor surface. The region where electrons collect is known as the 

accumulation region. If a voltage is then applied to the drain, the electrons are allowed 

to flow out of the accumulation region and current flows through the transistor. The 

current thus depends on the electric field in the gate (the so-called field effect), and 

therefore on the gate capacitance. The capacitance is given by 

 𝐶 =
𝜀$𝑘𝐴
𝑡  (2.1) 

where 𝜀$ is the permittivity of free space, 𝑘 is the relative dielectric constant of the 

oxide, 𝐴 is the capacitor’s area, and 𝑡 is the oxide thickness. Traditionally, the oxide in 

MOSFETs has been silicon dioxide (SiO2). To fit more transistors on a single chip, 

they must be made smaller (i.e. the transistor’s gate length, and therefore the capacitor’s 

area, must be reduced). By Equation (2.1), it is clear that if the capacitor’s area is 

reduced, the gate oxide thickness must also be reduced to retain the same capacitance. 

In fact, the gate length is predicted to reach ~5 nm by 2030 by the International 

Technology Roadmap for Semiconductors,17 shown in Figure 2.2. 

 

Figure 2.2. Predicted transistor gate length trend. The gate oxide thickness is directly related to the 
physical gate length. Reprinted from Ref. [17] – Published by The Royal Society of Chemistry. 
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The drive for increased transistor density and device performance means that the 

gate oxide layer has become so thin that electrons are able to tunnel through it. This 

current leakage leads to unacceptably high levels of power dissipation.18 Replacing the 

SiO2 layer with a high-𝑘 dielectric allows for thicker gate oxides, which reduces 

leakage current while retaining a high capacitance. The thickness of the high-𝑘 

dielectric is related to its equivalent SiO2 thickness, or equivalent oxide thickness 

(EOT), as  

 EOT = +
3.9
𝜅 0 𝑡123145 (2.2) 

where 3.9 is the relative dielectric constant of SiO2 and 𝑡123145 is the thickness of the 

new dielectric material. Equation (2.2) demonstrates how a high-𝑘 layer may be made 

physically thicker than the SiO2 layer it replaces by the ratio of the materials’ dielectric 

constants while retaining the properties of a thin SiO2 layer. Another important 

requirement in device fabrication is a high-quality interface between the semiconductor 

and the gate dielectric. Atomic layer deposition (ALD) provides a controlled method 

for integrating high-𝑘 metal oxides with silicon. In fact, in 2007 Intel first used ALD 

to deposit hafnium dioxide (HfO2) as part of the fabrication process for its 45nm 

transistors.16,19 

2.2. Transition Metal Dichalcogenides 

While the integration of high-𝑘 dielectrics on silicon has proved beneficial for 

device scaling, classic semiconductor materials (silicon and germanium) can only go 

so far toward the scaling of nanoelectronics, and other avenues must be explored. 

Gallium arsenide and other III-V materials can help with device scaling because of 
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their high charge carrier mobility.20,21 However, these materials suffer from source-

drain tunneling as the channel length narrows below 5 nm.17,22 A different class of 

materials known as transition metal dichalcogenides (TMDs) may provide an alternate 

route to device scaling. TMDs are layered materials of the form MX2 (M = metal, X = 

S, Se, or Te) with layers bound by van der Waals forces. Individual TMD layers (i.e. 

monolayers) possess a direct band gap – they are atomically thin semiconductors. 

TMDs possess a physical structure similar to graphene, and thin layers may be prepared 

by mechanical exfoliation from bulk crystals,23,24 or by chemical vapor 

deposition.10,11,13,12,14 Monolayer TMDs are also highly transparent and flexible, 

making them good candidates for flexible or transparent electronics.25 MoS2 is one of 

the most promising TMD semiconductors, possessing an indirect band gap of ~1.29 eV 

in bulk form and a direct band gap of ~1.8 eV in monolayer form.9 MoS2 has a 

theoretical charge carrier mobility of ~410 cm2 V−1 s−1.26 In single-layer MoS2 

transistors, carrier mobility as high as ~200 cm2 V−1 s−1 has been demonstrated,6 which 

is comparable to the carrier mobility of 2 nm strained silicon films.27 TMDs such as 

MoS2 may be more resistant to source-drain tunneling effects because of their heavier 

charge carrier effective mass, allowing for shorter channel lengths.17 Recently, this was 

demonstrated by Desai et al. who fabricated a MoS2-based MOSFET with a 1 nm 

channel length and a source-drain tunneling current two orders of magnitude lower than 

an equivalent Si-based device.8 

The integration of high-𝑘 dielectrics with single- or few-layer MoS2 makes it 

possible to fabricate nanoscale transistors with MoS2 as the channel material. Not only 

are individual MoS2 layers less than 1 nm in thickness, it has been proposed that the 
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use of high-𝑘 dielectrics as gate oxides can assist in scaling down the channel length.28 

Additionally, the dielectric may enhance the charge carrier mobility in single layers of 

MoS2.6,29,30 The fabrication of MOSFETs has been demonstrated using MoS2 and 

atomic layer deposited HfO2 and Al2O3.6,30–33 

2.3. Atomic Layer Deposition 

Atomic layer deposition (ALD) was invented in 1977 by the name of “atomic layer 

epitaxy” (ALE) by Tuomo Suntola.34 ALD is a thin film growth technique that relies 

on specific chemical interactions between gas-phase molecules and the surface upon 

which the film is to be grown. In this respect, it is similar to chemical vapor deposition 

(CVD). The major difference between ALD and CVD, however, is that ALD does not 

allow the chemical reactants (known as precursors) to be in the reaction chamber at the 

same time. Instead, the precursors are introduced sequentially and in a cyclic manner 

to react with the surface. The chamber is purged with inert gas between reactions. For 

the growth of metal oxides, the deposition is a two-step process (cartoon schematic 

shown in Figure 2.3): 

i. Precursor 1 (a metal-organic molecule) is introduced to the desired surface, 

where it is allowed to react and bond with the surface. The surface chemistry is 

now altered from its original state. Unreacted molecules are purged with inert 

gas. 

ii. Precursor 2 (an oxidizer) is introduced to the surface where it may react with 

Precursor 1. The surface chemistry is returned to its initial state. Unreacted 

molecules and reaction byproducts are purged with inert gas. In most cases, the 
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oxidizer is water, though other oxidizers such as oxygen plasma or ozone can 

be used.35 

 

Figure 2.3. Cartoon schematic of one ALD cycle, redrawn from Ref. [36]. 

These two steps make up one ALD cycle which may be repeated as many times as 

necessary to grow the desired thickness of film. The ideal process is self-limiting. Once 

the surface is covered with a monolayer of either precursor, there are no more surface 

sites for the precursor to occupy and no further reaction occurs. Excess precursor is 

pumped out of the chamber in the purge step. Because of its self-limiting nature, the 

ALD process allows for sub-nanometer control of the film’s thickness and for 

conformal, uniform film growth. 

The ideal ALD reaction is the ligand-exchange mechanism. An example of the 

ligand-exchange process is shown in Figure 2.4 for a process using tetrakis 

(dimethylamino) titanium (TDMAT, [(CH3)2N]4Ti) and water to form TiO2. The metal 

oxide is formed when the ligands of Precursor 1 (TDMAT) are exchanged for the 

oxygen of Precursor 2 (H2O) during the second half of the ALD cycle. The organic 

ligands are thus released and pumped out of the chamber.35 
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Figure 2.4. Schematic of the ligand-exchange mechanism for an ALD process using tetrakis 
(dimethylamino) titanium (TDMAT) and water. The starting surface is –OH terminated. In the first half 
cycle (a), TDMAT reacts with the –OH terminated surface, releasing methyl ligands. In the second half 
cycle (b), water reacts with the TDMAT on the surface, releasing the remaining ligands and leaving the 
surface –OH terminated once more. 

The ALD process is carried out under vacuum (typically ~0.2 Torr) and at 

temperatures of 100-400 °C. The behavior is not always ideal; too low of a temperature 

can result in precursor condensation or incomplete reaction, whereas too high of a 

temperature can result in precursor decomposition or desorption of surface species. 

Thus, reactions must take place in the “ALD window” (shown in Figure 2.5). This is 

the temperature range under which the growth rate, the film thickness increase per ALD 

cycle, is relatively constant.36 The ALD window depends on the specific precursors 

used. 
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Figure 2.5. Schematic of ALD growth rate as a function of temperature. The growth rate in (a) increases 
as a result of precursor condensation and decreases in (b) as a result of incomplete reactions. In (c), 
precursor decomposition drives up the growth rate, and in (d), precursor desorption lowers the growth 
rate. The ALD window is represented by (e) where the growth per cycle is relatively constant. 

 

2.4. Motivation 

The surface chemistry is of great importance in ALD. Hydrophilic surfaces with 

dangling –OH bonds (such as SiO2) are amenable to film growth whereas hydrophobic 

surfaces are not.37 MoS2 surfaces are extremely hydrophobic and inert, lacking the 

necessary dangling bonds. ALD on pristine MoS2 surfaces results in “island growth” 

as the film nucleates only on surface defect sites.38,39 To promote high-quality film 

growth, surface functionalization must occur before ALD. Several functionalization 

techniques have been explored elsewhere, including plasma treatment, interfacial seed 

layers, and organic seed layers.33,38,40–44 However, these techniques often require 

special equipment, and may also be time consuming. 
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A comprehensive understanding of the interface between MoS2 and dielectric 

layers is necessary to enable the development of devices based on these materials. This 

work aims to provide insight into the mechanisms of film growth on MoS2 surfaces and 

thus advance knowledge towards device scaling using these materials. 
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Chapter 3. Experimental Methods 

3.1. ALD Reactor 

Depositions were performed in a custom-built stainless-steel hot wall flow tube 

type ALD reactor (Figure 3.1) that is described in more detail by Henegar and 

Gougousi.45 The precursors are introduced by the fixed volume method46 and are 

carried into the reaction chamber by 17 sccm of ultrahigh purity nitrogen gas. The 

chamber is actively pumped with a rotary vane oil pump to maintain a processing 

pressure of ~200 mTorr. The reactor is equipped with two metal-organic precursor 

delivery lines, one of which is heated. The heated line delivers tetrakis (dimethylamino) 

titanium (TDMAT) or tetrakis (dimethylamino) hafnium (TDMAH) for the deposition 

of TiO2 or HfO2, respectively. The unheated line delivers trimethyl aluminum (TMA) 

for the deposition of Al2O3. A third line delivers water into the chamber. 

 
Figure 3.1. Diagram of the ALD reactor to be used for growth of metal oxides on MoS2. Reprinted with 
permission from Ref. [47]. 
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3.2. Sample Preparation 

3.2.1. Mechanical Exfoliation 

The mechanical exfoliation of two-dimensional materials stems from the original 

studies of graphene in 2004.23 Layers of graphite or TMDs may be peeled from bulk 

samples using Scotch tape, after which they may be transferred to silicon wafers or 

some other substrate. While mechanical exfoliation of graphene onto silicon benefits 

from strong adhesion of graphene to SiO2, exfoliation of MoS2 and other TMDs does 

not,48 resulting in low yield and small flakes.  

Several modifications of the “Scotch tape method” have been employed.48–50 The 

method used in this work is a modification of the method used by Huang et al.50 

Semiconductor dicing tape (Semiconductor Equipment Corp.) is used to peel layers of 

MoS2 from a bulk crystal (SPI Supplies). The material attached to the tape is thinned 

with another piece of tape up to 10 times before transfer to a clean silicon wafer topped 

with 300 nm or 500 nm of SiO2. The thick oxide layer on the silicon wafer increases 

the optical contrast to allow for visual identification of mono- and few-layer flakes 

using an optical microscope.51,52 The tape is pressed firmly to the wafer before the 

wafer is placed on a 100°C hotplate for ~30 s. After annealing on the hotplate, the tape 

is pressed firmly to the wafer again to remove gases trapped between the MoS2 layer 

and the substrate, improving adhesion to the substrate.50 The tape is carefully removed, 

leaving behind few-layer MoS2 flakes that are up to 10-15 μm in length. The optical 

contrast between the MoS2 flakes and the SiO2 substrate allows for identification of the 

flakes using optical microscopy, as shown in Figure 3.2. 
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Figure 3.2. Optical images of exfoliated MoS2 flakes on 500 nm SiO2 substrates. A single MoS2 flake 
is shown in (a) and (b) at different magnifications. In (c), various thicknesses of MoS2 flakes are shown 
(color is thickness-dependent). Scale bars are 50 μm for (a) and (c) and 10 μm for (b). 

The color of the flake corresponds to its thickness, allowing for easy identification 

of very thin flakes which appear green at low magnification (Figure 3.2a). An optical 

image with corresponding atomic force microscopy scan is shown in Figure 3.3. 

 

Figure 3.3. (a) Optical image of an exfoliated MoS2 flake on 500 nm SiO2. The black square marks the 
region scanned with AFM in (b). The step heights of selected regions are also shown in (b). The scale 
bars correspond to (a) 50 μm and (b) 5 μm. 

 

3.3. Characterization Techniques 

3.3.1. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a scanning probe measurement capable of 

mapping the topography of a sample with sub-nanometer precision. The instrument 
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consists of a stylus-type tip on a flexible cantilever, mounted on a piezoelectric crystal. 

The tip is scanned across and allowed to make contact with the surface of interest. A 

laser beam reflects off the cantilever as it interacts with the surface’s features. The 

reflected beam impinges on a split photodiode which measures the position of the laser 

spot (Figure 3.4). The signal measured by the photodetector controls the piezoelectric 

crystal using a feedback system to offset the tip displacement and maintain a constant 

force between the tip and sample.53,54 The offset displacement provides the desired 

surface height information.55 In the commonly used non-contact (tapping) mode, the 

cantilever is oscillated near its resonant frequency, typically around 10-100 kHz. This 

mode allows the tip to experience strong forces in the vertical direction while 

experiencing very little lateral force.54 

 

Figure 3.4. Basic operation of an atomic force microscope. The cantilever deflection is measured by the 
laser’s reflection on the photodiode and modulated by a piezoelectric crystal. 

One important parameter that can be extracted from the height information is the 

RMS roughness, 
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where 𝑧2 is the height of a single point and 𝑧>?3 is the average height of the surface. 

The RMS roughness measurement provides some insight into the smoothness and 

uniform nature of a surface, in that a surface with large variations in height will have a 

higher RMS roughness. For the ALD films considered in this work, the RMS roughness 

is a proxy for the quality of the film. Poor quality films with many gaps or pinholes 

exhibit higher RMS roughness, and smoother, more uniform films exhibit RMS 

roughness closer to that of bare silicon. 

3.3.2. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique used for 

analyzing elemental composition and bonding environments of materials. The principle 

of XPS is the photoelectric effect. A beam of x-ray light impinges on a material, causing 

core-level electrons to be emitted from the surface of the material (Figure 3.5). The 

energy of an emitted electron is dependent on both the atom from which the electron 

came and the atom’s bonding environment. The quantity of interest is the electron’s 

binding energy (BE) which is found by measuring the electron’s kinetic energy (KE) 

and by using the following relation, 

 BE = ℎ𝜈 − KE − 𝜙 (3.2) 

where ℎ𝜈 is the x-ray energy and 𝜙 is the work function of the detector. The binding 

energy of an electron is specific to the atom and the orbital from which the electron 

originates. Different chemical bonding environments may shift the binding energy by 

several eV, and such shifts are easily measured, allowing for chemical analysis. 
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Figure 3.5. Schematic of an x-ray ejecting a core electron from an oxygen atom. The binding energy of 
an ejected electron is specific to the atom and orbital from which the electron originates. Reprinted with 
permission from Ref. [47]. 

XPS is surface sensitive. While the x-rays may penetrate 1000 nm or more into a 

material, the ejected electrons are susceptible to inelastic scattering. The sampling 

depth depends on the electron’s inelastic mean free path (IMFP), 𝜆. We only detect 

electrons from within a depth of about 3𝜆, which is typically about 10 nm.54 For a thin 

film on a substrate, the intensity of emitted photoelectrons can be described by Beer’s 

law, 

 𝐼5I = 𝐼$I J1 − 𝑒
4 L
M	OPQ	RS 

𝐼5T = 𝐼$T𝑒
4 L
M	OPQ	R 

(3.3) 

where the subscripts o and s specify the thin film overlayer and substrate, respectively. 

The angle 𝜃 is the angle between the emitted beam and the normal direction. 

The number of electrons detected at a certain energy is proportional to the number 

of its source atom, allowing for quantitative study of the material. That is, the material’s 

stoichiometry can be determined by measuring the binding energy peak areas. Thus, 
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XPS may be used to study the surface chemistry of materials with high sensitivity. 

Atomic concentrations can be calculated as 

 𝑛2 =
𝐼2/𝑆2
∑ 𝐼Z/𝑆ZZ

 (3.4) 

where 𝑛2 is the concentration of element i, 𝐼 is the peak intensity, and 𝑆 is the relative 

sensitivity factor (RSF). The sum over j includes all elements in the sample. The RSF 

depends on both the element and the transition from which the electron originates and 

is necessary to scale measured peak areas so that atomic concentrations can be 

calculated properly. Because of sample charging effects, it is necessary to calibrate the 

spectra before peak fitting. Typically, this is done by shifting the spectra so that the C 

1s peak is at 284.8 eV. This peak is known as adventitious carbon, and is present in 

nearly every sample.56 

Depth profiling of materials can be performed by removing surface atomic layers 

via ion sputtering. This is typically performed by bombarding the surface with argon 

ions with energies ranging between 0.5-5 keV.57 This technique allows for sampling of 

the material below the maximum sampling depth. Though argon ion sputtering is 

usually used to remove complete layers of material from the surface, other effects are 

possible. Particularly, sputtering the MoS2 surface with low energy (~500 eV) argon 

ions was found to selectively remove sulfur atoms and create single sulfur vacancies.58–

60 This approach is employed here to create reactive MoS2 surfaces prior to ALD of 

metal oxide thin films. 

XPS data collection and argon ion sputtering for this work were performed at the 

University of Maryland, College Park using a Kratos AXIS 165 spectrometer. 

Sputtering and data collection were performed with the assistance of Dr. Karen Gaskell. 
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Chapter 4. Density Functional Theory 
 

Density functional theory (DFT) is one of the most widely used computational 

techniques for studying materials at a quantum mechanical level. It is commonly used 

to model the properties of molecules, solids, surfaces, and interfaces. The aim of DFT 

is to solve the many-body Schrodinger equation for N electrons in a material, 
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The first term in Equation (4.1) is the kinetic energy, the second term is the external 

potential (from the nuclei), and the third term is the electron-electron interaction 

potential. On the right side of Equation (4.1), 𝐸 is the total energy and 𝜓 is the electron 

wave function. 

Solving the Schrodinger equation directly is practically impossible, as the solution 

has 3N dimensions (3 spatial dimensions for each of N electrons). Density functional 

theory seeks to make this problem tractable by reducing its dimensionality. As the name 

suggests, DFT relies on knowledge of the electron density, 

 𝑛(𝐫) = 2:𝜓2∗(𝐫)𝜓2(𝐫)
2

 (4.2) 

where the sum is over all occupied electron wavefunctions.61 The factor of 2 arises 

from the fact that an electron may be either spin-up or spin-down. 

4.1. Hohenberg-Kohn Theorems 

The DFT approach depends on two theorems presented by Hohenberg and Kohn in 

the 1960s.62 The first Hohenberg-Kohn theorem states that the ground state energy from 
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the Schrodinger equation is a unique functional of the electron density. That is, the 

ground state energy 𝐸 can be expressed as 𝐸[𝑛(𝐫)]. This theorem means that all 

properties of a system are uniquely determined by the ground-state electron density. 

The most important consequence of this fact is that the problem is reduced from 3N 

dimensions to simply 3 dimensions, since now the positions of all electrons are not 

required, but simply the electron density. If the energy functional and electron density 

are known exactly, then all properties of the system can be determined. Unfortunately, 

the exact form of the functional is not generally known. 

