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ABSTRACT 

This work focuses on synthesising and investigating functional properties of selected two-

dimensional (2D) semiconducting transition metal dichalcogenides (TMDs), by combining 

material science approaches with a range of characterization techniques. 

We uncovered a versatile Chemical Vapor Deposition (CVD) process capable of producing in 

one single stream several WS2 polymorphs: few-layer nanotubes; an out-of-plane, pure WS2, 2D 

nanomesh; and in-plane mono- and few-layer 2D domains. This entails a two-stage process in 

which, first, various morphologies of nanowires or nanorods of WO2.9/WO2.92 sub-oxides 

(belonging to the class of Magnéli phases) were formed, followed by their sulfurization to 

undergo reduction to the aforementioned WS2 polymorphs. This approach meant intentionally 

decoupling the 2WO3 + 7S → 2WS2 + 3SO2 reaction in two steps, and in this way demonstrate 

a long-time hypothesized mechanism via sub-oxide (WO3-x) intermediate as the path to 2D 

domain growth. 2D, in-plane WS2 domains grow via a “self-seeding and feeding” mechanism 

where short WO2.9/WO2.92 nanorods provide both the nucleation sites and the precursor feed-

stock. Understanding the reaction path (here, in the W-O-S space) is an emerging approach 

towards controlling the nucleation, growth and morphology of 2D domains and films of 

transition metal dichalcogenides (TMDs). Finally, large-area (millimeter scale) WS2 films could 

be synthesized by a simple hydrogen-free chemical vapour deposition (CVD) method on SiO2/Si 

substrates. 

Transport anisotropy in few-layer ReS2 was locally investigated with a multiple-probe scanning 

probe microscope (MP-SPM: (i) by directly measuring the angular dependence of the current, 

and (ii) by injecting current and measuring the resulting surface potential distribution using 

Kelvin probe microscopy. Current anisotropy with unprecedented angular (5º) resolution was 

obtained, revealing effects of finite size of ReS2, and potential strain or structural modifications 

in the material. The resulting electric field distribution under current injection is strongly 

influenced by the low conductance/mobility axis in ReS2, which tends to rotate the field lines 

towards it. Finite-element analysis simulations corroborate these findings, and reveal how 

various parameters of a probing configuration influence the measured anisotropy; thus, 

informing of the necessity of careful design of real devices involving such low-symmetry, 

anisotropic 2D materials. 
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Finally, a double gated structure involving a traditional back-gate and a scanning probe top gate 

(within a Scanning Tunneling Microscope) was realized on multi-layer WSe2, and preliminary 

measurements show a degree of control of the Fermi energy within the band-gap.  
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BACKGROUND AND MOTIVATION 

The need for next generation materials that can replace silicon as the gate channel material is 

becoming more urgent as one continues to reduce transistor dimensions. The advent of graphene 

led to the discovery of other layered materials, such as the transition metal dichalcogenides 

(TMDs). Monolayer semiconducting TMDs, which have a graphene-like layered structure as 

well as an unlike-graphene non-zero bandgap (1-2 eV), are top candidates for applications in 

nanoelectronics, optoelectronics and flexible devices. Among the TMDs, WS2 and WSe2, due to 

the heavy elements in their composition, are predicted to have giant spin-orbit coupling 

(splitting); hence, harnessing this property is of great interest for the advance of spintronics and 

valleytronics as emerging fields for novel IT technologies. Furthermore, ReS2 has weak 

interlayer coupling and low in-plane symmetry, inducing anisotropic properties which can be 

utilised for novel applications in nanoelectronics, such as 2D logic electronics and “smart” 

devices. 

Since initially discovered, most of the research on TMDs uses mechanically exfoliated flakes, 

which can be produced due to the weak van der Waals force binding the layers together. However, 

for these materials to be considered for use in mainstream semiconductor technology, methods 

for their uniform growth over a large area need to be harnessed. Chemical Vapour Deposition 

(CVD) has been widely reported as one of the most efficient method for the large area synthesis 

of TMDs films. While current research strongly focusses on increasing the growth domain size, 

demonstration and understanding of the underlying growth mechanism is still lacking despite 

being critical for controlling the resulting nanophases (in terms of morphology and position). 