The second Hohenberg-Kohn theorem describes an important property of the 

functional. It states that the electron density that minimizes the energy of the functional 

is the true electron density that corresponds to the full solution of the Schrodinger 

equation. Therefore, if the energy functional can be minimized by varying the electron 

density, the true electron density can be found. While the exact form of the energy 

functional is not known, approximate forms can be used to find approximate, yet useful, 

solutions to the Schrodinger equation. The Kohn-Sham approach is to recast the 

problem in terms of non-interacting electrons with the same electron density. The 

energy functional can be written in terms of single-electron wavefunctions, 𝜓2(𝐫) 

(which define the electron density), as 

 𝐸[{𝜓2}] = 𝐸5stus[{𝜓2}] + 𝐸vw[{𝜓2}] (4.3) 

where the functional is split into the known part (𝐸5stus) and exchange-correlation 

part (𝐸vw). The known part of the functional includes terms for the electron kinetic 

energies, Coulomb interactions between electrons and nuclei, electron-electron 
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Coulomb interactions, and nucleus-nucleus Coulomb interactions. This part of the 

functional can be written as 

 
𝐸5stus[{𝜓2}] = −

ℏA

𝑚:x𝜓2∗∇A𝜓2𝑑z𝑟 + x𝑉(𝐫)𝑛(𝐫)𝑑z𝑟
2

+
𝑒A

2 |
𝑛(𝐫)𝑛(𝐫})
|𝐫 − 𝐫}| 𝑑z𝑟	𝑑z𝑟} + 𝐸2ts 

(4.4) 

The remaining term in the full energy functional is the exchange-correlation 

functional, 𝐸vw , which arises from mapping the full interacting system to a non-

interacting system. This term contains all effects that are not included in 𝐸5stus, the 

most important of which are the exchange energy and the correlation energy. The 

exchange energy arises from the fact that electrons are fermions, and the wave function 

is antisymmetric under exchange of any two electrons. The exchange energy is the 

energy associated with interchanging two electrons under this condition. The 

correlation energy is the energy associated with how a single electron is affected by all 

other electrons. In essence, this is a result of screening effects. In the Kohn-Sham 

formalism described below, the exact exchange-correlation functional is typically 

unknown, and therefore practical applications of DFT rely on approximating this 

functional. 

4.2. Kohn-Sham Equations 

Thus far, the Schrodinger equation is still insoluble, as the electron density that 

minimizes the energy functional is still unknown. Kohn and Sham presented a solution 

to this problem in 1965.63 The Kohn-Sham approach is to construct a fictitious system 
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of non-interacting electrons that has the same electron density as the physical system. 

The Kohn-Sham equations are single particle equations of the form 

 
�−

ℏA

2𝑚∇A + 𝑉(𝐫) + 𝑉�(𝐫) + 𝑉vw(𝐫)�𝜓2(𝐫) = 𝜀2𝜓2(𝐫) (4.5) 

In this equation, the potential 𝑉 describes the interaction of the electron with the atomic 

nuclei. The second potential, 𝑉� is the Hartree potential, 

 
𝑉� = 𝑒A x

𝑛(𝐫})
|𝐫 − 𝐫}| 𝑑

z𝑟′ (4.6) 

which describes the Coulomb interaction between the considered electron and the total 

electron density formed by all electrons in the system. Finally, the potential 𝑉vw  is the 

exchange-correlation potential. This potential can be defined as a functional derivative, 

 
𝑉vw =

𝛿𝐸vw(𝐫)
𝛿𝑛(𝐫)  (4.7) 

To solve the Kohn-Sham equations, one must find the Hartree potential. However, 

the Hartree potential is dependent on the electron density which is as yet unknown. In 

practice, this can be solved in an iterative way: 

1. Define a trial electron density 𝑛(𝐫). 

2. Solve the Kohn-Sham equations using the trial electron density and find the 

single electron wavefunctions 𝜓2(𝐫). 

3. Calculate the electron density from the Kohn-Sham single electron 

wavefunctions, 𝑛��(𝐫) = 2∑ 𝜓2∗(𝐫)𝜓2(𝐫)2 . 

4. Compare the trial density 𝑛(𝐫) to the calculated density 𝑛��(𝐫). If the densities 

differ by more than some threshold, update the trial density and repeat steps 2 

and 3 until the densities are sufficiently similar. 
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Once this process is complete to a satisfactory threshold, the ground-state electron 

density has been found. The exchange-correlation potential, 𝑉vw , is still unknown. 

4.3. Exchange-Correlation Functionals 

In practice, DFT relies on approximating the exchange-correlation functional. 

There are many approaches to this problem, but the most common methods are the 

local density approximation (LDA) and the generalized gradient approximation 

(GGA). The form of the exchange-correlation functional is typically not known. 

However, it can be exactly derived for the case of the uniform electron gas (𝑛(𝐫) = 

constant), and this forms the basis of both the LDA and GGA methods. For LDA, the 

exchange-correlation potential at a point is approximated as the exchange-correlation 

potential of the uniform electron gas at the electron density observed at that point (the 

local density).63,64 If the density is slowly varying, the exchange-correlation potential 

can be written as 

 𝐸vw[𝑛(𝐫)] = x𝑛(𝐫)𝜖vw(𝑛(𝐫))𝑑𝐫 (4.8) 

where 𝜖vw(𝑛) is the exchange-correlation energy per electron of a uniform electron 

gas with density 𝑛. The LDA functional has seen widespread use and success in the 

DFT world, though it is known to underestimate material properties such as lattice 

parameters. 

The GGA method aims to include more physical information in the approximation 

to the exchange-correlation functional. It includes information about the local gradient 

of the electron density along with the local density itself, in a form such as 
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 𝐸vw[𝑛(𝐫)] = x𝑓(𝑛(𝐫), ∇𝑛(𝐫))𝑑𝐫 (4.9) 

where 𝑓 is some function of the electron density and the gradient of the electron density. 

There are several implementations of GGA, including that of Perdew et. al (PW91)65 

and Perdew-Burke-Ernzerhof (PBE).66 The PBE functional is widely used as it 

provides a good tradeoff between accuracy and computation time, although it is known 

to underestimate electronic band gaps. 

Higher-order functionals also exist that use even more physical information such 

as the kinetic energy density. However, these methods are more computationally 

demanding and the tradeoff between accuracy and computation time must be 

considered. 

4.4. Computational Details 

4.4.1. K-points 

Density functional theory seeks to solve the Schrodinger equation for periodic 

systems. Bloch’s theorem states that the eigenstates for an electron in a periodic 

potential can be expressed as 

 𝜙5(𝐫) = 𝑒2𝐤	∙	𝐫	𝑢5(𝐫) (4.10) 

where 𝑢5(𝐫) has the same periodicity as the unit cell, i.e. 𝑢5(𝐫) = 𝑢5(𝐫 + 𝐑), and 𝐤 is 

the electron wave vector.67 In DFT calculations, integrals over k-space are computed 

numerically. Thus, k-space can be sampled by specifying a specific number of k-points. 

The Monkhorst-Pack method requires only that the number of k-points to be used along 

each reciprocal direction is specified.68 As the number of k-points increases, so does 

the accuracy of the calculation, but also the computational time. The computational 
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time scales roughly linearly as the number of k-points increases. One can determine the 

k-point convergence by plotting the total energy of a system as a function of k-points. 

The k-point convergence of a monolayer of MoS2 is plotted in Figure 4.1.  

 

Figure 4.1. Total energy of MoS2 as a function of k points. 

Here, the k-points were specified as 𝑀 ×𝑀 × 1, as only one k-point is required in 

the vertical direction. The total energy does not change after 12 k-points, and the 

calculation is said to be converged at this k-point value. Increasing the number of k-

points beyond this point does not increase the accuracy of the calculation. 

 

4.4.2. Energy Cutoff 

The potential 𝑢5(𝐫) from Bloch’s theorem (Equation (4.10)) is periodic and can be 

expanded as a series of plane waves, 

 𝑢5(𝐫) =:𝑐𝐆𝑒2𝐆	⋅	𝐫
𝐆

 (4.11) 
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where 𝐆 = 𝑚b𝐛b + 𝑚A𝐛A + 𝑚z𝐛z. Here, 𝐛2 are the reciprocal lattice vectors and 𝑚2 

are integers. Now, Equation (4.10) becomes 

 𝜙5(𝐫) =:𝑐𝐤�𝐆𝑒2(𝐤�𝐆)	⋅	𝐫
𝐆

 (4.12) 

and these solutions to the Schrodinger equation have energy 

 
𝐸 =

ℏA

2𝑚
|𝐤 + 𝐆|A (4.13) 

In DFT, it is practical to consider solutions only below some cutoff energy, 

 
𝐸��� ≤

ℏA

2𝑚𝐺���A  (4.14) 

so that Equation (4.10) becomes a finite sum, 

 𝜙5(𝐫) = : 𝑐𝐤�𝐆𝑒2(𝐤�𝐆)	⋅	𝐫
|𝐤�𝐆|j����

 (4.15) 

The cutoff energy parameter must be tested for convergence in DFT calculations, 

similar to the k point convergence testing.61 The total energy of a MoS2 monolayer as 

a function of cutoff energy is shown in Figure 4.2. 
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Figure 4.2. Total energy of MoS2 as a function of cutoff energy. 

 

4.4.3. Pseudopotentials 

The previous section outlined how a plane-wave basis set may be used to calculate 

solutions to the Schrodinger equation. However, including terms for all electrons in a 

material is computationally demanding. Physically, core electrons are not as important 

as valence electrons for chemical bonding and other material properties. Since the 

computational cost of DFT calculations scales like N3 for systems of N electrons, 

pseudopotentials are adopted to reduce computational demands. Pseudopotentials use 

a smoothed electron density for the core electrons that matches the physical properties 

of the true core. Above a certain cutoff radius rc, the pseudopotential should match the 

actual potential (Figure 4.3a). Similarly, the pseudo-wave function should match the 

real wavefunction above the cutoff radius (Figure 4.3b) This method reduces the 

number of plane waves that must be included in the calculation and saves 
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computational time while not sacrificing much accuracy in the calculation of physical 

properties.61 

 

Figure 4.3. (a) Comparison of the real potential, V, to the pseudopotential, Vpseudo, and (b) comparison 
of the real wave function to the pseudo-wave function. Above the cutoff radius rc, the potentials and the 
wave functions match. 

Two common pseudopotential forms are norm-conserving pseudopotentials69 and 

ultrasoft pseudopotentials.70 Both methods aim to reduce computational demands by 

lowering the required cutoff energy. Norm-conserving pseudopotentials enforce the 

conditions that inside the cutoff radius, the norm of the pseudo-wave function is 

identical to that of the all-electron wave function, while outside the cutoff radius the 

pseudo-wave function and all-electron wave function are identical.69 Ultrasoft 

pseudopotentials relax the norm-conserving constraint by introducing augmentation 

charges below the cutoff radius to account for the charge density difference between 

the all-electron wave function and the pseudo-wave function. The augmentation 

charges can be treated more efficiently than the all-electron charge density.70,71 

The projector augmented wave method (PAW) is a related method that uses the full 

wave function.72 This method uses a transformation operator to smooth the wave 

function in a manner similar to changing from the Schrodinger picture to the 
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Heisenberg picture. Since the transformation from pseudo-wave function to all-electron 

wave function is known, physical properties can be extracted from the pseudo-wave 

function. This method differs from the aforementioned norm-conserving and ultrasoft 

pseudopotential methods because it does not split the wave function into two parts. 

PAW potentials are generally more accurate than ultrasoft pseudopotentials because 

they have smaller cutoff radii. Further, they can reconstruct the exact wave function in 

the core region. Although derived differently, the PAW method is related to the 

ultrasoft pseudopotential method and can be implemented in codes based on ultrasoft 

pseudopotentials.71 Calculations in this work are performed using the Vienna ab Initio 

Simulation Package (VASP)73 using the PAW method.  
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Chapter 5. Atomic Layer Deposition of Al2O3 and TiO2 on 
MoS2 surfaces 

 
This chapter is based on the published manuscript Atomic Layer Deposition of Al2O3 

and TiO2 on MoS2 Surfaces. J. Vac. Sci. Technol. A 2018, 36 (6), 06A101. Reprinted 

with permission from J. Vac. Sci. Technol. A. Copyright 2018, American Vacuum 

Society. 

5.1. Introduction 

Two-dimensional semiconductors such as MoS2 have attracted considerable 

interest in recent years due to their novel electronic properties. Comparable in structure 

to graphene24 but with an indirect bandgap of ~1.29 eV in bulk form and a direct 

bandgap of ~1.8 eV in monolayer form,9 MoS2 is a natural candidate for a channel 

material in thin-film field effect transistors (FETs). In fact, the fabrication and 

performance of devices derived from MoS2, including but not limited to FETs, have 

been the subject of much study of late.6,7,31,33,40,74–80 One of the most important elements 

of many of these devices is a high-quality dielectric film on top of the semiconducting 

MoS2 layer. Atomic layer deposition (ALD) is often used to deposit high-k dielectric 

films on MoS2 for this purpose.31–33,39–41,43,44,74,76,78,79,81,82 However, the lack of 

dangling bonds on the MoS2 surface results in poor reaction between the surface and 

the ALD precursors. This typically leads to incomplete surface coverage for dielectric 

films up to ~15 nm thick unless the surface is treated in some way before 

deposition,32,33,38–44,74,79,81,82 This presents a substantial problem for nanoelectronic 

devices, i.e. FETs where dielectric gate thicknesses below 10 nm are desired. To enable 

reliable production of MoS2-based devices, a complete understanding of the ALD 
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process chemistry on the MoS2 surface is required. However, due to the large variety 

of surface preparation techniques, it can be difficult to discern the exact reaction 

mechanisms. 

Few-layer or monolayer MoS2 may be prepared by mechanical exfoliation (the 

“Scotch tape” method) which itself has several variations,23,48,50 or synthesized by 

chemical vapor deposition (CVD).10–14 Both preparation methods create surfaces with 

a variety of defects. 83–86 The presence of both defects and contamination from either 

the exfoliation process or the vapor deposition process can affect greatly the quality 

and reactivity of the starting MoS2 surface. In ALD, the film nucleation step relies on 

the presence of suitable functional groups on the starting surface. As a result, the 

presence of contaminants on the surface that may either promote or inhibit film 

nucleation and growth may lead to erroneous conclusions about the effectiveness of 

any surface preparation approaches employed. Here, we investigate the high degree of 

variation found in both exfoliated and CVD-grown MoS2 surfaces through 

characterization of ALD-grown dielectric films. We also compare ALD processes 

using alkyl and alkyl amine precursors. 

5.2. Experimental 

Molybdenum disulfide multilayers were exfoliated from a bulk crystal (SPI 

Supplies) using Scotch tape or semiconductor dicing tape (Semiconductor Equipment 

Corp.) and transferred to 300 nm SiO2/Si substrates. Samples were annealed for 30 

seconds on a 100°C hotplate prior to removal of the tape to improve the adhesion of 

MoS2 to the substrate. This method was modified from the technique outlined by Huang 

et al.50 
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Monolayer MoS2 was grown on 280-300 nm SiO2/Si substrates by Dr. Wenjuan 

Zhu, Yuhang Cai, and Zihan Yao at the University of Illinois Urbana Champaign 

(UIUC). The monolayers were grown using a CVD method. Molybdenum trioxide 

(MoO3) powder (0.060g) and sulfur (S) powder (0.400g) were used as the precursors. 

The substrates were placed face down above the MoO3 powder at the center of a tube 

furnace and heated to ~730°C while the S powder was placed upstream and heated to 

200°C. The growth duration was ~5 minutes. Argon carrier gas was flowed at 490 sccm 

during the entire process. MoS2 samples were imaged optically using a Nikon Digital 

Sight camera connected to a Nikon Optiphot-100 microscope. The Raman spectra were 

measured using an Horiba Raman Confocal Imaging Microscope by Dr. Zhu at UIUC. 

Al2O3 and TiO2 films were deposited on multilayer (exfoliated) and monolayer 

(CVD-grown) MoS2 samples using trimethyl aluminum (TMA) and tetrakis 

dimethylamino titanium (TDMAT), respectively, as precursors with water as the 

oxidizer. Films were grown at 100-200°C in a custom-built ALD reactor described 

previously by Henegar and Gougousi.45 Samples were heated for 30 minutes in the 

reactor to reach thermal equilibrium before the depositions began. The precursor (TMA 

or TDMAT) and water were introduced under 17 sccm nitrogen flow by short pulses, 

separated by a 30 second nitrogen purge. Film thickness and growth rates were 

measured using spectroscopic ellipsometry (JA Woollam α-SE) on companion native 

oxide Si(100) wafer pieces.  

After the film deposition, MoS2 samples were characterized via atomic force 

microscopy (AFM) using a Veeco Dimension 3100 AFM. AFM images were processed 

using the WSxM software package.87 Film surface coverage was calculated from the 
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AFM images using the ImageJ software package88 by first converting the images to 8-

bit grayscale and then to binary images using the built-in Sauvola local thresholding 

algorithm that defines the threshold T(x,y) as 

 
𝑇(𝑥, 𝑦) = 𝑚(𝑥, 𝑦) × J1 + 𝑘 +

𝑠(𝑥, 𝑦)
𝑅 − 10S (5.1) 

where m(x,y) is the local mean and s(x,y) is the local standard deviation of the image.89 

The parameter R is the dynamic range of the standard deviation and was left at the 

default value of R=128. Images with low surface coverage were used to set the value 

for parameter k. A value of k=0.3 was found to produce the best match between the 

primary and binary image. Surface coverage was measured from the binary images. 

These values (R=128 and k=0.3) were used for all image quantification. Varying the k 

parameter by ±33% (from 0.2 to 0.4) results in changes of no greater than ±5% in 

measured surface coverage. 

5.3. Results 

5.3.1. Surface Preparation 

CVD-grown MoS2 flakes were characterized using optical microscopy (Figure 

5.1a), Raman spectroscopy (Figure 5.1b), and AFM (Figure 5.1c,d). The optical image 

in Figure 5.1a shows the edge of a continuous MoS2 region (left) and the presence of 

several isolated, triangular flakes with linear dimensions of ~50 µm. Typical flake sizes 

range from 10-50 µm. The spacing between the A1g and E2g Raman modes shown in 

Figure 5.1c is ~18 cm-1 which is indicative of monolayer MoS2.90,91 Using AFM, the 

flake height (Figure 5.1c) is measured to be ~0.7 nm which is very near to the expected 
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thickness for a monolayer of MoS2.5,83 The root mean square (RMS) roughness of the 

flake in Figure 5.1d is measured as 0.165 nm. 

 

Figure 5.1. Characterization of CVD-grown MoS2. (a) Optical micrograph of MoS2 flakes on 300 nm 
SiO2 substrate (scale bar 50 µm) and (b) Raman spectrum of the E2g and A1g modes of MoS2. AFM 
images of a typical flake and its surface are shown in (c) (scale bar 2 µm) and (d) (scale bar 600 nm), 
respectively. The flake height was measured as ~0.7 nm in (c), and the RMS roughness from (d) was 
measured as 0.165 nm. 

Mechanical exfoliation using adhesive tape is a relatively straightforward way to 

achieve large area (~25 µm2) few-layer MoS2 flakes.48,50 The method entails removing 

layers of material from a bulk MoS2 crystal with a piece of tape. Before transfer to a 

substrate, the tape-mounted MoS2 may be thinned ~5-20 times with a clean piece of 

tape. The tape-mounted MoS2 is then pressed to the substrate (usually SiO2/Si) and 

rubbed with tweezers or another object to encourage van der Waals interactions 

between the MoS2 and the SiO2. The tape is carefully removed, leaving behind MoS2 

layers of varying size and thickness. While this method has been shown to produce 

large area, thin MoS2 flakes, the tape can leave behind significant adhesive residue. 

Additionally, the exfoliated MoS2 surfaces have been shown to contain a large number 

of defects, which are primarily sulfur vacancies.83,86 Typically, adhesive residues are 



 

 

37 
 

cleaned by soaking the samples in acetone for up to 8 hours.41,42,44,81 However, we 

found that long soaks in acetone can cause increased contamination of the MoS2 

surface. In Figure 5.2, an exfoliated sample has been imaged just after exfoliation with 

Scotch tape and again after several hours of soaking in acetone (Fisher Scientific, ACS 

grade). Each acetone soak was followed by a 1 minute rinse in acetone, methanol 

(Fisher Scientific, lab grade), and deionized water (Neu Ion). 

 

Figure 5.2. Optical micrographs of MoS2 exfoliated with scotch tape and annealed for 120 s on a 100°C 
hotplate (a-c). The as-exfoliated flake is shown in (a) and the images taken after acetone soaks of 4 hours 
and 8 hours are shown in (b) and (c), respectively. In (d), an AFM image of the flake after an 8 hour 
acetone soak is shown. Scale bars are 10 µm in (a-c) and 3 µm in (d). 

The adhesive leaves behind residue that appears bright yellow-green on the MoS2 

flake (blue-green) and on the Si substrate. After 4 hours in acetone, the amount of 

visible adhesive residue on the flake has decreased, but after a total of 8 hours, the 

contamination covers more of the MoS2 surface than it initially had. AFM (Figure 5.2d) 

reveals that in addition to the bands of adhesive visible with optical imaging, there is 

the possibility of further surface contamination by adhesive 
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fragmentation/decomposition byproducts that may go undetected in the optical image. 

This series of data shows that the outcome of the acetone cleaning procedure is random; 

it may produce high quality surfaces, but it may also result in widespread 

contamination. As such, unless each flake is examined after the cleaning and prior to 

the deposition by AFM there is no certainty for the condition of the starting surface. 

5.3.2. Atomic Layer Deposition of Al2O3 

To investigate the variability in exfoliated MoS2 surfaces obtained by different 

preparation methods, we performed 12 ALD cycles of Al2O3 at 100°C on dicing tape 

exfoliated and Scotch tape exfoliated MoS2. The growth per cycle (GPC) for this 

process was measured to be 0.87 Å/cycle on Si/SiO2 substrates and the expected film 

thickness was 1 nm. To study the effects of residual contamination caused by the 

exfoliation, the samples were not cleaned with acetone prior to ALD. To provide a 

control group, the same deposition was carried out on CVD-grown MoS2, which is 

expected to provide more uniform starting surfaces. This low temperature was chosen 

to ensure that some surface coverage will be obtained. Films of this thickness were not 

expected to fully cover the surface and should provide insight into the effects of surface 

preparation on the nucleation mechanisms. The sample morphology after the 

depositions was investigated by AFM and a small selection of the data obtained is 

shown in Figure 5.3. AFM scans for each surface preparation were taken from different 

flakes on the same substrate. 
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Figure 5.3. AFM images of 1 nm Al2O3 deposited at 100°C on dicing tape exfoliated MoS2 (a-c), Scotch 
tape exfoliated MoS2 (d-f), and CVD-grown MoS2 (g-i). The scale bar is 600 nm for all images. For each 
surface preparation, images are taken from different flakes on the same substrate. RMS roughness values 
are given in units of nm. 

Semiconductor dicing tape was used as an alternative to the standard Scotch tape 

since the lower tack of the adhesive is expected to provide cleaner transfers. For the 

samples prepared using the dicing tape (Figure 5.3a-c), a large variation in Al2O3 

surface coverage is detected ranging from very low coverage (Figure 5.3a) to almost 

complete coverage (Figure 5.3c). The data shown in this figure were selected to 

illustrate the large variation in the deposition outcome. For the samples prepared using 

Scotch tape (Figure 5.3d-f) higher coverage was achieved, but the films are still not 

continuous. Many pinholes are visible in these films. For the depositions performed on 

the CVD flakes, the AFM data show that the film is just beginning to nucleate, with no 

coalescence of the islands formed. By contrast, the Al2O3 film deposited on the 300 nm 

SiO2/Si substrate is completely coalesced and relatively smooth (Figure 5.10a) with an 

RMS roughness of 0.32 nm. 
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A quantitative estimate of the surface coverage for these samples is shown in Figure 

5.4. The results for each exfoliation approach were taken from several flakes on the 

same SiO2 substrate to ensure that each flake underwent identical preparation and 

processing. The control group of CVD MoS2 flakes shows some scattering (16-37%) 

but the surface coverage is low as expected for a 1 nm film. The surfaces prepared 

using dicing tape yield samples with very large scattering in the surface coverage (25-

98%) with more than half of the data points clustering above 80%. The data set obtained 

from the Scotch tape samples is smaller but also tends to cluster at the high (>70%) 

surface coverage region. 

Subsequently the morphology of thicker films (35 cycles, ~ 3 nm) was examined, 

as such films are expected to be continuous and provide uniform surface coverage when 

grown on hydrophilic surfaces such as SiO2 (Figure 5.10b). AFM images of 3 nm Al2O3 

films deposited on CVD MoS2 at 100°C are shown in Figure 5.5a-c, and while regions 

of dense film coalescence can be found in any single flake, the films are in general not 

continuous, with surface coverage ranging from 61-79% (Figure 5.4). We find that 

denser coverage is obtained at the center of the triangular flake and the coverage drops 

substantially closer to the flake edges. The CVD flakes were prepared on SiO2 and 

Figure 5.5a shows the contrast in the behavior of the MoS2 and the SiO2 surface. The 

area surrounding the MoS2 flake is covered with a fairly smooth layer of Al2O3. For a 

set of samples prepared on exfoliated flakes, higher surface coverage (90-99%, Figure 

5.4) was measured, as expected from the results with the 1 nm films. 
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Figure 5.4. Calculated surface coverage for 1 and 3 nm Al2O3 films grown at 100°C on Scotch tape 
exfoliated, dicing tape exfoliated, and CVD-grown MoS2 surfaces. Error bars are not included for clarity 
but the uncertainty for the surface coverage is estimated at ~5%. 

To investigate the effect of temperature on the film nucleation, another set of 3 nm 

Al2O3 films (30 cycles, GPC 1.0 Å/cycle) was deposited on CVD MoS2 flakes at 200°C 

and AFM data for a few of the samples are included in Figure 5.5d-f. AFM scans at 

each temperature were taken from different flakes on the same substrate. Comparing 

the data at the two temperatures, some variation in the surface coverage is observed. 

For both process temperatures the Al2O3 film preferentially grows in the center of the 

flake, avoiding the edge regions. The film coverage at 100°C ranges from 61-79%, 

while at 200°C the coverage ranges from 54-75% (Figure 5.11). 
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Figure 5.5. AFM images of 3 nm Al2O3 deposited on CVD-grown MoS2 at 100°C (a-c) and 200°C (d-
f). Scale bars are 3 µm (a,d) and 600 nm (b,c,e,f). RMS roughness values are given in units of nm. 

While CVD-grown MoS2 flakes offer a more controlled environment to study the 

nucleation of dielectrics during ALD process, they are not completely free of 

defects.12,84,86 Figure 5.6 includes some sample AFM data taken after the deposition of 

3 nm of Al2O3 at 100°C.  The film grows along grain boundaries (Figure 5.6a,b) and 

along the edges of a multilayered triangular region often found in the center of CVD-

grown MoS2 flakes (Figure 5.6b). 

 

Figure 5.6. AFM images of 3 nm Al2O3 films grown on CVD MoS2 at 100°C showing growth along 
defects (a) and multilayered step edges (b). Scale bars are 600 nm. RMS roughness values are given in 
units of nm. 
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5.3.3. Atomic Layer Deposition of TiO2 

TMA is a very aggressive alkyl precursor that reacts with a variety of surfaces even 

at temperatures below 100°C. Alkyl amine precursors are also used for a variety of 

ALD dielectric processes, so we chose to compare the reactivity and surface chemistry 

of the two precursor classes using the CVD-grown MoS2 monolayer surfaces. For that 

purpose, we deposited TiO2 films on CVD MoS2 at 100-200°C using TDMAT and 

water. The ideal temperature for the TDMAT/H2O ALD process in our reactor is 200°C 

with a nominal growth rate of 0.4 Å/cycle.92 At 100°C, the growth rate is 0.6 Å/cycle. 

The films were grown at thicknesses of 3 nm (50 or 75 cycles at 100°C or 200°C, 

respectively) and 6 nm (100 or 150 cycles at 100°C or 200°C, respectively). The surface 

coverage was calculated as before. Some sample AFM images of 3 and 6 nm TiO2 films 

grown at both temperatures are shown in Figure 5.7 and Figure 5.8, respectively. 

 

Figure 5.7. AFM images of 3 nm TiO2 deposited on CVD-grown MoS2 at 100°C (a-c) and 200°C (d-f). 
Scale bars are 2 µm (a,d) and 600 nm (b,c,e,f). RMS roughness values are given in units of nm. 
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Figure 5.8. AFM images of 6 nm TiO2 deposited on CVD-grown MoS2 at 100°C (a-c) and 200°C (d-
f). Scale bars are 2 µm (a,d) and 600 nm (b,c,e,f). RMS roughness values are given in units of nm. 

AFM scans at a given temperature and thickness were taken from different flakes 

on the same substrate. Similar to the Al2O3 films, the TiO2 films grow primarily in the 

center region, avoiding the flake edges. The films deposited at 100°C appear to have a 

connected network of voids while the films deposited at 200°C show more granular 

structure, with the RMS roughness decreasing marginally as the deposition temperature 

increases. However, even at 6 nm the film is not continuous, and many pinholes are 

visible at both deposition temperatures. The surface coverage calculations (Figure 5.9) 

show both an overall increase in coverage with film thickness, and, for 6 nm films, a 

slight overall increase in coverage with temperature. 
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Figure 5.9. Calculated surface coverage of 3 nm and 6 nm TiO2 deposited on CVD-grown MoS2 at 
100°C and 200°C. Error bars are not included for clarity but the uncertainty for the surface coverage is 
estimated at ~5%. 

 

5.4. Discussion 

5.4.1. Starting Surface Variability 

Exfoliated MoS2 flakes with and without further cleaning to remove residual 

adhesive have been used extensively in the literature. One of the most common 

cleaning approaches is an hours-long soak of the surfaces in acetone. When similar 

cleaning approaches were tested in this work, we found that long acetone soaks may 

redistribute the adhesive residue, resulting in surfaces covered with nanoscale debris 

(Figure 5.2d) that may not be visible optically. To study the effect of variations in 

residual contamination on the surface coverage from exfoliation alone, exfoliated 

samples were prepared and tested without any cleaning steps. For the deposition of 1 

nm nominal thickness of Al2O3 on these surfaces, measured coverage ranged from as 
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little as ~25% to nearly complete surface coverage. As the samples were used without 

attempts to remove the residual adhesive from the exfoliation, this result can be 

attributed to the significant differences in the level of contamination from sample to 

sample. Previously, ~10 nm Al2O3 films were shown to grow uniformly on MoS2.41 It 

has been suggested that this may be a result of the solvent-based cleaning steps 

performed after mechanical exfoliation.38,39 That, along with the data presented here, 

suggests that increased surface contamination may also contribute to the continuous 

growth of ALD films by serving as nucleation sites. Additionally, we observe some 

differences in the amount of scattering in the measured surface coverage between 

samples prepared by exfoliation using semiconductor dicing tape and those prepared 

using Scotch tape. The Scotch tape exfoliated samples exhibit greater surface coverage 

of 1 nm Al2O3 overall, suggesting that the average level of contamination is higher than 

that on dicing tape prepared samples where very low film coverage (25%) has been 

observed. The scattering in the surface coverage on the dicing tape exfoliated surfaces 

is large (25-98%) indicating that, while relatively clean surfaces may be obtained 

through this method, its reliability is poor. 

In addition to the possible presence of residual adhesive, mechanically exfoliated 

MoS2 exhibits surface defects (mainly sulfur vacancies) at concentrations between 

0.1-10%.83,86 Density functional theory calculations have shown that dissociation of 

molecular oxygen can occur at sulfur vacancies, allowing atomic oxygen to adsorb on 

the vacancy site.93 TMA is a known oxygen scavenger and we expect that the 

oxygen-filled vacancies may react more readily with TMA and seed the film growth. 

The combination of the presence of surface contamination and a large concentration 
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of sulfur vacancies may explain the very high surface coverage obtained for the 

deposition of 1 nm of Al2O3 on the exfoliated samples (Figure 5.4). By comparison, 

when 1 nm of Al2O3 was deposited at 100°C on CVD-grown MoS2, the surface 

coverage was significantly lower with less scattering. While these CVD-grown 

samples are not free of defects, the initial surface condition is more reproducible and 

these surfaces present the opportunity to study the ALD process surface chemistry in 

a more controlled setting. 

5.4.2. Al2O3 and TiO2 Films on CVD-grown MoS2 

ALD of Al2O3 films on MoS2 has been shown previously to be dominated by 

precursor physisorption and therefore surface coverage is expected to decrease with 

deposition temperature.38,41,81 This temperature dependence was previously explained 

by Park et al. using the Langmuir adsorption model,81 where the desorption of precursor 

molecules from the surface depends on the substrate temperature (T) and the desorption 

energy (Edes). Park et al. state that the uncovered fraction of the surface is proportional 

to exp(-Edes/kBT). Assuming no chemisorption, the adsorption energy of precursor 

molecules (Eads) is approximately equal to Edes, so the initial surface coverage in the 

limit of pure physisorption depends only on Eads of the precursor and the substrate 

temperature. In this work, 3 nm Al2O3 films deposited on CVD-grown MoS2 at 100°C 

have surface coverage from 61-79% with an average coverage of 71% (Figure 5.4) 

while analogous films deposited at 200°C have surface coverage from 54-75% (average 

66%, Figure 5.11). Elevated deposition temperature leads to marginally reduced 

surface coverage as expected by the simple Langmuir model. However, the scattering 

in the data is such that no conclusion about the degree of contribution of this mechanism 
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can be made. CVD-grown MoS2 surfaces are free from organic adhesive but they may 

have some residual surface variation from the presence of the species used in the 

growth. These surfaces also contain defect sites as well as grain boundaries.12,84,86 The 

scatter in the data is presumed to originate from such non-ideal starting surfaces as 

shown in Figure 5.6. These factors are not accounted for in the simple Langmuir 

adsorption model described above. The high variability in surface coverage indicates 

that temperature-dependent physisorption is not as important as the quality of the 

starting surface. Since common defects such as sulfur vacancies are easily passivated 

with oxygen,93 these sites react readily with the ALD precursors and seed the film 

growth. 

To study the effects of precursor choice on film growth, we deposited TiO2 films 

on CVD MoS2 using TDMAT and water. TDMAT is an alkyl amine precursor and thus 

this process is representative of ALD processes using similar alkyl amine precursors. 

Several dielectric materials of interest in nanoelectronics can be grown with such 

precursors, including HfO2 and ZrO2.46 TiO2 films were grown at a nominal thickness 

of 3 nm at both 100°C and 200°C. Film growth was expected to be dominated by 

precursor physisorption and thus the surface coverage should decrease as temperature 

increases. However, at both temperatures the average TiO2 surface coverage is ~78%. 

The lack of any clear temperature dependence suggests that there are competing 

mechanisms during the growth of TiO2 on MoS2. The average surface coverage of TiO2 

films is slightly higher than that of Al2O3 by ~8-12%, though the range of coverage 

does overlap. It is therefore difficult to discern any precursor-dependent effects from 

surface coverage measurements alone. It is possible that there are some differences in 
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the initial reaction of TMA/TDMAT with the MoS2 surface. The AFM images in Figure 

5.5e-f, for example, show Al2O3 films with large gaps, while the TiO2 films in Figure 

5.7e-f are visibly different, with smaller gaps between coalesced islands. 

Deeper insight into the growth mechanics of TiO2 on MoS2 can be gained from the 

deposition of the thicker 6 nm TiO2 films grown at 100°C and 200°C. The surface 

coverage for these films increases as a function of temperature (Figure 5.9), defying 

the Langmuir adsorption model. The increased surface coverage at elevated 

temperature suggests that at 200°C the reaction between TDMAT and MoS2 is 

thermally activated. Diffusion is also thermally activated, and an increase in the surface 

temperature may result in enhanced diffusion of the TDMAT molecules on the surface 

before finding a favorable bonding site (i.e. a defect or -OH terminated site). Since 

bonding to edge sites is energetically favorable compared to bonding to terrace sites, 

enhanced diffusion should result in smoother films and increased surface coverage 

which is observed for the films deposited at 200°C (Figure 5.8e,f). Additionally, Figure 

5.8d shows that the TiO2 film has grown nearly to the edge of the MoS2 flake, in 

contrast to the flake in Figure 5.8a, where the film has not migrated to the flake edge. 

The fact that TiO2 film coverage increases with temperature further suggests 

differences between the reactions of TMA and TDMAT with MoS2. However, 

elucidation of the exact differences in TMA/TDMAT reactions with the MoS2 surface 

requires further study. 

Though the TDMAT/H2O process yields slightly better film coverage than the 

TMA/H2O process on monolayer MoS2, the TiO2 films are not completely uniform or 

pinhole-free even at a thickness of 6 nm. It is, of course, well known that ALD films 
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of Al2O3 or HfO2 on MoS2 below ~15 nm in thickness rarely achieve complete, 

uniform surface coverage without some kind of surface treatment or special 

deposition conditions.32,33,38–44,79,81,82 This is in contrast to ALD of metal oxides on 

other hydrophobic surfaces, namely H-terminated silicon. ALD of HfO2 on H-

terminated Si using tetrakis dimethylamino hafnium (TDMAH) and H2O was found 

to have a growth barrier for approximately the first four ALD cycles.94 After 25 

cycles, however, the HfO2 film is continuous with a ~10 Å interfacial SiO2 layer 

between the Si substrate and the HfO2 film. The formation of this SiO2 interfacial 

layer provides the necessary OH surface groups to allow for proper HfO2 film 

nucleation. The lack of ability of the MoS2 basal plane to oxidize readily (except at 

defect sites) means that no interfacial layer is formed during ALD, and substrate-

inhibited growth occurs up to 100 ALD cycles or more. 

5.5. Conclusions 

We have studied the ALD of Al2O3 on mechanically exfoliated and CVD-grown 

MoS2 and the ALD of TiO2 on CVD-grown MoS2. There is a high degree of variability 

in the surface coverage of Al2O3 films on exfoliated MoS2 surfaces due to variations in 

the starting surfaces, likely caused by residual contamination and defects. CVD-grown 

MoS2 shows less variation and thus more reproducible surfaces for the study of the 

ALD process chemistry. We find that neither Al2O3 nor TiO2 films strongly follow the 

temperature dependence described by Langmuir adsorption; however, morphological 

differences between Al2O3 and TiO2 films point to differences in the underlying surface 

reaction between TMA/MoS2 and TDMAT/MoS2. 
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5.6. Supplemental Information 

5.6.1. AFM images of Al2O3 on silicon 

Figure 5.10 shows AFM scans of ALD-grown Al2O3 films deposited on either 300 

nm SiO2 or native oxide silicon wafers. These films are continuous and smooth, with 

the RMS roughness affected mainly by the underlying substrate (300 nm SiO2 wafers 

are expected to be rougher than native oxide wafers). 

 

Figure 5.10. (a) 1 nm Al2O3 on 300 nm SiO2 at 100°C. Also shown are 3 nm Al2O3 at (b) 100°C and (c) 
200°C on native oxide Si. TiO2 at 100°C shown for thicknesses of (d) 3 nm and (e) 6 nm at 100°C on 
native oxide Si. Scale bars are 600 nm. 

 

5.6.2. Al2O3 films on MoS2 

Figure 5.11 plots the surface coverage of Al2O3 films deposited on CVD-grown MoS2 

at 200°C. As expected, the surface coverage increases with film thickness. The 
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average coverage for 1 nm films is 37% and the average coverage for 3 nm films is 

66%. Figure 5.12 shows the AFM scans of 1 nm Al2O3 films on CVD-grown MoS2. 

 

Figure 5.11. Surface coverage of Al2O3 on CVD-grown MoS2 at 200°C. 

 

 

Figure 5.12. (a), (b) AFM scans of 1 nm Al2O3 deposited on CVD-grown MoS2 at 200°C. 
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Chapter 6. Surface Defect Engineering of MoS2 for Atomic 
Layer Deposition of TiO2 Films 

6.1. Introduction 

Monolayer molybdenum disulfide (MoS2) is a two-dimensional (2D) 

semiconductor material that primarily exists in a hexagonal structure (2H-MoS2). 

Monolayer 2H-MoS2 possesses a direct band gap of ~1.8 eV and is therefore of interest 

for electronic, optoelectronic, and sensing applications.9,95 Recently, chemical vapor 

deposition (CVD) methods have been developed to grow high quality, large-area single 

crystal MoS2 monolayers.10–14 If these MoS2 monolayers are to be used in a device such 

as a field-effect transistor, they need to be integrated with a high quality dielectric 

material. Atomic layer deposition (ALD) has been used extensively to deposit high-k 

dielectric films on mainstream semiconductors due to the high film quality, purity and 

the ability to coat non-planar geometries. For ALD of metal oxide films, a hydrophilic 

surface is required. The MoS2 surface, however, is inert and hydrophobic. ALD of 

metal oxides on inert, hydrophobic surfaces such as hydrogen-terminated Si (Si-H) has 

been studied extensively, and in general it is known that film formation occurs on defect 

sites on these materials. The Si-H surface is unstable at normal processing temperatures 

leading to the progressive increase of the defect density and eventually the formation 

of continuous films after what is known as an incubation period.94 Like Si-H, the MoS2 

surface is inert and hydrophobic, but unlike Si-H it is stable at normal processing 

temperatures and as a result not an ideal starting surface for the ALD of metal oxide 

films. However, even exfoliated MoS2 surfaces contain up to ~10% sulfur vacancies 

which can be used as nucleation sites.83 Still, deposition on such surfaces results in the 
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formation of non-continuous films even for films several nanometers in thickness. 