In contrast to widely studied TMDs such as MoS2/MoSe2 or WS2/WSe2, which are isotropic in-

plane, ReS2 crystallizes in a unique distorted 1T’ structure with an octahedral coordination 

around the Re metal. Therefore, unlike its other TMD counterparts, ReS2 (ReSe2) shows in-plane 

anisotropic optical, vibrational and electronic properties, while the anisotropic ratio between 

highest and lowest conductivity/mobility is noticeably larger than that reported in other 2D 

anisotropic materials (e.g. thin-layer black phosphorus). As such, this material holds enormous 

potential for impacting nanoelectronics and optoelectronics, but the understanding of these 

anisotropic phenomena, what controls them and how they can be used, is in its infancy. Currently, 

the experimental investigation of transport anisotropy was achieved by using field-effect 

transistor (FET) devices on monolayer and few-layer ReS2 with fixed electrodes fabricated by 
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lithography. Recently measured anisotropic ratios along the principal axes of ReS2 using FET 

configurations are already the highest obtained for all experimentally studied 2D materials. 

However, these ratio values are still noticeably smaller than some theoretical predictions, and a 

consensus between experiment and theory is lacking.  

In this project, the focus is on synthesising and investigating functional properties of mono- and 

few-layers semiconducting TMDs in an interdisciplinary way. There are three major aims of the 

project: (i) to produce WS2 films and nanophases with a degree of control of properties by 

Chemical Vapour Deposition (CVD), (ii) to locally investigate the transport anisotropy of ReS2 

using scanning probes in a Multiple-Probe Atomic Force Microscope (MP-AFM), and (iii) to 

demonstrate spin-orbit splitting effects in few-layer WSe2 induced by electrostatic gating in a 

double-gated structure, with one fixed back-gate and a mobile top gate, represented by the tip of 

a scanning tunneling microscope (STM). 

 

Thesis outline 

The thesis is organised in the following manner: 

Chapter 1 covers general structural and electronic (singling out spin-based and anisotropic) 

properties of TMDs, with focus on WS2/WSe2 and ReS2/ReSe2. 

Chapter 2 describes general characterization techniques applied to TMDs, such as Raman 

spectroscopy, scanning electron microscopy, atomic force microscopy, X-ray crystallography, 

and transmission electron microscopy; as well as an overview of various techniques for isolation 

of layers or growth of TMDs.  

Chapter 3 introduces fundamentals of Chemical Vapour Depositions (CVD), the technique of 

choice here for the growth of TMD layers, with examples relevant to the growth of WS2.  

Chapter 4 describes the experimental approach taken for attempting to grow millimetre scale 

monolayer WS2 via CVD. It presents experimental results of growth by CVD of several WS2 

polymorphs: few-layer nanotubes; an out-of-plane, pure WS2, 2D nanomesh; and in-plane 2D 

domains. This extends into investigations of the growth mechanism involved, and of the 

relationship between the resulting WS2 phases, film characteristics and deposition parameters. 

Chapter 5 presents the study of anisotropic transport in ReS2 by using local, scanning probes in 

a Multi-Probe AFM (MP-AFM); as well as surface potential mapping (by Kelvin probe 

microscopy) under current injection by local probes. This is a departure from the conventional 
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(top down) approaches of measuring anisotropic effects in such materials. These measurements 

are complemented by simulations of anisotropic transport based on finite-element analysis. 

Chapter 6 introduces a dual-gate device structure involving multi-layer WSe2, where the back-

gate is traditional, involving a SiO2/Si wafer, while the top gate is the tip of a scanning tunneling 

microscope (STM). The underlying idea is that an electric field created by this structure will 

break the inversion symmetry of the multilayer WSe2 and hence create a situation where spin-

split of energy levels may be achieved. 