Surface treatments that alter the surface energy or special deposition conditions have 

been used to achieve uniform, pinhole-free films on MoS2.32,38,40,42,44,96–99 Thiols are 

known to interact with the naturally occurring vacancies and may be used to 

functionalize the MoS2 surface.58,59,100–111 Since the density of such naturally occurring 

vacancies is low, additional sulfur vacancies can be created via ion beam irradiation.58–

60,112 To date, however, thiol functionalization has not been used to promote ALD film 

growth. 

In this work, we investigate the effect of defect density on the surface coverage 

obtained for a typical ALD process by using Ar ion sputtering to control their density. 

Additionally, we examine the effectiveness of a mercaptoethanol interlayer as a seed 

layer for the ALD of TiO2 both on as-received and argon ion-treated CVD MoS2 

surfaces. Mercaptoethanol (HOCH₂CH₂SH) is a short thiol with an -SH group at the 

tail and is hydroxyl terminated on its other end. Several previous studies have shown 

that thiols are likely to interact with sulfur vacancies on the MoS2 surface.58,59,100–104,106–

108 Since ME molecules do not interact strongly with the pristine surface, the surface 

density of defect sites is critical to the surface reactivity and the overall film quality 

achieved. The CVD-grown MoS2 surfaces do not contain sufficiently high defect 

density, so it is desirable to find a method to enhance and control this as desired. It has 

been shown previously that sputtering the surface of MoS2 with low-energy (~500 eV) 

argon ions selectively removes sulfur atoms to create single sulfur vacancies.58–60 It is 

expected that the -SH group will interact with the MoS2 surface via the defect sites 

which will leave the -OH group at the other end available for interaction with the 
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precursor, as in a typical metal oxide ALD process. The experimental work is 

complemented by calculations of the energetics of thiol and ALD precursor adsorption 

on pristine and vacancy-containing MoS2 surfaces using density functional theory. This 

combined approach provides significant insight into the mechanism of ALD film 

growth on MoS2. 

6.2. Experimental Methods 

Monolayer MoS2 samples were grown by Dr. Wenjuan Zhu and Ankit Sharma at 

UIUC. Monolayer MoS2 is grown on 280 nm Si/SiO2 substrates via CVD using solid 

precursors. Molybdenum trioxide (MoO3) and sulfur (S) powder are placed into a 3” 3-

zone tube furnace in a 1:8 ratio. The substrates are suspended face-down above 0.05g 

MoO3 using a quartz stage and placed in the center zone of the furnace. The S powder 

is placed in the upstream zone. The growth is conducted at atmospheric pressure, but 

prior to beginning the temperature ramp, 500 sccm of argon is flowed as a carrier gas. 

The center zone is heated to 730 °C and the upstream zone is heated to 200 °C during 

the growth process ramp phase. The growth lasts for ∼10 min. After the growth, the 

furnace is allowed to naturally cool to 50 °C prior to retrieving samples. Samples are 

examined using an optical microscope and under a Horiba Raman Confocal Imaging 

Microscope by Dr. Zhu to confirm the presence of monolayer MoS2. 

ALD of TiO2 films is performed at 100ºC using tetrakis dimethylamino titanium 

(TDMAT) and water as precursors. The deposition is performed in a custom-built ALD 

reactor previously described by Henegar and Gougousi.45 Both precursors are 

introduced by short pulses under nitrogen flow. TDMAT and water pulses are separated 

by a 30 s nitrogen purge. The deposition consists of 100 ALD cycles for a nominal film 
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thickness of 6 nm. After ALD, the TiO2 film morphologies are analyzed via atomic 

force microscopy (AFM) using a Veeco Dimension 3100 AFM. The AFM images are 

processed using the WSXM software package.87 

Mercaptoethanol (SHCH2CH2OH) treatment of MoS2 samples is performed by 

fixing the samples to the underside of the cap of a vial containing 200 µL of pure 

mercaptoethanol liquid. The vials are sealed and left at room temperature for 3 hours. 

This thiol treatment is performed in a glove box under nitrogen atmosphere to avoid 

atmospheric contamination. 

The MoS2 samples are sputtered at an accelerating voltage of 700 V, and XPS data 

are taken in situ to monitor the sulfur concentration. Argon ion sputtering is performed 

under high vacuum at an accelerating voltage of 700 eV for 60-390 s using a Physical 

Electronics 04-303 differentially pumped ion gun. Sputtering was performed by Dr. 

Karen Gaskell at the University of Maryland, College Park. The sputter current is 

measured as ~100 nA. The ion fluence is calculated as 𝐹 = 𝐼𝑡/𝑞𝐴, where I is the sputter 

current, t is the sputtering time, q is the elementary electron charge, and A is the area 

of sputtering. X-ray photoelectron spectroscopy (XPS) data are taken in situ using a 

Kratos AXIS 165 spectrometer with an Al monochromatic x-ray source (1486.6 eV). 

The resulting spectra are shifted to the C 1s peak at 284.8 eV, and the S:Mo ratios R 

are calculated by fitting the integrated peak areas of the S 2p and Mo 3d peaks, A(S 2p) 

and A(Mo 3d), respectively, as 

 
𝑅 =

𝐴(𝑆	2𝑝)
𝐴(𝑀𝑜	3𝑑) (6.1) 

The peak areas are corrected for the difference in relative sensitivity factor. This 

ratio is used to find the fraction of sulfur vacancies Vs as 
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 𝑉§ = 1 − 𝑅/2 (6.2) 

After sputtering, samples are removed from the XPS chamber under nitrogen 

atmosphere and sealed in vials to prevent air exposure. The vials are transferred to a 

nitrogen-filled glove box where select samples are treated with mercaptoethanol as 

described previously. The vials are resealed under N2 atmosphere and left for 3 hours. 

After removal from the vials, the MoS2 samples are transferred immediately to the ALD 

reactor. A control set of samples is prepared in the same manner, but without the thiol 

vapor treatment. 

6.3. Computational Methods 

DFT calculations are performed using the Vienna Ab initio Simulation Package 

(VASP).73 Calculations are carried out within the generalized gradient approximation 

(GGA) of Perdew-Burke-Ernzerhof (PBE).66 A cutoff energy of 520 eV and total 

energy convergence of 104© eV is used for all calculations. Sulfur vacancy 

concentrations are adjusted by placing a single vacancy in a 2×2×1, 3×3×1, or 4×4×1 

supercell corresponding to vacancy concentrations of 12.5%, 5.5%, and 3%, 

respectively. K-points are generated in a gamma-centered mesh of 9×9×1, 6×6×1, or 

5×5×1 for the 2×2×1, 3×3×1, or 4×4×1 supercells, respectively. All calculations 

include spin polarization effects. Calculations of the adsorption energy of molecules on 

the MoS2 surface are performed by placing the molecule ~2 Å above the MoS2 layer 

and allowing the system to relax. The adsorption energy of a molecule on the surface 

or sulfur vacancy is calculated as 

 𝐸>L§ = 𝐸(𝑀𝑜𝑙 + 𝑀𝑜𝑆A) − 𝐸(𝑀𝑜𝑙) − 𝐸(𝑀𝑜𝑆A) (6.3) 
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where E(Mol+MoS2) is the total energy of the combined system, E(Mol) is the total 

energy of the isolated molecule, and E(MoS2) is the total energy of the isolated MoS2 

layer. The energy barrier for ME, H2O, or O2 molecules binding to a sulfur double 

vacancy in MoS2 is calculated by fixing the molecule between 3 Å and 0 Å above the 

surface at 0.5 Å intervals. At each interval, only one atom in the ME molecule was 

fixed and all other atoms are allowed to relax fully, except for one Mo atom in the 

MoS2 layer which is fixed to prevent overall translation of the structure. When the 

molecule is placed in the vacancy, all atoms are allowed to relax. 

Ab initio molecular dynamics (AIMD) simulations are performed using VASP to 

determine the dynamical stability of several molecule-MoS2 systems. The simulations 

are performed at a temperature of 600 K with a timestep of 0.5 fs and run for 2000 steps 

(1 ps total). 

The cluster expansion method implemented using the Alloy Theoretic Automated 

Toolkit (ATAT)113 is used to generate MoS2 structures containing sulfur vacancies in 

concentrations from 10-20 percent. The results from the cluster expansion are used to 

find the most energetically favorable vacancy-containing structures at the desired 

concentrations. 

6.4. Results 

6.4.1. Atomic Layer Deposition of TiO2 on MoS2 

Deposition of TiO2 films on untreated MoS2 monolayers results in non-continuous 

films that contain many pinholes. As an example, Figure 6.1a,b shows AFM images of 

6 nm TiO2 deposited on MoS2 at 100ºC. AFM line profiles measure the depth of the 



 

 

59 
 

pinholes as 6 nm. Depositions of 6 nm films on ME treated surfaces (Figure 6.1c,d) 

show similar behavior. In fact, the films contain larger pinholes and on average show 

decreased surface coverage than films on the untreated surfaces. 

 

 

Figure 6.1. AFM images of ALD of 6 nm TiO2 on (a,b) untreated MoS2 and (c,d) MoS2 treated with 
mercaptoethanol. Blue bars mark the location of line profiles shown below each image. 

Because thiol atoms should primarily adsorb to sulfur vacancies on the MoS2 

surface, we sputter the MoS2 monolayers with the aim of creating a high concentration 

of reactive sites before exposing the monolayers to thiol vapor. Analysis of the XPS 

results show that the as-grown CVD MoS2 surface contains ~5% vacancy sites, which 

includes possible defects present on both sides of the monolayer. The evolution of the 

surface defect density as a function of sputter time and ion fluence is shown in Figure 

6.2. Sputtering for 390 s (corresponding to an ion fluence of 𝐹 = 4.97 × 10b­ cm-2) 

generates up to 20% sulfur vacancies. The shortest sputter duration, 30 s (𝐹 =

3.83 × 10bz cm-2), generates ~8.5% sulfur vacancies. It is expected that the vacancies 

generated by sputtering are on the top side of the MoS2 surface only. 
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Figure 6.2. The left axis (red line) plots the sulfur:molybdenum ratio of MoS2 as a function of sputter 
time (ion fluence) as calculated from XPS peak fitting. The right axis (blue line) plots the calculated 
sulfur vacancy percentage as a function of sputter time (ion fluence). 

Ion bombardment is a highly invasive surface treatment, so it is important to 

consider its effect on the surface structure. Argon plasma has been shown to induce a 

phase change in MoS2, and the change from the 2H phase to the 1T phase is detectable 

with XPS analysis.114 High resolution XP spectra of the Mo 3d and S 2p regions (Figure 

6.3) taken before and after ion sputtering show little change in peak shape. This 

confirms that the treatment did not induce phase changes or destroy the MoS2 layer, 

but preferentially creates sulfur vacancies on an otherwise intact 2H-MoS2 surface. 
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Figure 6.3. X-ray photoelectron spectra of the (a) Mo 3d region (no sputtering) and (b) S 2p region (no 
sputtering), and the (c) Mo 3d region (390s sputtering) and (d) S 2p region (390s sputtering). 

The sputtered MoS2 samples (up to 390s-~20% S vacancies) are treated with 

mercaptoethanol vapor before subsequent ALD of 6 nm TiO2. As a control, we also 

perform ALD on sputtered samples with no thiol treatment. After deposition, the films 

are analyzed via AFM. The characterization of the surface morphology of TiO2 films 

on sputtered, ME-treated MoS2 samples reveals films that are uniform and pinhole-free 

(Figure 6.4a-c). TiO2 films on the control MoS2 samples are similarly uniform and free 

of pinholes (Figure 6.4d-f). This suggests that the increased concentration of sulfur 

vacancies alone, as compared to as-grown CVD MoS2, is sufficient to promote smooth, 

conformal, and coalesced ALD film growth. Both sets of samples exhibit dendritic 

structures on the surface that are ~1 nm in height. Similar features have been observed 

in thermally oxidized MoS2, and it is possible that these dendrites are formed by 

oxidation of the defective MoS2 layer.115 



 

 

62 
 

 

 

Figure 6.4. AFM images of 6 nm TiO2 deposited on ME-treated MoS2 that was sputtered for (a) 60 s, 
(b), 240 s, and (c) 390 s. Also shown are AFM images of 6 nm TiO2 deposited on MoS2 that was sputtered 
for (d) 60 s, (e) 240 s, and (f) 390 s with no ME treatment. Blue bars mark the location of line profiles 
shown below each image. 

 

6.4.2. First-Principles Calculations 

To understand better the energetics of the ME-MoS2 interaction, we employ DFT 

to study the adsorption of ME molecules at several sites on the MoS2 surface: the top 

S, top Mo, bridge, and hollow sites (Figure 6.5a). The calculated adsorption energies 
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for each site are reported in Table 6.1. The adsorption energy of the ME molecule in a 

4×4×1 supercell (corresponding to a thiol density of 7.09 × 10bz cm-2) ranges from -

0.15 to -0.18 eV. The adsorption energy of ME on top of the sulfur vacancy is -0.27 

eV, indicating that this is a more favorable adsorption site. We also calculate the 

adsorption energy after placing the ME molecule in the S vacancy. This geometry 

results in an adsorption energy of -0.25 eV. The final geometries for the ME molecule 

adsorbed on top of and inside the S vacancy are shown in Figure 6.5b and c, 

respectively. 

 
Table 6.1. Calculated adsorption energies of mercaptoethanol on MoS2 in a 4×4×1 supercell for both 
pristine MoS2 and S-vacancy-containing MoS2. 

Site Eads (eV) Pristine Eads (eV) S vacancy 
Top S -0.15 -0.27 

Top Mo -0.18 - 
Bridge -0.14 - 
Hollow -0.17 - 

 

 

Figure 6.5. (a) The adsorption sites studied for mercaptoethanol. (b) The relaxed geometric structure of 
the ME molecule adsorbed above the S vacancy. (c) The relaxed geometric structure of the ME molecule 
adsorbed in the S vacancy. The atoms are: Mo (purple), S (yellow), O (red), C (brown), and H (white). 
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Motivated by the observation of uniform film growth on the 10-20% vacancy-

containing MoS2, we also calculate the adsorption energy of O2, H2O, and TDMAT 

molecules on the S vacancy site. We consider O2 and H2O molecules as possible seed 

molecules for TiO2 film growth, as they are abundant in air and may react with TDMAT 

to form TiO2.116,117 The final geometry and adsorption energy for these molecules on 

the S vacancy are shown in Figure 6.6. The adsorption energy of TDMAT on MoS2 is 

calculated in a 6×6×1 supercell to avoid interactions between the relatively large 

TDMAT molecule and its periodic images. In agreement with previous works, we find 

that O2 and H2O adsorb weakly above the S vacancy.118,119 The adsorption energies of 

-0.09 eV and -0.15 eV for O2 and H2O, respectively. TDMAT binds most strongly of 

all molecules considered here, with adsorption energy of -0.43 eV. On the pristine 

MoS2 surface, TDMAT adsorbs with an energy of -0.23 eV. 

 

 
Figure 6.6. Adsorption geometry and energy of O2, H2O, and TDMAT on a single S vacancy. The atoms 
shown in the figure are: Mo (purple), S (yellow), O (red), C (brown), H (white), N (pale blue), and Ti 
(bright blue). 
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Because of the high concentration of defects on our sputtered MoS2 surfaces, it is 

likely that extended defects are present. Cluster expansion is used to generate structures 

with the desired sulfur vacancy concentration (10-20 percent) and identify the most 

favorable arrangement of such vacancies. Our cluster expansion calculations reveal that 

extended line defects are favorable at these defect concentrations. As calculations of 

molecule adsorption on structures containing line defects are computationally 

demanding, we perform a calculation of ME adsorption on both an extended line defect 

and a simpler double sulfur vacancy. The adsorption energies of ME on these structures 

are similar, with Eads = -2.66 eV (line vacancy) and Eads = -2.43 eV (double vacancy) 

so we can use the double vacancy as a proxy for more extended defects. To study the 

interaction of other molecules with such defects, we calculate the adsorption energy of 

O2, H2O, and TDMAT on top of a double sulfur vacancy (two adjacent vacancies). The 

adsorption energy of TDMAT on the double vacancy does not change significantly, 

with a value of -0.45 eV. The adsorption energies of O2 and H2O on top of the double 

vacancy are likewise unchanged (calculated as -0.08 eV and -0.15 eV, respectively). 

ME can overcome an energy barrier of ~0.09 eV to chemisorb inside the vacancy with 

a adsorption energy of -2.43 eV (Figure 6.7). In this situation, the S-H bond is broken, 

and the thiol chain passivates one sulfur vacancy site while the H atom bonds in the 

neighboring site. The thiol remains chemisorbed in the vacancy after 4 ps of AIMD 

simulations at 600 K, indicating that this system is dynamically stable. Similar 

calculations indicate that the energy barrier for an O2 atom to chemisorb in the double 

vacancy is ~0.1 eV and the resulting adsorption energy is Eads = -2.30 eV. The H2O 

molecule does not chemisorb in the vacancy, but remains physisorbed on the surface. 
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Figure 6.7. Energy barrier calculations of the ME molecule in a sulfur double vacancy. The inset shows 
the barrier measured at ~0.09 eV. The atoms shown in the figure are: Mo (purple), S (yellow), O (red), 
C (brown), and H (white). 

In order to investigate the utility of defective and functionalized MoS2 for electronic 

devices, we calculate the band structures and density of states of pristine, defective, 

and thiol-functionalized MoS2 monolayers using DFT. The band gap of pristine MoS2 

calculated in the generalized gradient approximation is 1.62 eV (Figure 6.8a), in good 

agreement with previously published works.120,121 Although GGA is known to 

underestimate the true band gap, trends in changes to the band gap are preserved. To 

study the effects of S vacancies on the electronic structure, we compare the density of 

states of pristine and vacancy-containing MoS2 with and without ME adsorption. A 

single isolated vacancy introduces a localized state below the conduction band (Figure 

6.8b). The double sulfur vacancy introduces several states below the conduction band 

(Figure 6.8c), while the extended line vacancy results in a drastically altered band 

structure where the band gap is reduced to 0.37 eV (Figure 6.8d). ME adsorption on 

the pristine surface does not alter the electronic properties significantly (Figure 6.8e), 
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but Figure 6.8f shows that ME bonding to a single sulfur vacancy removes the gap state 

and completely passivates the vacancy. However, ME bonding to the double (Figure 

6.8g) or line vacancy (Figure 6.8h) cannot fully passivate the vacancy and does not 

remove the gap states. 

 

Figure 6.8. Density of states of (a) pristine MoS2, (b) MoS2 with a single S vacancy, (c) MoS2 with a 
double S vacancy, and (d) MoS2 with a line vacancy. Also shown are (e) ME on pristine MoS2, (f) ME 
in a single S vacancy, (g) ME in a double S vacancy, and (h), ME in a line vacancy. 
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The O2 molecule can also overcome a small energy barrier to bond in the double S 

vacancy. The double vacancy is not fully passivated in this state either, and gap states 

are present below the conduction band (Figure 6.9). 

 

Figure 6.9. Density of states of an O2 molecule in a double sulfur vacancy. 

 

6.5. Discussion 

It is well known that ALD of metal oxides on pristine, untreated MoS2 surfaces 

typically results in poor quality films that are not fully coalesced.32,38,40,42,44,96–99 This 

necessitates the use of seeding approaches to modify the surface energy and 

consequently its reactivity. Self-assembled monolayer (SAM) type approaches are 

quite popular as they rely on self-assembly that can be accomplished in exposure times 

ranging from a few minutes to several hours. Thiols are commonly used SAM 

molecules and have been used on MoS2 surfaces as they are expected to interact with 

the -S terminated surface or sulfur vacancies.58,59,100–111 One such thiol, 

mercaptoethanol (that has an -OH terminal group) is used in this work to promote the 

growth of TiO2 ALD films on MoS2. However, the results presented here suggest that 

a simple ME vapor treatment is not sufficient to improve film nucleation. Previous 

studies suggest that thiols primarily interact with sulfur vacancies on the MoS2 
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surface,58,59,100–104,106–108 and our DFT calculations indicate that ME adsorption on the 

pristine MoS2 surface is weak. Coupled with XPS analysis of the as-received CVD 

MoS2 starting surfaces that indicates a low (~5%) concentration of sulfur defects, these 

facts explain the formation of non-continuous ALD films on ME-treated MoS2. This 

observation points out that an increased concentration of surface defect sites may be 

required to achieve uniform film growth. Sputtering the MoS2 surface with argon ions 

to create sulfur vacancies is used to produce increased concentrations (~8.5-20%) of 

sulfur vacancies and in situ XPS during ion bombardment show that the S:Mo ratio 

decreases with sputtering time (Figure 6.2), indicating that sulfur is preferentially 

removed during ion irradiation. Importantly, the XPS measurements do not show any 

noticeable changes in peak shapes for the Mo 3d and S 2p regions which indicate that 

the ion bombardment does not destroy the surface geometry. After treating these 

samples with ME, ALD of TiO2 films result in uniform film growth, with no visible 

pinholes or gaps. However, sputtered samples that were not treated with ME show very 

similar film morphology (Figure 6.4). 

6.5.1. Possible Growth Mechanisms 

Sulfur vacancies are known to be reactive and may be passivated with oxygen or 

other species.93,118,119,122–129 We investigate several possible mechanisms for the 

uniform film growth on untreated, vacancy-containing MoS2, including O2 and H2O 

adsorption on the S vacancy. The O2 adsorption energy on the S vacancy is calculated 

as -0.09 eV, indicating weak physisorption. It has been shown previously that oxygen 

may chemisorb strongly in the S vacancy, and may do so dissociatively.93,118,119,124–126 

However, in order for molecular oxygen to transition from the physisorbed state to the 
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chemisorbed state, it must overcome an energy barrier of 0.74 eV, for which the 

transition time is estimated to be ~20 h.118 To reach the dissociated state where one 

oxygen atom fills the S vacancy and one oxygen adsorbs on a nearby S atom, another 

energy barrier of 0.8-0.93 eV must be overcome.93,124 Though dissociative adsorption 

of O2 would leave adsorbed oxygen atoms on the surface which are known to seed ALD 

films,38 this pathway is deemed unlikely as our MoS2 samples were exposed to air for 

a few minutes at most as they were transferred from the glove box into the ALD 

chamber. Adsorbed H2O is also unlikely, as even on the reactive S vacancy, an H2O 

molecule adsorbs with an adsorption energy of just -0.15 eV. In light of these results, 

we expect that single sulfur vacancies remain unpassivated and reactive prior to thiol 

treatment and ALD. DFT studies indicate that ME does not interact strongly with single 

sulfur vacancies or the pristine MoS2 surface (Eads ~ -0.25 eV). As the ALD process 

takes place at elevated temperatures, it is thus expected that the molecules may have 

desorbed from the surface before the film growth began. 

As extended vacancies are possible at the high defect concentrations studied here, 

we chose to calculate the adsorption of ME on a double sulfur vacancy. While the ME 

molecule is unlikely to bind strongly to a single sulfur vacancy, it may bind strongly to 

a double vacancy. In this case, the S-H bond is broken, and the thiol chain and H atom 

occupy the neighboring vacancies. AIMD indicates that this functionalized structure is 

stable at high temperature, and therefore functionalization of extended vacancies may 

be a possible pathway for the smooth film growth observed in Figure 6.4a-c. O2 may 

also bind strongly with a double vacancy. However, electronic structure calculations 
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reveal that the double vacancy is not fully passivated in this case (Figure 6.9) and thus 

may still be reactive to other chemical species. 

Since the untreated, sputtered surfaces in Figure 6.4d-f also results in smooth ALD 

film growth, the interaction of TDMAT with the MoS2 surface is considered. 

Calculations of TDMAT adsorption on the S vacancy show that the interaction between 

TDMAT and the vacancy-containing MoS2 layer is strong (Eads = -0.43 eV), and AIMD 

simulations at 600K do not result in desorption of the TDMAT molecule. Calculations 

of TDMAT adsorption on double sulfur vacancies result in similar adsorption energies. 

Therefore, TDMAT adsorption on single S vacancies is one possible pathway of 

seeding TiO2 film growth on the defective MoS2 seen in Figure 6.4d-f. The weak 

interaction of O2 and H2O with the single S vacancy suggests that adsorption of these 

molecules on single vacancies is unlikely, but adsorption of these molecules on 

extended vacancies is expected as a result of their strong binding with double S 

vacancies. Furthermore, at the low deposition temperature used here, some precursor 

condensation on the pristine surface is expected. Condensation alone is not sufficient 

to promote smooth film growth, as evidenced by the pinhole-containing films in Figure 

6.1a,b, but we expect that the smooth films seen in Figure 6.4d-f are a result of a 

convolution of TDMAT condensation and TDMAT adsorption on S vacancies. This 

result should be applicable to all precursors of the same alkylamine family but whether 

it applies to other ALD precursor families should be investigated separately. Based on 

these results, the smooth film growth on ME-treated surfaces (Figure 6.4a-c) results 

from a combined effect of precursor condensation, TDMAT adsorption on 

unpassivated vacancies, and TDMAT reaction with adsorbed ME. 
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6.5.2. Electronic Properties of Defective MoS2 

While a smooth oxide layer is important for device applications, the question 

remains as to the usefulness of defective MoS2 for electronic devices. DFT calculations 

of the electronic structure show that introducing S vacancies creates a gap state that 

reduces the band gap of the MoS2 monolayer (Figure 6.8b). These gap states can trap 

or scatter charge carriers and decrease the charge carrier mobility. Passivation of the 

single S vacancy with ME is possible and does remove the gap state. However, density 

of states calculations of ME-passivated extended vacancies reveal that the gap states 

are not removed, but are modified upon ME bonding (Figure 6.8g,h). The adsorbed 

thiol molecule does not heal these vacancies, but introduces spin-dependent gap states 

above and below the Fermi level. While the chemisorbed thiol chain can passivate the 

S vacancy that it occupies, the H atom occupying the neighboring site can not satisfy 

the dangling bonds left by the lack of a sulfur atom. Likewise, O2 and H2O cannot 

passivate the double S vacancy and leave the system with less than desirable electronic 

properties. 

Although our calculations show that TDMAT adsorption on S vacancies is strong, 

it is not clear whether the resulting ALD reaction products passivate the vacancy. 

However, previous works have shown that encapsulating the MoS2 layer with a high-k 

dielectric material increases charge carrier mobility,130–132 and such effects may still be 

possible in this system. Additionally, some of the damaging effects of surface vacancies 

may be mitigated in systems of bi-layer or tri-layer MoS2, as has been reported for 

devices formed using plasma-enhanced ALD.133 
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6.6. Conclusions 

In summary, as a result of the combined experimental and computational treatment 

of the TDMAT-ME-vacancy rich MoS2 system we can conclude that a high surface 

density of S vacancies is desired to achieve the deposition of a high-quality dielectric 

with thickness <10 nm. The high reactivity of the TDMAT precursor with the surface 

vacancies is sufficient to produce a continuous film. However, the resulting electronic 

structure is not favorable due to the presence of gap states. ME passivation of single 

sulfur vacancies results in removal of the gap state, but ME bonding to double 

vacancies does not. Introduction of O2 or H2O to the double vacancy likewise cannot 

remove the electronic gap states. Nevertheless, this work reveals how surface defect 

engineering can increase the reactivity of the MoS2 surface and can lead to further 

advances in the tailoring of the surface and electrical properties of two-dimensional 

materials. 
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Chapter 7. Spontaneous Curvature of Janus Transition 
Metal Dichalcogenide Nanoribbons 

7.1. Introduction 

Janus transition metal dichalcogenides (TMDs) are a subset of TMDs where one 

entire side of chalcogen atoms is replaced with another chalcogen type (S, Se, or Te), 

resulting in a material with two different faces, resulting in a layered structure of X-M-

Y (M = metal, X, Y = chalcogens). These materials have been predicted theoretically 

and MoSSe has been experimentally synthesized.134,135 The synthesis of Janus TMDs 

provides another path towards tuning the electronic properties of single-layer TMDs. 

The properties of Janus TMDs have been studied in monolayers,134–138 bilayers,139,140 

and nanotubes.141–143 Janus TMDs possess an intrinsic dipole moment, and thus may 

be useful for interesting device applications. For example, molybdenum-based Janus 

TMDs have been proposed as efficient photocatalysts for water splitting.144,145 

The creation of quasi-one-dimensional nanoribbons can have drastic impacts on the 

electronic and magnetic properties of TMDs and other hexagonal-structured materials. 

For instance, while two-dimensional graphene does not have a band gap, graphene 

nanoribbons exhibit finite band gaps as a result of quantum confinement and edge 

effects, both of which are direct consequences of the reduced dimensionality.146–148 

Semiconducting MoS2 becomes metallic and magnetic when cut into zigzag 

nanoribbons,149–152 while armchair nanoribbons maintain their semiconducting 

properties with a band gap that is dependent on the ribbonwidth.149,150,153 As such, 

reducing the dimensionality of two-dimensional materials to quasi-one-dimensional 

structures provides another mechanism for carefully tuning the electronic and magnetic 
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properties of the material. Nanoribbons can have a variety of uses in nanoelectronics 

and other applications. For example, semiconducting MoS2 nanoribbons have been 

used as the channel material in field effect transistors.154 Ferromagnetic zigzag MoS2 

nanoribbons have been predicted to be useful for spintronic devices152 and even 

effective cathode materials for Mg-based batteries.155 Graphene nanoribbons may be 

used as nanoscale metallic junctions156 or for catalysis of oxygen evolution/oxygen 

reduction reactions.157 

In this work, we investigate the structural, electronic, and magnetic properties of 

molybdenum-based and tungsten-based Janus TMD nanoribbons in the H phase. We 

find that unsupported nanoribbons undergo spontaneous curvature as a result of strain 

between the top and bottom sides of the ribbons. We investigate the effects of curvature 

on the electronic and magnetic properties of both zigzag and armchair nanoribbons. 

While curvature does not strongly affect the magnetic properties of zigzag nanoribbons, 

it can modify the band gap of semiconducting armchair nanoribbons. Finally, we 

investigate the effects of hydrogen edge passivation on both the electronic and 

magnetic properties of the ribbons and on the reconstruction of the ribbon edges. 

Hydrogen passivation stabilizes the nanoribbon edges against reconstruction and 

enhances the magnetic properties of zigzag nanoribbons. Passivation tends to widen 

and stabilize the band gap of armchair nanoribbons. These results suggest that Janus 

TMD nanoribbons could be suitable for a number of applications, such as spintronics 

or metallic junctions (zigzag nanoribbons) or nanoelectronics devices (armchair 

nanoribbons). 
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7.2. Computational Details 

The electronic, magnetic, and structural properties of two-dimensional Janus TMDs 

and Janus TMD nanoribbons are calculated using density functional theory (DFT) 

implemented in the Vienna Ab initio Simulation (VASP) package,73 with the 

generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) for the 

exchange-correlation functional.66 We calculate the electronic properties of the two-

dimensional Janus TMD materials using PBE, including spin-orbit coupling (SOC), as 

well as with the hybrid functional of Heyd-Scuseria-Ernzerhof (HSE)158 with SOC. For 

two-dimensional Janus TMDs, we use a cutoff energy of 450 eV and Monkhorst-Pack 

k-point sampling with 20×20×1 k-points. For all nanoribbons, we use a cutoff energy 

of 300 eV to reduce the computational demands, as these simulation cells contain up to 

42 atoms and long vacuum lengths in two directions. We set the vacuum length of the 

unit cells to be 20 Å to avoid spurious interaction between images. For structural 

optimization and self-consistent calculations of the nanoribbons, Monkhorst-Pack k-

point sampling with 1×1×16 k-points is used. This optimal k-point sampling was 

chosen after convergence tests. For all calculations, Gaussian smearing with a value of 

σ= 0.01 is used. Structural optimization of all materials is performed with an energy 

convergence criterion of 10−5eV and a force convergence criterion of 0.05 eV/Å.  

7.3. Results and Discussion 

7.3.1. Structural Properties 

We begin our study by investigating the properties of six Mo- and W-based Janus 

TMDs in their two-dimensional form. The optimized geometries, equilibrium lattice 
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parameters, and band structures (calculated with HSE+SOC) of these materials are 

shown in Figure 7.1. 

 

Figure 7.1. (a) Optimized structures of the 2D Janus TMDs (relaxed with PBE) (b) and the band 
structures (calculated with HSE+SOC) of Mo-based (c) and W-based Janus TMDs. The dashed red line 
denotes the Fermi level. The red, green, and purple arrows denote the competing band gap energies: red 
(direct gap at the K point), purple (K point to low point of valence band), and green (indirect band gap 
of MoSTe and WSTe structures). The spin-orbit splitting at the K point (ΔSOC) is labeled in black. 
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The band structures reveal competing transitions between a direct gap at the K point 

and an indirect gap from the K point to midway between K and Γ points. MoSTe and 

WSTe materials exhibit an indirect band gap from the Γ point to the K point. 

The lattice parameters of the 2D Janus materials and 2D MX2 materials calculated 

with PBE are compiled in Table 7.1. Also included in Table 7.1 are the band gaps of 

these materials calculated with PBE and HSE (with and without SOC). The lattice 

parameter of all Janus MXY materials is equal to the average of the corresponding 

MX2/MY2 structures. For example, the lattice parameter of MoSSe is 3.25 Å, which 

equals the average of MoS2 (lattice parameter = 3.18 Å) and MoSe2 (lattice parameter 

= 3.32 Å). Similarly, the band gap of a Janus MXY material is very nearly the average 

of the band gap of the corresponding MX2/MY2 materials, except in the case of MoSTe 

and WSTe, which are indirect gap materials.  

Table 7.1. Lattice properties and band gaps of Mo/W TMDs and Janus TMDs. 

Material a = b 
(Å) 

Band 
Gap 
PBE 
(eV) 

Band Gap 
PBE+SOC 

(eV) 

Band Gap 
HSE+SOC 

(eV) 

Direct 
Band 

Gap K 
Point 
(eV) 

Band 
Character 

MoS2 3.18 1.68 1.56 2.23 2.23 Direct 
MoSe2 3.32 1.44 1.29 1.61 1.61 Direct 
MoTe2 3.55 1.08 0.89 1.49 1.49 Direct 
MoSSe 3.25 1.54 1.45 2.06 2.06 Direct 
MoSTe 3.36 1.02 1.00 1.60 1.78 Indirect 
MoSeTe 3.43 1.27 1.15 1.70 1.62 Indirect 

WS2 3.18 1.90 1.52 1.92 1.92 Direct 
WSe2 3.32 1.63 1.23 1.85 1.85 Direct 
WTe2 3.55 1.13 0.72 0.95 0.95 Direct 
WSSe 3.25 1.69 1.42 1.94 2.06 Indirect 
WSTe 3.36 1.22 1.14 1.61 1.70 Indirect 
WSeTe 3.43 1.35 1.06 1.34 1.34 Direct 
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For traditional TMDs such as MoS2, it has been shown that the creation of one-

dimensional nanoribbons can drastically alter the electronic and magnetic properties of 

the material.149–151,153,159 In this work, we investigate the structural deformation of, and 

the electronic and magnetic properties of Janus TMD nanoribbons. Xiong et al. 

previously showed via classical molecular dynamics simulations that freestanding 

sheets of MoSSe undergo spontaneous curling to form bowl-like or tube-like 

structures,160 and thus, we expect to see similar curling of the Janus TMD nanoribbons. 

Here, we consider nanoribbons classified both by their edge structure (zigzag and 

armchair) and their width. The width of the nanoribbons is specified by the number (n) 

of metal (Mo, W) atoms in the unit cell. We study armchair nanoribbons (ANRs) of 

widths n=6 to n=14 and zigzag nanoribbons (ZNRs) of widths n=4 to n=8.These widths 

are chosen as they represent physical nanoribbon widths of 10-20 Å.  

Examples of an armchair and a zigzag nanoribbon of MoSSe are depicted in Figure 

7.2. The zigzag ribbon in Figure 7.2 with n=8 is denoted as Z8 MoSSe, and the armchair 

ribbon with n=14 is denoted as A14 MoSSe. The nanoribbons extend infinitely in the 

z-direction. 
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Figure 7.2. Unrelaxed structures for zigzag (left, Z8) and armchair (right, A14) nanoribbons. The 
nanoribbon widths are characterized by the number of metal atoms in the unit cell. The unit cells are 
outlined with gray dashed lines and the zigzag/armchair edges are outlined in red on each structure. 

The nanoribbons undergo spontaneous curvature as a result of the lattice mismatch 

between the top and bottom sides. As the Janus TMD lattice parameter is the average 

of the two MX2 structures, the top side (larger atom) experiences positive strain while 

the bottom side (smaller atom) experiences negative strain.  These combined strain 

effects force the nanoribbon to curl about the z-axis. The radius of curvature of all 

nanoribbons is calculated by fitting the y-coordinate of the nanoribbons’ metal atoms 

to a least-squares circle. The cohesive energy of the relaxed nanoribbons is calculated 

as 

 𝐸�t1 = [𝐸$ − 𝑛 × (𝐸¯ + 𝐸v + 𝐸°)]/3𝑛 (7.1) 

where n is the number of metal atoms in each unit cell (and also the number of X and 

Y atoms in each cell). Here 𝐸$ is the total relaxed nanoribbon energy and 𝐸¯,	𝐸v, and 
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𝐸° are the free energies of an isolated M atom, X atom, and Y atom, respectively. As a 

proxy for substrate-supported ribbons, we also perform structural relaxation of the 

nanoribbons with the z-coordinate of the metal atoms fixed (henceforth referred to as 

“flat” nanoribbons). These structures are used to calculate the curvature energy of the 

unsupported nanoribbons as  

 𝐸��±?>��±² = 𝐸$ − 𝐸³´>� (7.2) 

where 𝐸$ and 𝐸³´>� are the total energy of the curved and flat relaxed nanoribbons, 

respectively. The curvature energy is plotted as a function of nanoribbon width in 

Figure 7.3. The radius of curvature, cohesive energy, and curvature energy of all 

nanoribbons are compiled in Table A-1. 

 

Figure 7.3. Curvature energy as a function of nanoribbon width for (a) zigzag Mo-based nanoribbons, 
(b) zigzag W-based nanoribbons, (c) armchair Mo-based nanoribbons, and (d) armchair W-based 
nanoribbons. 

Generally, the radius of curvature tends to increase as the nanoribbon width 

increases. The curvature energy tends to become more negative as the nanoribbon 
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width increases, indicating that wider nanoribbons more strongly prefer to exist in their 

curved state. However, curvature energy calculations also include edge reconstruction 

effects, which causes the curvature energy to fluctuate in the case of WSTe ZNRs 

(Figure 7.3b) and MoSeTe ANRs (Figure 7.3c). The relaxed structures for the widest 

of each species of nanoribbon are shown in Figure 7.4. The relaxed zigzag nanoribbons 

of MoSSe and WSSe exhibit mild curvature and edge reconstruction (Figure 7.4a,d) 

because of the low lattice mismatch between the MS2 and MSe2 structures. In both 

MoSTe and MoSeTe ZNRs, the Mo-terminated edge undergoes a reconstruction to a 

more linear-like geometry, with the Te atoms aligning in the z-direction. The WSTe 

and WSeTe ZNRs display further reconstruction of the W-terminated edge. The lowest-

energy geometry for these structures is when the Te atoms on the right edge are 

displaced along the x-axis away from the ribbon center and the W atom on the right 

edge is displaced in the z-direction (out of the plane of the ribbon). 
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Figure 7.4. Fully relaxed geometries for Z8 (a) MoSSe, (b) MoSTe, (c) MoSeTe, (d) WSSe, (e) WSTe, 
and (f) WSeTe. Fully relaxed geometries for A14 (g) MoSSe, (h) MoSTe, (i) MoSeTe, (j) WSSe, (k) 
WSTe, and (l) WSeTe. 

Initially, relaxation of the WSTe structures lead to a positive curvature energy, as a 

consequence of the reconstruction of the flat nanoribbon edges differing from the 

reconstruction of the curved nanoribbon edges. In fact, not all of the flat WSTe ribbons 

initially displayed the same edge reconstruction. To resolve this issue, we performed 

low-temperature (100 K) molecular dynamics relaxations of the flat WSTe ZNRs to 

overcome the activation barrier for edge reconstruction, and then optimized the final 

flat structures with DFT. The ground-state flat structures for W-based ZNRs with n=8 
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are shown in Figure 7.5. The displacement of Te atoms in the WSTe and WSeTe ZNRs 

occurs during relaxation of the flat nanoribbons. After this final DFT optimization, a 

full geometric relaxation allows the ribbons to curve, resulting in the optimized ground 

state geometry described above. 