Finally, results and findings are summarised in Chapter 7, which also contains an overarching 

conclusion regarding their importance. This is followed by an outlook on the future extensions 

of the work.  
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CHAPTER 1 

TRANSITION METAL DICHALCOGENIDES 

Structural, electronic and spin-related properties of transition metal dichalcogenides (TMDs), 

with focus on WS2 (WSe2) and ReS2 (ReSe2), are summarised concisely. Among TMDs, WS2 and 

WSe2 present special interest for spintronics due to their giant spin-orbit splitting at monolayer 

level. ReS2 and ReSe2 have structural anisotropy (due to their distorted 1T’ atomic structure) 

leading to anisotropic electronic and optical properties. These anisotropic effects can be 

enhanced by strain engineering. 

 

 

Sparked by the discovery of graphene [1], two-dimensional (2D) materials have attracted much 

attention in the last decade. Due to its excellent electrical, optical and mechanical properties, 

graphene has been a hot research topic all over the world. However, with its zero band-gap, 

graphene is not suitable for some applications in electronics, such as digital transistors. Recently 

2D transition metal dichalcogenides (TMDs) have followed in the footsteps of graphene to 

expand research in 2D materials. These materials have the general formula of MX2, where M is 

a transition metal element from groups 4-10 and X is a chalcogen (see Figure 1.1). 

 

Figure 1.1 Periodic table with highlighted transition metal (blue) and chalcogen (yellow) elements that 

form layered MX2 materials. 
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With more than 40 combinations of compounds in the TMD family, they can exhibit insulating 

(HfS2), semiconducting (MoS2, MoSe2, WS2, WSe2 and ReS2), semi-metallic (WTe2, TiS2), 

metallic (NbS2, VSe2) and even superconducting (TaS2, NbSe2) properties [2]. The work in this 

thesis focusses on the class of semiconductor TMDs. More specifically, it deals with WS2, WSe2 

and ReS2 due to their exceptional potential for spintronics and anisotropic properties, 

respectively. 

 

1.1 High symmetry TMDs: WS2(Se2) 

1.1.1 Atomic structure & bonding 

As shown below, the majority of TMDs have high structural symmetry; among those, there are 

Mo(W)S2(Se2). Graphene is a strictly 2D material consisting of a single layer of sp2 hybridized 

carbon atoms arranged in a honeycomb structure. However, a WX2 (X = S, Se) monolayer is not 

literally one single atomic layer. Each WX2 monolayer consists of a sandwich structure of three 

atomic layers including two chalcogen (sulphur/selenium) layers on each side of one metal 

(tungsten) layer. Within this sandwich structure unit, one metal atom is coordinated with six 

chalcogen atoms. They can then be organised into two crystal structures; trigonal prismatic 2H-

WX2 structure (semiconducting) and octahedral 1T-WX2 structure (metallic) [3] as shown in 

Figure 1.2.  

 
                                                                       (a)                                                   (b)  

Figure 1.2 (a) 2H-WX2; (b) 1T-WX2 crystal structures. W (red), chalcogen (yellow). 

 

Then, semiconducting WX2 bulk crystals can be constructed from these two types of 2D sheets, 

respectively, stacked on top of one another and weakly coupled with neighbouring layers through 

van der Waals interactions [3]. Due to different stacking geometry, the natural or synthetic WX2 

crystals can be organised into two different polytypes-hexagonal 2H and the rhombohedral 3R. 

In 2H-WX2, the chalcogen atoms are fully obscured by tungsten atoms (see Figure 1.3 (a), (b)). 
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While in 3R-WX2 (as shown in Figure 1.3 (c), (d)), one chalcogen atom is obscured by the 

tungsten atom in the upper layer and the other one is located in the hexagonal hollow centre of 

the lower layer [4]. The 2H-WX2 polytype is the most stable of all, both the 1T and 3R-WX2 are 

metastable and transform into the 2H-WX2 upon heating [5]. In this thesis, all the WX2 crystals 

and films discussed are of the 2H-WX2 polytype structure. 

For the 2H-WX2 crystal, the unit cell is shown in Figure 1.4; its lattice parameters a and c can 

be theoretically calculated using different modelling methods. For instance, within the local 

density approximation (LDA), the interlayer distance (lattice parameter c) was obtained as 

12.019, 12.771, 12.120 and 12.909 Å for MoS2, MoSe2, WS2 and WSe2, respectively [6, 7]. 