 

Figure 7.5. Relaxed flat structures for Z8 (a) WSSe, (b) WSTe, and (c) WSeTe. 

Armchair nanoribbons undergo varying degrees of edge reconstruction depending 

on the nanoribbon’s composition. MoSSe and WSSe ANRs display only mild distortion 

of the ribbon edges, while MoSTe, MoSeTe, WSTe, and WSeTe ANRs exhibit more 

serious edge reconstruction. Particularly, the two Mo atoms nearest to each edge in the 

MoSeTe ANRs align in a nearly linear formation along the z-direction. The outermost 

Mo atoms in the widest MoSeTe nanoribbon (A14) also dislocate out of the plane of 

the ribbon in the y-direction. MoSTe ANRs do not exhibit complete linear alignment 

of the Mo edge atoms, but the outermost Mo atoms do move along the x-direction 

towards the center of the ribbon, distorting the hexagonal lattice at the ribbon edges. 

WSTe and WSeTe ANRs display similar reconstruction to the MoSTe ANRs. Like the 

MoSeTe A14 nanoribbon, the edge W atoms of the WSeTe A10-A14 nanoribbons and 

the WSTe A8-A14 nanoribbons dislocate out of the plane in the y-direction. 
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7.3.2. Electronic and Magnetic Properties 

It has previously been shown that MoS2 and WS2 zigzag nanoribbons are metallic 

and magnetic149–151,153,159,161 and similarly, zigzag Janus MoSSe nanoribbons were 

shown to be ferromagnetic metals.162 Calculations performed in this work show that all 

Mo- and W-based zigzag Janus nanoribbons are likewise metallic and magnetic. Initial 

magnetic moments between 1 and 3 μB were investigated to find the ground state 

ordering. The magnetic coupling between the nanoribbon edges is weak, so the 

conjugate gradient algorithm cannot easily converge to the lowest possible state upon 

normal electronic minimization. As a result of several trials, we conclude that the 

magnetic properties presented here are the most likely ground state properties. The 

calculated magnetic moments are compiled in Table A-1 and shown graphically in 

Figure 7.6. 

Curvature of the nanoribbons does not strongly change their magnetic moments, as 

the magnetic nature is a result of edge effects rather than the arrangement of atoms. 

The magnetic moment of the Mo-based nanoribbons generally increases as the ribbon 

width increases (Figure 7.6a). However, the MoSTe nanoribbons do not exhibit a 

monotonic increase in magnetic moment as a result of differences in magnetic ordering 

between the n=4-6 and n=7-8 nanoribbons, which will be discussed later. 
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Figure 7.6. Magnetic moments vs nanoribbon width for (a) Mo-based and (b) W-based zigzag 
nanoribbons. 

WSSe and WSTe ZNRs display a monotonically increasing magnetic moment, 

while the magnetic moment of WSeTe nanoribbons increases until saturation at a width 

of n=6 (Figure 7.6b). In addition to calculations of the total magnetic moment, 

examination of the magnetic ordering of the nanoribbons reveals four classes of 

magnetic structure as identified by the magnitude and direction of the electron spin on 

each atom. This shown schematically in Figure 7.7. In all cases, the most significant 

contributions to the overall magnetic moment come from the atoms nearest to the 

nanoribbon edges. The primary contributions are from the metal atoms near the edge, 

but there are also contributions from chalcogen atoms with unsaturated bonds. 
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Figure 7.7. Schematic diagram of magnetic ordering of zigzag nanoribbons. 

Most ZNRs display antiferromagnetic (AFM) coupling between the metal and 

chalcogen atoms on the left edge and ferromagnetic (FM) coupling of the metal atoms 

on the right edge. Narrow MoSSe ZNRs (n=4,5) display AFM coupling on the left edge 

and FM coupling on the right edge, with FM contributions from only the edge Mo 

atoms (Figure 7.7a). Wider MoSSe ZNRs (n=6-8) have an additional contribution to 

the FM coupling on the right edge from the nearest-neighbor Mo atoms (Figure 7.7b). 

While performing calculations to find the ground state magnetic ordering of MoSTe 

ZNRs, we found that there are very small (on the order of 0.001 eV) energy differences 

between configurations with AFM coupling and configurations with FM coupling. 

Thus, we performed calculations including spin-orbit coupling for the MoSTe ZNRs to 

determine the ground state magnetic ordering. For MoSTe ZNRs of widths n=4-6, we 

observe FM coupling of the metal and chalcogen atoms on the left edge (Figure 7.7c) 
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along with linear edge reconstruction and FM coupling of metal atoms on the right 

edge. The ordering reverts to left edge AFM coupling for MoSTe ZNRs of widths 

n=7,8. All MoSeTe ZNRs display AFM coupling of the left edge and FM coupling of 

the right edge (Figure 7.7a). WSSe ZNRs display similar magnetic ordering to the 

wider (n=6-8) MoSSe ZNRs (Figure 7.7b).  WSeTe ZNRs also display the magnetic 

ordering depicted in Figure 7.7b. Similar to the MoSTe ZNRs, there are small energy 

differences between AFM and FM orderings of the WSTe ZNRs. Therefore, to find the 

ground state magnetic ordering of the WSTe ZNRs, we carried out calculations 

including spin-orbit coupling. The WSTe ZNRs display AFM coupling only along the 

left edge between the W atoms (spin down) and chalcogen atoms (spin up), with no 

significant contribution from W atoms on the right edge of the ribbon (Figure 7.7d). 

Similar to the single-layer Janus materials and to MoS2 nanoribbons, the armchair 

nanoribbons are semiconductors.149,150,153 While 2D single-layer MoSSe has a direct 

band gap, all MoSSe ANRs possess indirect band gaps. MoSTe ANRs remain indirect 

band gap semi-conductors. However, the remaining ANRs (MoSeTe, WSSe, WSTe, 

and WSeTe) undergo a transition from indirect to direct gap semiconductors as the 

nanoribbon width increases. This transition occurs at n=8 for all materials except 

WSeTe, where the transition occurs at n=10. The n=8 ribbons are very narrow (10 Å) 

so we expect physically realized nanoribbons of these materials to be primarily direct 

gap semiconductors. The band gap values as a function of ribbon width are shown in 

Figure 7.8 for both curved and flat ribbons, and the band gaps and gap character are 

compiled in Table A-1. The band gaps of MoSSe and WSSe ANRs are virtually 

unaffected by curvature and generally increase with ribbon width. 
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Figure 7.8. Band gaps vs. nanoribbon width for curved and flat armchair nanoribbons. 

These ribbons display only a small degree of curvature, and thus the band gaps are 

relatively unchanged. Additionally, the band gaps of the WSTe ribbons are unchanged 

by curvature. The band gaps of the WSTe ribbons increase with ribbon width, but 

quickly saturate to∼0.63 eV at a width of n=8. In contrast, MoSTe and MoSeTe ANRs 

display changes in band gap values after they undergo spontaneous curvature. Curved 

MoSTe ribbons display a similar trend to WSTe ribbons, with an increasing band gap 

saturating at a width of n=8 and a gap value of∼0.23 eV. All flat MoSTe ribbons have 

a band gap of ∼0.1 eV, except n=14 (Eg ∼0.3 eV). For curved MoSTe nanoribbons, the 

band gaps are arising from the edge states as a result of significant edge reconstruction. 

However, for flat MoSTe ribbons, similar edge reconstruction does not appear until at 

or after n=14. For narrower flat MoSTe ribbons, because of lack of edge reconstruction, 

the conduction band minimum (CBM) is homogenously distributed over the ribbon.  

One can observe the most severe difference between flat and curve armchair 

ribbons on MoSeTe and WSeTe. Curved MoSeTe ribbons all display a band gap 
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of∼0.6-0.65 eV, while for flat MoSeTe ribbons, the band gap oscillates with increasing 

ribbon width. Since the trends on the curvature energy (Fig. 7.3c) and the band structure 

of MoSeTe are similar, one has to focus on the edge reconstruction on the n=8 and 

n=12 nanoribbons to understand the divergence. The main difference between n=8 and 

n=12 flat and curved ribbons is that while for curved ribbons the CBM is dispersed 

across the ribbon, for flat ribbons the CBM is mainly localized to edge states as a result 

of different edge reconstruction. 

For WSeTe ribbons, there is a change in band structure from narrow ribbons (n=6, 

8) to wider ribbons (n=10, 12, 14). Narrow curved and flat ribbons exhibit similar edge 

reconstruction, and the valence band maximum (VBM) of the narrow ribbons (curved 

and flat) arises from localized edge states, while the CBM of the narrow ribbons is 

distributed across the ribbons. For the wider ribbons, the flat ribbons undergo stronger 

edge reconstruction and the VBM is now distributed homogenously across the band. 

The VBM for the curved ribbons remains localized to the edges. The CBM is localized 

to the edges for both curved and flat ribbons, but the gap value changes as a result of 

differing edge reconstruction. 

 

7.3.3. Hydrogen Passivation 

Previously, we studied bare nanoribbons whose edge atoms possess unsaturated 

bonds. In this section, we investigate the effects of hydrogen passivation of the 

nanoribbon edges on the electronic and magnetic properties of the nanoribbons. The 

edge M atoms (Mo, W) are passivated with two H atoms each and the edge chalcogen 

atoms (S, Se, Te) are passivated with one H atom each. The relaxed structures for the 
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widest H-passivated nanoribbons are shown in Figure 7.9. Hydrogen passivation 

stabilizes both the zigzag and armchair edges, resulting in less severe edge 

reconstruction. H-passivated zigzag WSTe and WSeTe nanoribbons (Figure 7.9) do 

not exhibit the same dislocation of the edge W atoms seen in the case of the bare ribbons 

(Figure 7.4). Additionally, hydrogen passivation prevents the dislocation of edge Mo 

and W atoms in the MoSeTe and WSTe/WSeTe ANRs, respectively. 

 

Figure 7.9. Fully relaxed geometries for hydrogen-passivated Z8 (a) MoSSe, (b) MoSTe, (c) MoSeTe, 
(d) WSSe, (e) WSTe, and (f) WSeTe. Fully relaxed geometries for hydrogen-passivated A14 (g) MoSSe, 
(h) MoSTe, (i) MoSeTe, (j) WSSe, (k) WSTe, and (l) WSeTe. 
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Similar to the bare nanoribbons, H-passivated ZNRs are metallic and magnetic 

(except for WSeTe ZNRs, which are non-magnetic metals) while H-passivated ANRs 

are semiconducting, similar to the bare nanoribbons.  Upon investigation of the 

magnetic ordering of the H-passivated ZNRs, we find four classes of magnetic 

structure. A schematic of the observed magnetic orderings is shown in Figure 7.10. 

 
 
Figure 7.10. Schematic diagram of the magnetic ordering of hydrogen-passivated zigzag nanoribbons. 

Notably, most ZNRs now exhibit only FM coupling between edge metal atoms, 

with the exception of the n=7,8 ribbons of WSTe (AFM ordering) and the WSeTe 

ribbons (non-magnetic). In contrast to the bare ribbons, the edge chalcogen atoms do 

not possess a significant spin moment and thus do not contribute to the overall magnetic 

moment of the ZNRs. This is expected, as the edge chalcogen atoms now have 

completely saturated bonds. For MoSSe and WSSe ZNRs, there is FM coupling of the 

Mo/W atoms on both edges (Figure 7.10a). The MoSTe ZNRs show similar FM 

coupling, but with linear edge reconstruction for n=4-6, and additional FM coupling 
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from the nearest-neighbor Mo atoms (Figure 7.10b) for n=7,8. The MoSeTe ZNRs only 

have significant FM coupling of the Mo atoms on the left edge, with linear 

reconstruction of the right edge (Figure 7.10c). The WSTe ZNRs of n=4-6 show the 

same FM coupling as the MoSTe n=4-6 ribbons. However, the n=7,8 WSTe ZNRs now 

display AFM ordering where the W atoms on the left edge have a net spin down 

moment, and the W atoms on the right edge have a net spin up moment (Figure 7.10d). 

In contrast to all other structures, the WSeTe ZNRs are non-magnetic. 

There are also differences in the magnetic moments of H-passivated ZNRs, 

compared to their bare counterparts. Most notably, all H-passivated WSeTe ZNRs are 

non-magnetic. Additionally, we do not observe the magnetic moment increasing as 

nanoribbon width increases.  Instead, they possess either a constant magnetic moment 

(H-passivated MoSSe, WSSe), or a magnetic moment that decreases as nanoribbon 

width increases (H-passivated MoSTe, MoSeTe, WSTe). 

Hydrogen passivation of the ANRs changes the nature of the band gap of MoSSe 

and MoSTe nanoribbons from indirect to direct gaps. Additionally, the band gap of 

these materials increases for all ribbon widths (Figure 7.11a-b). However, for MoSeTe 

ANRs, the band gap decreases for all ribbon widths (Figure 7.11c). The indirect to 

direct gap transition observed in bare MoSeTe ANRs is still present, although this 

transition now occurs at n=10 rather than n=8. In contrast to Mo-based structures, the 

band gaps of H-passivated WSSe and WSTe ANRs do not vary greatly from their 

unpassivated counterparts. However, both sets of passivated WSSe and WSTe ribbons 

no longer show an indirect to direct gap transition with increasing ribbon width; 

instead, all widths exhibit direct band gaps. The H-passivated WSeTe ANRs exhibit an 



 

 

94 
 

indirect to direct gap transition now at n=8. The band gap of the WSeTe ribbons now 

generally decreases as ribbon width increases, unlike the bare WSeTe ANRs. 

 

Figure 7.11. Band gaps of hydrogen-passivated and bare armchair nanoribbons. 

 

7.4. Conclusions 

We have investigated the structural, magnetic and electronic properties of Mo- and 

W-based Janus TMD nanoribbons of physical widths∼10-20 Å. We have found that all 

Janus TMD nanoribbons undergo spontaneous curvature and may also exhibit some 

degree of edge reconstruction. In particular, armchair-edged nanoribbons show a strong 

propensity for edge reconstruction. Zigzag-edge nanoribbons are metallic and 

magnetic, with magnetic ordering dependent on both ribbon width and atomic 

composition. These nanoribbons may be suitable for use in spintronic devices or as 

nanoscale metallic contacts. Armchair nanoribbons are either direct gap or indirect gap 

semiconductors, depending on the nanoribbon composition and width. Semiconducting 

armchair nanoribbons may find applications in nanoscale electronics such as field 
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effect transistors. We also investigated the effects of hydrogen passivation of the bare 

nanoribbon edges for zigzag and armchair nanoribbons. Hydrogen passivation 

stabilizes the nanoribbon edges and prevents significant edge reconstruction. 

Passivation also tends to stabilize the magnetic properties of the zigzag nanoribbons. 

Passivation of the armchair nanoribbon edges sometimes results in significant 

modification of the band gap value, and also tends to transform the gap character from 

indirect to direct. Therefore, we find that edge passivation of the armchair nanoribbons 

may provide a useful pathway towards tuning the nanoribbons’ electronic properties. 
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Chapter 8. Electronic Properties of Bare and Functionalized 
Two-Dimensional Tellurene Structures 

 
This chapter is based on the published manuscript Electronic Properties of Bare and 

Functionalized Two-Dimensional Tellurene Structures. Phys. Chem. Chem. Phys. 

2020, 22, 6727. 

My contributions to this work included the structural optimization and stability 

analysis of fluorinated Te surfaces, along with electronic structure calculations. My 

contributions also included calculations of bond-folding energy and ab initio molecular 

dynamics simulations of H2, O2, and F2 molecules on Te surfaces. Further work from 

the published manuscript has been omitted from this chapter. Reproduced from Ref. 

[163] with permission from the PCCP Owner Societies. 

8.1. Introduction 

Apart from two-dimensional TMDs, 2D mono-elemental materials such as group-

IV and group-VA monolayers have attracted a particular interest due to their unique 

chemical and physical properties.164–166 Among these 2D mono-elemental materials 

exists group-VI Tellurene (Te), which has recently been investigated theoretically and 

experimentally synthesized.167–170 High carrier mobility and significant air stability 

make Tellurene a promising candidate for next generation devices.167,170 

Theoretical studies have shown that 2D Tellurene can exist in the α-Te phase (1T-

MoS2 like) and the tetragonal β-Te phase.167 It has also been shown that when the 

thickness decreases to N = 8 (where N is the number of Tellurene layers), the geometric 

structure of bulk Te (γ-Te) transforms into multilayered α-Te after structural 

optimization. In contrast to α-Te, which is obtained from a thickness-dependent phase 
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transition from bulk Te, β-Te occurs as a natural result of structural relaxation when 

the bulk Te structure is truncated along the [100] or [010] directions into thin films at 

the correct thickness.167 The α-Te and β-Te phases possess a nearly-direct and direct 

band gap, respectively, which results in enhanced optical absorption properties. Both 

of these phases also possess higher hole carrier mobilities (1.76×103 cm2 V−1 s−1 for α-

Te and 1.98×103 cm2 V−1 s−1 for β-Te) than 2H-MoS2, which has a hole carrier mobility 

of 0.29×103 cm2 V−1 s−1.167 Theoretical studies have indicated that certain structures 

such as square Tellurene exhibit topological insulating properties, hosting non-trivial 

edge states171 and experimental studies have confirmed that 2D α-Te exhibits 

topological insulating properties.172 First-principles calculations also indicate that 2D 

Tellurene is an excellent thermoelectric material with a high room temperature Seebeck 

coefficient (Sxx = 0.38 mV K-1, Syy = 0.36 mV K-1), and an anisotropic lattice thermal 

conductivity (κ1xx = 0.43 W m-1 K-1, κ1yy = 1.29 W m-1 K-1).173 Additionally, the 

Quantum Hall effect can be observed in few layer 2D Tellurene (∼10 Å thick flakes) 

under high magnetic field (∼5-20 T).174 

Quasi-2D structures such as high-mobility Te nanoflakes have been solution-

synthesized with potential applications for shortwave infrared photodetectors (SWIR). 

Although these nanoflakes possess an indirect band gap, they can be utilized for SWIR 

photodetectors when placed on optical cavity substrates (such as Au/Al2O3) to increase 

the absorption in the semiconductor.175 First-principles calculations have determined 

that by applying strain, phase transitions and mechanical property modulations can be 

induced in 2D Tellurene.176,177 Recently, the effects of adatoms and gas molecules such 

as H2, O2, NO2, H2O, and NH3 on the surface of α-Te and β-Te monolayers at dilute 
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doping concentrations have been theoretically studied and the effects on the electronic 

structure have been reported.178 The results of this study indicate that while most 

adatoms are chemisorbed on Te sheets with large adsorption energies, some adatoms 

such as Ca, Fe, Co, and Ni give rise to structural deformations and local reconstructions 

which result in different induced electronic structures. These calculations also show 

that all considered gas molecules are physisorbed on Te sheets and have a weak effect 

on the electronic structure.178 

Previous studies have also indicated that functionalization by dense doping of 

impurities can tune the electronic properties of certain 2D materials.179–184 For example, 

σ-character Dirac cones can be engineered in phosphorene (2D phosphorous) when the 

material is single- and double-side hydrogenated and fluorinated.181 Similarly when 2D 

monolayer arsenic (arsenene) is hydrogenated, the same σ-type Dirac cones have been 

predicted.182 Theoretical studies also indicate that the oxidation of 2D antimony 

(antimonene, an indirect semiconductor), can tune the band gap to direct and widen the 

band gap value depending on the concentration of oxygen added.179 Interesting 

electronic properties arise when group-III monochalcogenides, which possess wide 

band gaps in the visible region (2.04-3.47 eV), are functionalized with oxygen atoms. 

After oxygen functionalization, the band gaps of these group-III monochalcogenides 

decrease (under 1 eV). Double-site oxygen functionalization causes InS, InSe and InTe 

to become 2D topological insulators with sizable band gaps (up to 0.21 eV).185 

In this study, motivated by how hydrogenation, oxidation and fluorination modify 

the properties of certain other 2D materials,179–184 we investigated the stability, 

structural and electronic properties of 2D bare and functionalized Tellurene structures 
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using density-functional theory (DFT) and ab-initio molecular dynamics (MD) 

calculations within the projector augmented-wave method.72,73 For bare 2D α-Te and 

β-Te sheets, we calculated band gaps of 0.44 eV and 1.02 eV, respectively. When 

functionalized with H, O, and F atoms, the band gaps of 2D α-Te and β-Te decrease 

and the structures become metallic except hydrogenated β-Te, which remains 

semiconducting, but now has a band gap of 1.37 eV. From our phonon dispersion and 

MD simulations, we found that oxygenated β-Te is stable and hydrogenated β-Te is 

meta-stable. We also report that H, O, and F functionalization fully disrupts the 

structure of α-Te. Additionally, H and F functionalization causes the β-Te layers to 

separate into functionalized chains, and O causes a total structural transformation of β-

Te to a Te3O2-like structure. To investigate these structural changes further, we 

calculated the binding/dissociation energies of single H, O and F atoms and single H2, 

O2, and F2 molecules on monolayer α and β-Te. To gain an understanding of how 

adatom coverage effects the stable Te structures, we varied the H and O coverage of 

bare β-Te and found that fully functionalized O-β-Te and H-β-Te have the strongest 

adatom binding energies. We also performed MD simulations for high coverage of H2, 

O2, and F2 (6-8 molecules on each side) on the α and β-Te surfaces. To extend our 

simulations to more realistic systems, we studied the effects of the stable functionalized 

Te structures (O-β-Te and H-β-Te) on a GaSe substrate. We found that the stability of 

layered Te structures are enhanced since these structures bind strongly to GaSe surface 

and remain intact. Our results confirm that 2D Tellurene structures are excellent 

candidates for metallic contacts in nanoscales junctions and are suitable for next 

generation optoelectronic devices. 
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8.2. Computational Details 

Our theoretical calculations were obtained via first-principles pseudopotential 

calculations based on spin-polarized density functional theory within the generalized 

gradient approximation (GGA), and including van der Waals (vdW) corrections using 

the DFT-D2 method186 and spin-orbit coupling (SOC) effects. We used projector 

augmented-wave (PAW) potentials and approximated the exchange-correlation 

potential with the Perdew-BurkeErnzerhof (PBE) functional.66,72 The Vienna ab initio 

simulation package (VASP) code was used for numerical calculations.73 The kinetic 

energy cutoff of our plane-wave basis set was taken to be ℏA|𝐤 + 𝐆|A/2𝑚 = 450	eV. 

The Monkhorst-Pack scheme was used to sample the Brillouin zone (BZ) using a 

20×20×1 mesh in k space for 2D structures.68 The number of k-points was scaled 

accordingly with the size of the supercell in our simulations. Atomic positions were 

optimized using the conjugate gradient method, where the total energy and the atomic 

forces were minimized. A maximum force of 0.01 eV/Å was allowed on each atom and 

the energy convergence value between two consecutive steps was chosen to be 10−5 

eV. The vacuum spacing between periodic layers was set to at least 20 Å to minimize 

interlayer coupling. The Gaussian-type Fermi-level smearing method is used with a 

smearing width of 0.01 eV. Self-consistent field calculations of the electronic band 

structure and the total and orbital projected density of states (with the smearing width 

increased to 0.05 eV) were carried out including SOC effects. The cohesive energy of 

each structure is obtained by the expression 𝐸�t1 = (𝑛𝐸¸² + 𝑚𝐸>�t¹ − 𝐸Aº4¸²)/(𝑛 +

𝑚), where 𝐸¸², 𝐸>�t¹ and 𝐸Aº4¸² are the isolated total energy of the free Te atoms, 

the isolated total energy of the functionalization atoms (H, O, F) and the total energy 
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of the bare/functionalized 2D Te structures respectively. The number of Te atoms and 

adatoms in the cell are labeled as 𝑛 and 𝑚, respectively. The phonon dispersion curves 

were obtained using the finite-displacement method (4×4×1 supercell for α-Te, 4×3×1 

for β-Te) implemented in the PHONOPY code.187 In phonon dispersion simulations, 

SOC effects are excluded due to computational limitations. For single atom and 

molecule adsorption simulations we used a 4×4×1 supercell for α-Te and a 4×3×1 

supercell for β-Te. The thermal stability of our optimized structures was also tested 

using finite-temperature ab initio molecular dynamics simulations at 300 K and 600 K 

with a time step of 0.5 fs. These simulations were run at time scales of 3-8 ps and used 

the Nosé-Hoover thermostat to obtain the canonical (NVT) ensemble. Bader charge 

analysis was used to obtain the charge distribution on the atoms in our 

simulations.188,189 The VESTA program was used to visualize of the atomic 

structures.190 

8.3. Results and Discussion 

8.3.1. Bare 2D Te 

Bulk Tellurium (γ-Te) has a space group of P3b21. The unit cell of γ-Te contains 

three two-fold coordinated Te atoms that form helical chains parallel to the c-axis with 

a bond distance of 𝑑¸²4¸² = 2.89	Å. The calculated lattice parameters of γ-Te are 𝑎 =

𝑏 = 4.34	Å, 𝑐 = 6.02	Å and the structure is depicted in Figure 8.1. As the number of 

Te layers decreases in the γ-Te, the helical chains become closer together and the 

structure turns to α-Te with a space group of P3Àm1. The decreased distance between 

helical chains results in a bond distance of 𝑑¸²4¸² = 3.02	Å with lattice parameters of 
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𝑎 = 𝑏 = 4.15	Å. Another stable form of Tellurium known as β-Te (Figure 8.1) has 

space group P2/m. This structure arises from the cutting of Te-Te bonds in bulk γ-Te 

along the [100] or [010] direction. This results in two bond distances of 𝑑¸²4¸² =

2.76	Å and 𝑑¸²4¸² = 3.02	Å with lattice parameters of 𝑎 = 4.17	Å and 𝑏 = 5.47	Å. 

The van der Waals (vdW) radius of Tellurium is 2.06 Å and the average bond distance 

of our present structures is ∼2.9 Å. A purely van der Waals interaction would have 

bond lengths of ∼4.1 Å, so this implies there is stronger bonding between Te atoms 

including metal-ligand multiple and covalent bonds. 

 

Figure 8.1. Top and side views of the helical chain structure of bulk γ-Te (middle column), the 
rectangular structure of monolayer β-Te (left column), and the hexagonal structure of monolayer α-Te 
(right column), respectively. Bond lengths (represented by pink and blue lines), lattice parameters and 
interchain distances are given in the insets. 

Monolayer β-Te has both three-fold and four-fold bonds and α-Te has three-fold 

and six-fold bonds, whereas bulk γ-Te has twofold bonds (inside chains). Increasing 

from two-fold bonds to higher bond order results in a decrease in cohesive energy of 

the Te structures and bond strength and an increase in bond length. For instance, 

calculated cohesive energy with (without) SOC of γ-Te is 2.35 (2.80) eV/atom, while 
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this value is 2.26 (2.63) and 2.23 (2.58) eV/atom for 2D α-Te and β-Te (on average) 

monolayers, respectively. In order to relate bond energy to the number of fold bonds, 

we calculated bond breaking energy for all 2D-Te structures with SOC. For γ-Te in 

which all the bonding in the chain-like structure is the same and covalent in character 

and weak interaction between chains, bond energy is calculated as 0.97 eV/bond 

(calculated by (𝑑 ⋅ 𝐸�t1 − 𝐸Â)/(𝑛 ⋅ 𝑑) where 𝑛 is the number of folding of bonds, 𝑑 is 

the number of Te atoms in the primitive cell and 𝐸Â is the interchain binding energy 

which will be discussed in the upcoming subsection). For α- and β-Te, we calculate the 

bond energy of the n-fold bonds as 𝐸ÃÄ = (𝐸?>� + 𝐸¸²�IÅ − 𝐸Aº)/𝑛, where 𝐸Aº is the 

energy of the pristine 2D layer, 𝐸?>� is the energy of the vacancy-containing layer, and 

𝐸¸²�IÅ is the cohesive energy of a Te atom obtained from γ-Te. For α-Te, there exists 

a metalligand-like bonding between the central atom (six-fold) and the outer atoms 

(three-fold). The bond energy of the three-fold and six-fold bonded Te atoms in α-Te 

are 0.75 eV/bond and 0.62 eV/bond, respectively. For the β-Te monolayer, the outer 

atoms have three-fold bonding: two with a metal-ligand-like bonding with two 

neighboring central atoms and one with a strong σ bonding between upper and lower 

atoms. The central atoms have four metal-ligand-like bonding to the neighboring outer 

atoms. The average bond energy of the three-fold and four-fold bonded Te atoms in β-

Te are 0.77 eV and 0.66 eV, respectively. From these calculations, we conclude that 

Te atoms prefer to bond with lower bond order which results in lower bond length and 

higher cohesive energy per bond. 

For the sake of comparison with the literature, we also calculated the electronic 

band structures of bare Te structures. Our calculations indicate that γ-Te has an indirect 
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band gap of 0.31 eV, while β-Te has an indirect band gap of 1.17 eV and α-Te has an 

indirect band gap of 0.76 eV. Similar to other mono-elemental materials from the fifth 

row of the periodic table such as Sb,191 SOC becomes dominant in the electronic band 

structures of Te materials because of an increase of d-orbitals in Te atoms.167 As a 

result, SOC decreases these band gap values by 0.15 eV for β-Te and 0.32 eV for α-Te 

and turns them to direct gap semiconductors as shown in Figure 8.2. These values are 

comparable with previous theoretical results.167 

 

Figure 8.2. The electronic band structure of bare a) β-Te and b) α-Te with (green) and without (blue) 
spin-orbit coupling (SOC) effects. 

Because of these significant changes to the electronic structure when SOC is taken 

into account and due to the heavy atomic mass (atomic number) nature of Te atoms,167 

we carried out all numerical calculations (except phonon dispersion curves due to 

computational limitations) including SOC effects. A full description of the underlying 

physics of SOC in Te-based materials can be found in the following references 

[167,171,192–194]. 

In addition to SOC, we also employed vdW corrections to the energy in all of our 

simulations. Although it is a common misconception that vdW corrections are only 

needed in multi-layer/bulk systems, monolayer materials require this correction to 
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correctly describe the long-range interactions. This is especially needed in 2D Te 

structures, where functionalization causes the structure to either separate into chains or 

layers (this will be discussed in detail in the next subsection). This separation results in 

a weak vdW interaction between the chains/layers that requires a correction to the 

energy. 

8.3.2. Functionalized 2D Te Structures 

8.3.2.1. Modification of atomic structure upon functionalization 

Functionalized 2D Tellurene structures may exhibit different properties than their 

bare 3D bulk and 2D counterparts. Therefore, to investigate the effects of the 

functionalization of α- and β-Te monolayers at high adatom concentrations, we placed 

H, O, or F atoms 2 Å above each outer Te atom in the primitive cell and performed 

geometric optimization calculations. Figure 8.3 shows the cohesive energies of all the 

considered H, O, and F α- and β-Te structures as a function of lattice constant (for the 

𝑎⃗ direction). All functionalized structures except O-β-Te have a local minimum and a 

global minimum at different lattice constant values. All global minima structures 

indicate that functionalization results in a decrease of the lattice constant. 
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Figure 8.3. The cohesive energy (in eV per atom) as a function of lattice constant (for the a-direction) 
for 2D β-Te functionalized with H, O, and F. We observe one local and one global cohesive energy 
minimum for all functionalized structures except O-β-Te, which contains a single global minimum. 
The optimized geometry of the functionalized Tellurene structures at each minimum are depicted 
above and below the corresponding energy landscape. Bond breaking for O, H and F-β-Te is indicated 
by the orange dashed lines. The green dashed lines represent the lattice constant (in the a-direction) for 
bare monolayer α-Te and β-Te, respectively. 

For all the functionalized α structures, the bare α-Te shape is preserved at the local 

minimum while the Te layers separate at the global minimum with an average c 

distance of 3.29 Å between each layer (as compared to an interlayer distance of ∼1.8 

Å for bare 2D α-Te). The compression of the lattice constants along the a and b-axes 

lead to stronger nearest-neighbor interactions between Te atoms in the same plane. This 
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of plane movement of the surface Te atoms), which results in a new charge distribution 

in the structure. Bader analysis indicates that, for the H-α-Te at the local minimum, 

both H atoms accept 0.23 electrons (e−) from the Te atoms. The outer (surface) Te 

atoms donate 0.19 e− each and the inner Te atom donates 0.09 e−. However, for the H-

α-Te at the global minimum, the inner Te atom takes 0.20 e− from the outer Te atoms. 

Therefore, the inner Te layer becomes negatively charged and this charge transfer 

results in polarization between Te layers. The calculated charge transfer values are 

higher for O and F functionalization. Each O atom takes 0.80 e− and each F atom takes 

0.61 e− from the outer layer of Te atoms at the respective local minimum. These values 

are slightly lower for the global minimum of each structure because the inner Te atoms 

also accept electrons from the outer Te atoms. The effects of lattice compression and 

modification of charge transfer between Te layers on the electronic structure of Te 

monolayers will be discussed in the further subsections. 

The functionalization of β-Te structures results in different structural changes when 

compared to that of α-Te. For H-β-Te, functionalization causes the strong covalent 

bond between outer Te atoms to break (as highlighted by orange dashed lines in the 

Figure 8.3 insets) at both minima. This causes the structure to change drastically at the 

global minimum to one composed of parallel, planar H-Te chains extending along the 

a-axis. These chains are highlighted with green ellipses in Figure 8.3. However, we 

note that there is a negligible difference in cohesive energy between the local and global 

minima of H-β-Te of only 4 meV/atom. We attribute this to both structures at each 

minimum having a H-Te chain structure with only slightly different chain-chain 

distances (both are larger than twice of Te atoms vdW radius) and angles between the 
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c-axis and a-b plane. F-β-Te exhibits a similar structural transition as H-β-Te. Since the 

functionalized chains are weakly bonded, the Bader charge analysis report similar 

charge distribution in both chain structures. H and F atoms get charges from outer Te 

atoms and negatively charged by ∼0.17 and ∼0.62 electrons, respectively. 

To further analyze the chain-like nature of the H- and F-β-Te structures, we 

calculated the interchain binding energies and compared the values to that of γ-Te, 

which is proposed to be formed of covalently bonded chains.195 The interchain binding 

energy is defined as 𝐸Â = 𝐸�1>2s − 𝐸¸²where 𝐸�1>2s is the total energy of the isolated 

functionalized H- or F-Te chain and 𝐸¸² is the total energy of the functionalized 2D β-

Te structures (at the local or global minima). The calculated 𝐸Â for the bulk chain 

structure (γ-Te) is 1.26 eV, which is in good agreement with the literature.195 In 

contrast, we find values for H-Te of 𝐸Â = 0.24 eV at the local minimum and 0.27 eV 

at the global minimum. For F-Te, 𝐸Â = 0.31 eV at the local minimum and 0.32 eV at 

the global minimum. These values are lower than that of γ-Te and thus indicate weak 

chain-to-chain interaction in hydrogenated and fluorinated β-Te. They also support our 

discussion why local and global minimum structures are energetically very close and 

the chains are bonded dominantly by vdW interaction. 

Oxidation of Te results in a different structural transformation for β-Te. For O-β-

Te, the O atoms break the Te-Te bond, penetrate into the Te layers, and bond to the 

outer two Te atoms, resulting in a Te3O2-like structure. This structural transformation 

results in a buckling of Te atoms on the c-axis with a singular global minimum. The 

highest amount of charge transfer (1.07 e− from Te atoms to the O atoms) occurs with 
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this structural transformation. For this new structure, inner site Te atoms also lose 0.12 

e− and donate to O atoms. 

8.3.2.2. Stability analysis 

It has previously been stated that two methods to filter out stable 2D materials 

include the calculation of the phonon dispersion relation for the whole BZ and ensuring 

there are no negative frequencies and performing an ab-initio molecular dynamics 

(MD) simulation to test dynamical stability at finite temperatures.196 Applying just one 

of these filters cannot guarantee stability, but using both in conjunction with one 

another can provide strong insight to whether or not a 2D structure is stable. 

To investigate the stability of the functionalized α and β structures at each 

minimum, we first performed phonon calculations. Obtained phonon dispersion curves 

indicate that O-β-Te has positive phonon frequencies for the whole BZ (Figure 8.4b). 

For H-β-Te, we observe that the local minimum contains few negative frequencies 

(Figure 8.4a). 

 
Figure 8.4. The phonon band structure and phonon projected density of states (PDOS), in addition to 
the electronic band structure and orbital projected density of states (PDOS) of (a) H-β-Te at its local 
energy minimum and (b) O-β-Te at its singular global energy minimum. For H-β-Te, the atomic 
movements at the negative frequency at the Y high symmetry point are shown (red arrows depict the 
vibration direction). 
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The atomic movements and the phonon partial density of states (PDOS) indicate 

that the instability is not related with the Te-H bonds, but due to the breaking of strong 

covalent bonding between outer Te atoms. The lack of restoring force for the rotation 

of Te3H2 chains causes the instability. Similar instability is also observed for the global 

minimum H-β-Te structure. This slight instability can easily disappear if the H-β-Te 

structure is placed on a suitable substrate such as graphene, Cu, Ni, Pt, GaS, or 

GaSe.168,197,198 Recently, Yang et al. showed that bare Te sheets can be synthesized on 

GaSe substrates and that they are well-oriented along the GaSe armchair lattice 

direction.198 Theoretically and experimentally, it has also been proposed that Tellurene 

monolayers can be stabilized by CdTe interfaces.199 The remaining phonon dispersion 

curves indicate that F-β-Te and all functionalized α structures are unstable due to the 

presence of a larger number of negative phonon frequencies (Figure 8.5). 

 

Figure 8.5. The phonon dispersion curves and phonon projected density of states (PDOS) of the F-
functionalized α-Te and β-Te structures at the local and global minima. These dispersion curves and 
PDOS plots indicate that these structures are unstable in free standing form. Atomic movements for 
certain negative frequencies at the special high symmetry points are given in the insets. 

As discussed in the previous section, F adatoms withdraw significant electrons from 

the α-Te structure and at global minimum structures, they result in separation of Te 

layers. For F-α-Te, both the local and global minima have five negative frequency 

bands that are a mixture of acoustic and optical modes. The global and local minima 

for F-β-Te feature negative acoustic modes spanning the whole BZ. In addition to 
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weakening of the covalent bonding between Te atoms on the outer edges like H-β-Te, 

F adatoms are destabilizing the structure by out-of-phase vibrations (Figure 8.5). 

To further examine the stability of the structures which contained negative phonon 

frequencies, we performed MD simulations at a finite temperature of 300 K and a time 

scale of 3 ps with a time step of 0.5 fs. After 3 ps, we observed significant disruption 

of the structures, which confirm our stability calculations. For O-β-Te, we observe no 

disruption to the structure with the O atoms oscillating in the c-direction. For H-β-Te 

at the local minimum we observe no disruption until 2 ps and minimal disruption after 

3 ps, with some H dissociating from the surface. This might signify that at lower H 

atom doping concentrations on Te monolayers, functionalized structures can be stable. 

Since O-β-Te and the local minimum of H-β-Te both satisfy the phonon and dynamical 

stability tests (aside from the small negative frequency of H-β-Te that can be lifted by 

a substrate), we can say with confidence that these two structures are stable. 

8.3.2.3. Electronic Properties of Functionalized 2D Te 

For all the structures considered, we calculated the electronic band structures and 

partial density of states (PDOS) with spin orbit coupling effects. The band structures 

and corresponding PDOS of the structures that contain negative frequencies in the 

phonon dispersion curves (unstable structures) are shown in Figure 8.6. 



 

 

112 
 

 
Figure 8.6. The electronic band structures and orbital projected density of states (PDOS) of 
functionalized Te structures at their local minimum and global minimum. 
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Although the cohesive energy difference between the local and global minima of 

H-β-Te is very small, the structural differences between these two minima have a 

significant effect on the electronic band structure. At the local minimum we observe an 

indirect band gap of 1.37 eV (Figure 8.4a), while at the global minimum H-β-Te has 

metallic characteristics (Figure 8.6). The metallic channel in the global minimum 

originates from the shortened middle layer Te bonds which provides further evidence 

for the dual character of Te bonds.167 At the local minimum we see the valence band 

maximum (VBM) shift away from the Γ point and toward the X point (when compared 

with the band structure of bare β-Te). However, the conduction band minimum (CBM) 

remains at the same high symmetry point (Y). From the PDOS we see that the 1s H 

orbitals are mainly located below -4 eV. The VBM and CBM are dominated by p 

orbitals of Te.  