While, in monolayer WX2 the unit cell becomes half of its bulk counterpart [6]. 

 

Figure 1.3 (a) side-view of 2H-WX2 (eclipsed AA stacking); (b) top-view of 2H-WX2; (c) side-view of 3R-WX2 

(staggered AB stacking); (d) top-view of 3R-WX2. Adapted from [8]. 

 

 

Figure 1.4 Crystal structure of bulk crystal and multilayer sheets of 2H-WX2. The hexagonal unit cell and 

included atoms are highlighted. 
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1.1.2 Band structure evolution from bulk to monolayer 

As already mentioned, some TMDs can be semiconductors with a clear, non-zero bandgap. Bulk 

WS2 and WSe2 have an indirect bandgap of 1.4 eV, and 1.2 eV, respectively [6]. Specifically, 

the indirect bandgap between two different �⃗�  points in the reciprocal space is from the top of the 

valence band at the Γ point to the bottom of the conduction band at the Q point, which is about 

halfway between the Γ and Κ point. As shown in Figure 1.5, decreasing the number of layers in 

WS2 results in the transition from an indirect bandgap material to a direct bandgap 

semiconductor occurring at the same �⃗�  value. The direct bandgap is at the K point from the top 

of the valence band to the bottom of the conduction band. Monolayer WS2 and WSe2 have direct 

bandgaps of 1.9 eV and 1.6 eV, respectively [6]. 

The indirect-to-direct transition in WX2 results from the local shift of valence band peaks 

(valence band maximum (VBM)) and conduction band valleys (conduction band minimum 

(CBM)) in the Brillouin zone. Accordingly, compared to the bandgap at the K point in monolayer 

WX2, in multilayers, the VBM at Γ point shifts upwards, above the peak at the K point, while 

the CBM at the Q point shifts downwards [9]. 

      

Figure 1.5 (a) Band structures for WS2 ultrathin layers along high symmetry directions of the Brillouin zone. 

(b) Two dimensional Brillouin zone of MX2. The high symmetry points Γ = (0, 0), K = 4π/3a (1, 0) and M = 

4π/3a (0, √3/2) are shown. The Q points (which are not high symmetry points) indicate the position of the 

edges of the conduction band in multilayer samples. 

 

1.1.3 Spin-orbit splitting 

According to the Zeeman Effect, if electrons move perpendicular to an effective magnetic field, 

their spin degeneracy will be lifted. However, due to inversion asymmetry in the crystal system, 

the spin degeneracy can also be lifted in the absence of an external magnetic field. 
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1.1.3.1 Monolayer 

As the number of the layers in WX2 decreases, the indirect-to-direct bandgap transition is not 

the only unusual property that emerges. Another intrinsic property occurs when one transitions 

to monolayer WX2: giant spin-orbit splitting. In this case, as shown in Figure 1.6, the spin 

degeneracy of both conduction and valence bands between the Γ and Κ points is broken. 

Compared to MoX2, WX2 with its heavy 5d element W has a strong atomic spin-orbit interaction 

which leads to a large spin-orbit splitting. The maximal splitting appears at the K point, and is 

around 0.43 eV and 0.46 eV for WS2 and WSe2, respectively, which is much larger than 0.15 eV 

and 0.18 eV for MoS2 and MoSe2, respectively [10]. 

 

Figure 1.6 Electronic band structures calculated for WX2 monolayer systems with (black solid line) and 

without (red dotted line) inclusion of the spin-orbit interaction. Adapted from [11]. 

 

As mentioned before, monolayer WX2 has a unit cell half that of its bulk counterpart. As shown 

in Figure 1.7, a net in-plane, electric dipole moment can be found acting on the W4+ ions within 

each X-W-X monolayer. Because of this in-plane electric dipole moment, the band structure of 

monolayer WX2 shows an out-of-plane spin polarization [12]. 