In Figure 8.4b we see that fully oxygenated Te has a metallic character and oxygen 

p states give a similar contribution as Te p states. The amount of charge transferred 

from Te to O is much larger than the charge transferred from Te to H in H-β-Te (local 

min.) and we have significant charge accumulation around the embedded O atoms and 

a significant charge depletion around the outer Te atoms. This considerable transfer of 

electrons from outer Te atoms to O provides a viable explanation to why O 

functionalization causes such a significant structural transformation to a Te3O2-like 

structure. Even though the metal-ligand-like bonding between the middle and outer Te 

atoms are preserved, outer Te and O atoms have ionic bond character instead of the 

strong covalent bonding between upper-lower Te layers. This ionic bonding between 

Te and O results in states around the Fermi level. Because O-β-Te is a stable form of 
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metallic 2D Tellurene, it is suitable for metallic contact applications in nanoscale 

junctions. The additional O-α-Te band structures and PDOS at the local and global 

minima in Figure 8.6 are also metallic, which proves that oxygen functionalization 

causes all Te structures to become metallic. 

8.3.3. Single atom and molecule binding 

After phonon calculations revealed the stability of functionalized Te structures, we 

calculated the binding energy and bonding geometry of single H, F, and O atoms on 

the top Te site of α- and β-Te to obtain a deeper understanding of how adatom 

impurities interact with the Te surface. We also investigated the effects of single-

molecule interaction of H2, F2, and O2 with the bare αand β-Te surfaces. For these 

calculations, we used a 4×4×1 supercell for α-Te and a 4×3×1 supercell for β-Te. We 

calculated the binding energy of the adatom (and H2, F2, and O2 molecules) as 

𝐸Â2sL2s3 = (𝐸¸²�Ç,¯ − 𝐸¸² − 𝑛𝐸Ç,¯)/𝑛, where 𝐸¸²�Ç,¯is the total energy of the Te 

sheet and the atom (A) or molecule (M) together, 𝐸¸² is the total energy of the bare Te 

sheet, 𝐸Ç,¯ is the total energy of the isolated atom or molecule, and 𝑛 is the number of 

adatoms. The binding energies and charge transfer values are compiled in Table 8.1. 

We find that H, F, and O atoms bind directly above the Te atom top site of α-Te. 

However, for β-Te the H, F, and O atoms bond off center from the Te top site. For 

dilute concentration where adatom-adatom interactions are excluded, one can report 

that the dominant interaction is between the adatom and the nearest Te. Bond lengths, 

charge transfer values and binding energies show similar trend for both Te layered 

structures. 
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Table 8.1. The binding or dissociation energies (Ebinding/diss) of single H, O and F atoms and single H2, 
O2, and F2 molecules on α and β-Te. The * indicates dissociation energy. Values of charge transferred 
to each adatom/molecule calculated from Bader charge analysis are also given. 

Structure Ebinding/diss (eV) Bond length (Å) Charge transfer (e-) 
H on α-Te -1.01 1.72 0.22 
O on α-Te -3.15 1.85 0.91 
F on α-Te -3.02 2.04 0.68 
H on β-Te -1.37 1.70 0.20 
O on β-Te -3.52 1.85 0.92 
F on β-Te -3.44 2.04 0.69 

H2 on α-Te -0.02 3.38 0.00 
O2 on α-Te -0.09 3.28 0.03 
F2 on α-Te 1.86* — 0.66 
H2 on β-Te -0.01 3.04 0.00 
O2 on β-Te 0.10 2.95 0.04 
F2 on β-Te 2.42* — 0.64 

 

To simulate single-molecule binding, we placed the molecule 2 Å above the bare 

Te surfaces and relaxed the structure (Figure 8.7). Single H2 and O2 molecules placed 

on one side of the α- and β-Te surfaces do not disrupt the Te structures and are 

physisorbed on the surface. There is not significant charge transfer resulting from this 

physisorption. 
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Figure 8.7. The optimized geometry of 2D α and β-Te when single H2, O2 and F2 molecules are initially 
placed 2 Å above the surface. 

In contrast, F2 molecules dissociate on both the α- and β-Te surfaces. From this, we 

can infer that Te monolayers react strongly with fluorine. This conclusion is further 

supported by simulations of exposure of one or both sides of the Te structures to many 

F2 molecules. MD simulations for these cases result in the destruction of the Tellurene 

layer (Figure 8.8). 
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Figure 8.8. Initial and final (after 2 ps) snapshots of MD calculations at 300 K for high coverage of H2, 
O2, and F2 molecules above the surface of a) α-Te and b) β-Te. 

Because F2 molecules dissociate on the Te surface, we instead calculated the 

dissociation energy for F2 as 𝐸L2§§ = 𝐸Â2sL2s3,ÈÉ − 2𝐸Â2sL2s3,È where 𝐸Â2sL2s3,ÈÉ is the 

binding energy of a single fluorine molecule and 𝐸Â2sL2s3,È is the binding energy of a 

fluorine atom. The positive valued dissociation energy is 1.86 eV for α-Te and 2.42 for 

β-Te, indicating that the dissociation of F2 on either Tellurene surface is exothermic. 

We extended our studies of Tellurene interaction with molecular hydrogen, oxygen, 

and fluorine by considering high coverage of H2, F2, and O2 molecules placed on one 

or both sides of the αand β-Te surfaces. We placed 8 molecules per side of a 4×4×1 

supercell of α-Te and 6 molecules per side of a 4×3×1 supercell of β-Te, which results 

in coverage of ∼ 2×1014 cm−2 per side. Initially, molecules were randomly placed 2 Å 

above the bare Te surface. We performed MD simulations of these systems at 300 K 

with a timestep of 0.5 fs for 2 ps. As mentioned previously, F2 molecules disrupt both 

α and β-Te monolayers. H2 molecules interact weakly with either Tellurene surface, 

with only a few molecules interacting via physisorption. For α-Te and β-Te, high 

concentrations of O2 cause minor structural deformation of the Tellurene layer. From 
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these results, we can confirm that α and β-Te remain intact against H2 and O2 molecules 

while they are disrupted by F2. 

8.4. Conclusions 

We have provided a comprehensive study of the electronic properties of 2D 

Tellurene structures including bare and functionalized (with H, O, and F) α- and β-Te 

monolayers. We find that functionalization results in significant structural changes for 

monolayer Te such as disruption of the structure of α-Te by H, O, and F; separation of 

β-Te into functionalized chains by H and F; and the complete transformation of β-Te 

into a metallic Te3O2-like structure by O. The functionalization of these α and β-Te 

monolayers also result in metallic properties for all structures except H-β-Te, which 

has a band gap of 1.37 eV and can be utilized for devices in the near infrared range. 

Coverage results indicate that fully functionalized H-β-Te and O-β-Te have the 

strongest adatom binding energies. These results, in addition to the recent experimental 

progress in synthesizing Te structures, prove that bare and functionalized 2D Te 

structures are viable candidates for next generation optoelectronic devices and can be 

used as metallic contacts in nanoscale junctions. 
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Chapter 9. Conclusions 

This work has investigated, both experimentally and theoretically, several two-

dimensional materials for device purposes. One key focus of this work was the 

integration of high-k dielectric films with MoS2 via atomic layer deposition. This work 

extended our knowledge of how the starting surface of MoS2 affects the quality of the 

film growth. Further studies investigated surface engineering techniques to improve 

ALD on MoS2. Finally, this work branched out to study the properties other novel 2D 

materials and their applicability for electronic device purposes. This chapter 

summarizes the key findings of these studies. 

9.1. Atomic Layer Deposition of Al2O3 and TiO2 on MoS2 surfaces 

The quality of the starting surface of MoS2 is crucial to the success of ALD on this 

material. This study found that mechanically exfoliated surfaces exhibit a high degree 

of variability, and thus the surface coverage of ALD films is variable and unpredictable. 

These variations likely arise from a combination of contamination and differences in 

intrinsic defect concentration. CVD-grown MoS2 monolayers were found to have more 

consistent starting surfaces and thus provide a reliable starting point for further studies 

of ALD film growth on MoS2. 

9.2. Surface Defect Engineering of MoS2 for Atomic Layer 
Deposition of TiO2 Films 

 
In this chapter, it was determined that reactive sulfur vacancies are the most likely 

pathway for seeding ALD growth of TiO2 on MoS2 using TDMAT and water 

precursors. A high density of sulfur vacancies results in continuous films that are free 



 

 

120 
 

of pinholes. However, sulfur vacancies introduce localized states into the band gap, 

degrading the electronic properties of the material. It is possible to further modify the 

electronic properties of defective MoS2 using thiols such as mercaptoethanol. This 

chapter provides further insight into the growth mechanisms of ALD films on MoS2 as 

well as possible pathways for tuning its electronic properties. 

9.3. Spontaneous Curvature of Janus Transition Metal 
Dichalcogenide Nanoribbons: Effects on Optoelectronic, 
Magnetic and Mechanical Properties 

 
Modification of the properties of two-dimensional materials can be extended by 

reducing dimensionality. In this chapter, nanoribbons of Janus transition metal 

dichalcogenides were studied using density functional theory. Freestanding 

nanoribbons were found to spontaneously curve as a result of the mismatched strain 

between the top and bottom sides. The zigzag nanoribbons are metallic and magnetic, 

while armchair nanoribbons are semiconducting. The properties of these nanoribbons 

can be tuned by adjusting their width, and also by edge passivation with hydrogen 

atoms. Hydrogen passivation stabilizes the nanoribbons against edge reconstruction 

and can modify the band gap of armchair nanoribbons. This work provides the 

foundation for future device applications based on these materials. 

9.4. Electronic properties of bare and functionalized Two-
Dimensional Tellurene structures 

 
Other two-dimensional materials such as Tellurene may also be suitable for device 

purposes. In this chapter, the functionalization of Tellurene was studied. Fluorine was 

found to disrupt both α- and β-Te structures, but hydrogen and oxygen functionalization 
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resulted in stable structures with semiconducting and metallic properties, respectively. 

Therefore, the choice of functional adatom can play a key role in tailoring two-

dimensional Te for specific applications in semiconducting electronics (H-

functionalization) or nanoscale metallic contacts (O-functionalization). 
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Appendices 

Appendix A. Properties of Bare and Hydrogenated Janus 
Nanoribbons 

 
Table A-1. Properties of bare Janus TMD nanoribbons. Reported are the cohesive energy (Ecoh), band 
gap (Eg), band gap character, magnetic moment (μ), magnetic character, curvature radius (rcurve), and 
curvature energy (Ecurve). 

 𝐸�t1 
(eV) 

𝐸3 
(eV) 

Gap 
Character 

μ 
(μB) 

Magnetic 
Character 

𝑟��±?² 
(Å) 

𝐸��±?² 
(eV) 

Z4 MoSSe -4.53 — — 1.67 AFM 50.12 -0.03 
Z5 MoSSe -4.60 — — 1.75 AFM 49.45 -0.05 
Z6 MoSSe -4.65 — — 1.79 AFM 48.27 -0.07 
Z7 MoSSe -4.68 — — 1.82 AFM 49.03 -0.09 
Z8 MoSSe -4.70 — — 1.83 AFM 53.51 -0.12 
        
Z4 MoSTe -4.27 — — 1.75 FM 19.60 -0.17 
Z5 MoSTe -4.33 — — 1.77 FM 20.23 -0.31 
Z6 MoSTe -4.37 — — 1.75 FM 20.64 -0.44 
Z7 MoSTe -4.40 — — 1.79 AFM 20.90 -0.58 
Z8 MoSTe -4.42 — — 1.81 AFM 22.24 -0.70 
        
Z4 MoSeTe -4.02 — — 2.00 AFM 34.15 -0.06 
Z5 MoSeTe -4.08 — — 2.02 AFM 35.43 -0.11 
Z6 MoSeTe -4.12 — — 2.06 AFM 36.40 -0.16 
Z7 MoSeTe -4.15 — — 2.09 AFM 41.52 -0.20 
Z8 MoSeTe -4.17 — — 2.11 AFM 44.21 -0.24 
        
Z4 WSSe -5.36 — — 1.46 AFM 45.65 -0.04 
Z5 WSSe -5.43 — — 1.59 AFM 45.61 -0.06 
Z6 WSSe -5.48 — — 1.63 AFM 46.91 -0.09 
Z7 WSSe -5.52 — — 1.70 AFM 48.46 -0.11 
Z8 WSSe -5.54 — — 1.74 AFM 56.17 -0.13 
        
Z4 WSTe -5.02 — — 0.24 AFM 26.09 -0.59 
Z5 WSTe -5.08 — — 0.39 AFM 21.37 -0.94 
Z6 WSTe -5.12 — — 0.47 AFM 21.11 -0.83 
Z7 WSTe -5.15 — — 0.53 AFM 20.84 -1.20 
Z8 WSTe -5.18 — — 0.59 AFM 23.31 -1.32 
        
Z4 WSeTe -4.83 — — 0.50 AFM 34.31 -0.95 
Z5 WSeTe -4.86 — — 0.67 AFM 36.47 -0.96 
Z6 WSeTe -4.88 — — 0.75 AFM 33.50 -0.99 
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Z7 WSeTe -4.90 — — 0.75 AFM 40.27 -1.04 
Z8 WSeTe -5.06 — — 0.75 AFM 44.57 -1.07 
        
A6 MoSSe -4.45 0.42 I — NM 51.11 -0.04 
A8 MoSSe -4.56 0.49 I — NM 46.26 -0.08 
A10 MoSSe -4.62 0.46 I — NM 52.41 -0.13 
A12 MoSSe -4.67 0.49 I — NM 57.36 -0.17 
A14 MoSSe -4.70 0.51 I — NM 67.48 -0.20 
        
A6 MoSTe -4.45 0.09 I — NM 12.89 -0.32 
A8 MoSTe -4.26 0.27 I — NM 16.44 -0.54 
A10 MoSTe -4.31 0.23 I — NM 17.91 -0.79 
A12 MoSTe -4.35 0.24 I — NM 19.31 -1.06 
A14 MoSTe -4.38 0.24 I — NM 20.49 -1.32 
        
A6 MoSeTe -4.00 0.60 I — NM 32.40 -0.06 
A8 MoSeTe -4.06 0.62 D — NM 35.90 -1.29 
A10 MoSeTe -4.10 0.65 D — NM 34.94 -0.24 
A12 MoSeTe -4.12 0.60 D — NM 32.13 -0.97 
A14 MoSeTe -4.13 0.67 D — NM 36.95 -0.42 
        
A6 WSSe -5.29 0.36 I — NM 45.43 -0.04 
A8 WSSe -5.40 0.47 D — NM 48.01 -0.09 
A10 WSSe -5.46 0.42 D — NM 50.28 -0.14 
A12 WSSe -5.51 0.47 D — NM 50.49 -0.19 
A14 WSSe -5.54 0.50 D — NM 50.78 -0.24 
        
A6 WSTe -4.96 0.33 I — NM 15.98 -0.22 
A8 WSTe -5.11 0.64 D — NM 19.28 -0.74 
A10 WSTe -5.15 0.65 D — NM 19.67 -0.99 
A12 WSTe -5.18 0.62 D — NM 20.31 -1.28 
A14 WSTe -5.21 0.67 D — NM 20.36 -1.57 
        
A6 WSeTe -4.66 0.14 I — NM 29.32 -0.05 
A8 WSeTe -4.79 0.17 I — NM 35.96 -0.15 
A10 WSeTe -4.85 0.67 D — NM 32.44 -0.92 
A12 WSeTe -4.88 0.65 D — NM 49.18 -1.01 
A14 WSeTe -4.90 0.70 D — NM 40.15 -1.10 
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Table A-2. Properties of hydrogen-passivated Janus TMD nanoribbons. Reported are the cohesive 
energy (Ecoh), band gap (Eg), band gap character, magnetic moment (μ), magnetic character, curvature 
radius (rcurve), and curvature energy (Ecurve). 

 𝐸�t1 
(eV) 

𝐸3 
(eV) 

Gap 
Character 

μ (μB) Magnetic 
Character 

𝑟��±?² 
(Å) 

𝐸��±?² 
(eV) 

Z4 MoSSe -4.02 — — 1.125 FM 44.39 -0.04 
Z5 MoSSe -4.16 — — 1.125 FM 54.54 -0.06 
Z6 MoSSe -4.26 — — 1.125 FM 55.62 -0.08 
Z7 MoSSe -4.33 — — 1.125 FM 56.26 -0.10 
Z8 MoSSe -4.39 — — 1.125 FM 73.52 -0.11 
        
Z4 MoSTe -3.81 — — 1.125 FM 19.67 -0.21 
Z5 MoSTe -3.93 — — 1.125 FM 19.34 -0.34 
Z6 MoSTe -4.02 — — 1.125 FM 21.50 -0.47 
Z7 MoSTe -4.08 — — 1.40 FM 23.96 -0.39 
Z8 MoSTe -4.13 — — 1.38 FM 22.94 -0.56 
        
Z4 MoSeTe -3.63 — — 0.875 FM 37.79 -0.07 
Z5 MoSeTe -3.74 — — 0.875 FM 36.80 -0.11 
Z6 MoSeTe -3.81 — — 0.68 FM 37.82 -0.16 
Z7 MoSeTe -3.88 — — 0.76 FM 40.28 -0.20 
Z8 MoSeTe -3.92 — — 0.37 FM 45.30 -0.24 
        
Z4 WSSe -4.66 — — 1.25 FM 46.92 -0.04 
Z5 WSSe -4.83 — — 1.25 FM 49.93 -0.06 
Z6 WSSe -4.95 — — 1.25 FM 58.17 -0.09 
Z7 WSSe -5.04 — — 1.25 FM 52.51 -0.11 
Z8 WSSe -5.11 — — 1.25 FM 70.39 -0.13 
        
Z4 WSTe -4.39 — — 0.50 FM 20.18 -0.22 
Z5 WSTe -4.54 — — 0.50 FM 19.67 -0.37 
Z6 WSTe -4.65 — — 0.50 FM 20.96 -0.52 
Z7 WSTe -4.73 — — 0.25 AFM 21.13 -0.67 
Z8 WSTe -4.80 — — 0.25 AFM 20.81 -0.82 
        
Z4 WSeTe -4.44 — — — NM 36.19 -0.07 
Z5 WSeTe -4.68 — — — NM 37.57 -0.12 
Z6 WSeTe -4.85 — — — NM 40.40 -0.17 
Z7 WSeTe -4.97 — — — NM 38.38 -0.22 
Z8 WSeTe -5.06 — — — NM 45.36 -0.26 
        
A6 MoSSe -3.85 0.61 D — NM 47.73 -0.05 
A8 MoSSe -4.04 0.60 D — NM 52.12 -0.09 
A10 MoSSe -4.18 0.65 D — NM 51.06 -0.13 
A12 MoSSe -4.27 0.67 D — NM 56.45 -0.17 
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A14 MoSSe -4.34 0.66 D — NM 65.86 -0.20 
        
A6 MoSTe -3.63 0.56 D — NM 22.13 -0.23 
A8 MoSTe -3.80 0.60 D — NM 21.80 -0.48 
A10 MoSTe -3.92 0.59 D — NM 20.26 -0.75 
A12 MoSTe -4.00 0.58 D — NM 21.64 -1.01 
A14 MoSTe -4.06 0.56 D — NM 22.39 -1.27 
        
A6 MoSeTe -3.43 0.07 I — NM 32.64 -0.07 
A8 MoSeTe -3.58 0.08 I — NM 38.88 -0.15 
A10 MoSeTe -3.68 0.07 I — NM 36.97 -0.34 
A12 MoSeTe -3.76 0.38 D — NM 38.87 -0.34 
A14 MoSeTe -3.82 0.39 D — NM 36.81 -0.43 
        
A6 WSSe -4.44 0.36 D — NM 45.02 -0.06 
A8 WSSe -4.68 0.47 D — NM 48.50 -0.10 
A10 WSSe -4.85 0.42 D — NM 50.29 -0.15 
A12 WSSe -4.97 0.47 D — NM 56.19 -0.20 
A14 WSSe -5.06 0.50 D — NM 60.33 -0.24 
        
A6 WSTe -4.18 0.33 D — NM 20.21 -0.29 
A8 WSTe -4.40 0.64 D — NM 20.63 -0.57 
A10 WSTe -4.55 0.65 D — NM 20.54 -0.87 
A12 WSTe -4.66 0.62 D — NM 21.45 -1.16 
A14 WSTe -4.74 0.67 D — NM 20.57 -1.46 
        
A6 WSeTe -3.96 0.14 I — NM 30.91 -0.10 
A8 WSeTe -4.16 0.17 D — NM 37.06 -0.18 
A10 WSeTe -4.30 0.67 D — NM 38.09 -0.27 
A12 WSeTe -4.39 0.65 D — NM 41.41 -0.36 
A14 WSeTe -4.47 0.70 D — NM 40.34 -0.47 
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