 

Figure 1.7 Top and side views of the layered structure of 2H-WX2. d, A net in-plane dipole moment can be 

found at the W4+ ions due to the 𝑫𝟑𝒉
𝟏  symmetry of each Se-W-Se monolayer where the unit cell is half that of 

the bulk crystal, highlighted. In bilayer WX2 (one unit cell of the bulk crystal), the symmetry becomes 𝑫𝟔𝒉
𝟒 , 

so that the net in-plane dipole in the whole unit cell becomes zero. 

 



6 

 

1.1.3.2 Bilayer 

Correspondingly, in bilayer 2H-WX2 (one unit cell of the bulk crystal), the in-plane dipole in 

each monolayer cancels out with each other. Therefore, due to the inversion symmetry, the net 

in-plane electric dipole in the whole unit cell becomes zero (top part of Figure 1.8 (a)). The 

situation relative to spin polarization is shown in Figure 1.8 (b), where blue and red bands 

correspond to the spin-up and spin-down electronic bands around the K point; the first pair of 

bands correspond to the top WX2 layer, while the second pair of bands correspond to the bottom 

WX2 layer. Figure 1.8 (b) top panel shows that the cancellation of the net in-plane dipole in 

bilayer leads to spin degeneracy of the band structure [13]. 

However, the application of a perpendicular external electric field breaks spatial inversion 

symmetry as shown in Figure 1.8 (a) bottom panel. As a result, each monolayer can partially 

retain its in-plane dipole moment without any cancellation from the adjacent layers. Therefore, 

by breaking the inversion symmetry with an external electric field, bilayer WX2 can also show 

the spin-orbit splitting at the K point. 

                  
(a)                                                                                  (b) 

Figure 1.8 (a) Side view of a unit cell of bilayer WX2 lattice structure, in-plane (out-of-plane) direction is 

along x (z). Top row: pristine bilayer with inversion symmetry. Bottom row: change in electron density 

across the unit cell on application of a perpendicular electric field applied to the bilayer (DFT calculation), 

showing the breaking of inversion symmetry; (b) Schematics of electric-field effect on the band structure of 

bilayer WSe2. Blue and red colored bands correspond to different spin polarizations. Note that by 

application of an electric field perpendicular to the bilayer, set of bands for different layers shift in energy 

resulting, overall, in non-zero spin polarization. Adapted from [11]. 

 

1.2 ReS2 

1.2.1 Atomic structure & bonding 

Unlike WS2 and WSe2 which are TMDs with inversion symmetry, the structure of ReS2 exhibits 

a highly anisotropic distorted CdCl2-type lattice structure [14]. This is because, compared to the 
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group VI transition metal tungsten (W), the group VII rhenium (Re) atom possesses one extra 

valance electron. This yields to the formation of an additional Re-Re bonds between two adjacent 

Re atoms in ReS2, which leads to a Peierls distortion and transformation into a diamond-shape 

superlattice chain of Re along the b[010] axis [15] (see Figure 1.12). These chains distort the 

lattice from the more symmetric 1T structure to a unique distorted 1T’ phase as in Figure 1.9 (c). 

Thus, ReS2 offers an ideal material candidate for studying semiconducting 2D TMDs with low 

symmetry and anisotropic properties. 

 

Figure 1.9 Atomistic structures of monolayer transition metal dichalcogenides MX2. M stands for (W, Mo, Re) 

and X stands for (S, Se). (a) 2H-MX2 in ABA stacking with P6m2 space-group. (b) 1T-MX2 in ABC stacking with 

P3m2 space group. (c) 1T′-MX2, distorted 1T-MX2, where the distorted M atoms form one-dimensional 

zigzag chains indicated by the dashed blue line. Unit cell is indicated by red rectangles. Adapted from [16]. 

 

1.2.2 Electronic properties 

ReS2 is a true bandgap semiconductor. Bulk ReS2 has an indirect bandgap of 1.30 eV [17, 18]. 

However, the in-plane distortion of ReS2 lattice is expected to profoundly affect the interlayer 

coupling in few-layer ReS2 crystals by preventing ordered layer stacking and minimizing the 

interlayer overlap of wave functions. Therefore, it was assumed that the layers of bulk ReS2 are 

electronically and vibrationally decoupled [19]. For instance, it was reported that the band gap 

of ReS2 remains direct from monolayer to the bulk, in contrast to the direct-to-indirect band gap 
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transition in other TMD materials. Specifically, monolayer ReS2 was found to have a direct band 

gap of ~ 1.43 eV determined from both calculations and experiments [17, 19], although, the 

binding energy of VBM in the calculations of the monolayer band structure within the ΓM 

direction is less than 0.1 meV above the valence band at the Γ point, where the CBM is located. 

Therefore, the band gap in the monolayer can be considered direct, since no significant 

dispersion of the valence band is found close to the Γ point [20].  

 

 

Figure 1.10 Band structures for ReS2 ultrathin layers along high symmetry directions of the Brillouin zone 

[21]. Brillouin zone is also shown. 

 

This lack of sizeable variation in bandgap with number of layers is due to the band structure 

contribution [9]. For instance, in MoS2 a TMD with high symmetry, the VBM and the CBM at 

the K point are made of Mo d states with subtle contribution from S pz states (Figs. 1.11 (a)-(d)) 

[22, 23]. Moreover, the CBM states at the Q point and the VBM states at the Γ point are made 

of Mo d states hybridized with S pz states. For a monolayer, the VBM energy values are nearly 

the same at the K and Γ points, and the CBM at the Q point is slightly higher than at the K point 

and the transition across K points becomes fundamental and direct (1.8 eV) [24]. When 

monolayers stack to form bulk MoS2, the S pz states get modified because of an interlayer 

coupling interaction which leads to band renormalization, and the VBM states at the Γ point shift 
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higher in energy, while the CBM states at the Q point shift lower in energy, resulting in the 

appearance of an indirect band gap (1.29 eV) as a fundamental gap in bulk MoS2 [24].  

On the other hand, for distorted monolayer 1T’ ReS2, the fundamental gap is across the Γ point 

where both Re d and S pz states are hybridized (Figs. 1.11 (e)-(h)) [25]. Therefore, other than a 

slight decrease in band gap from 1.43 eV in monolayer to 1.30 eV in the bulk, no change in the 

nature of band gap is observed in distorted 1T’ ReS2 [17, 19]. 

 

Figure 1.11 Band character plots of Mo d and S pz in (a) and (b) monolayer 2H-MoS2 and (c) and (d) bulk 2H-

MoS2, respectively. The same for (e) and (f) monolayer distorted 1T-ReS2 and (g) and (h) multilayer 

distorted 1T-ReS2. The weight of the density of states at different momentum points is also shown. Adapted 

from [25]. 

 

Though it was initially thought that ReS2 layers are entirely decoupled leading to no preferred 

stacking order [19], recently several stacking orders have been revealed by ultralow-frequency 

Raman spectroscopy [26] (see section 2.2.1), which identifies that interlayer couplings in bilayer 

ReS2 do exist. 

 

1.2.3 Anisotropic conductivity 

Semi-conducting TMDs all have relatively lower carrier mobility (electron mobility: monolayer 

WS2 50 cm2·V-1·s-1, monolayer ReS2 23.1 cm2·V-1·s-1) [15, 27] than in graphene (electron 
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mobility above 40000 cm2·V-1·s-1) [28] and Silicon (electron mobility ≤ 1400 cm2·V-1·s-1) [29]. 

However, unlike graphene, 2D TMDs have a true bandgap leading to a true ON/OFF ratio in 

conductance in a field-effect transistor (FET). Moreover, due to the distorted 1T’ structure, ReS2 

exhibits in-plane anisotropic properties in monolayer and few-layer because of the Re diamond-

shape superlattice chain, which is the shortest axes in the basal plane. The other principal axis, 

a, is the second-shortest and is 61.03° or 118.97° apart. The b and a axes are the two directions 

with the shortest axes in the basal plane, which differentiate them from other lattice orientations. 

 

Figure 1.12 Top view of the crystal structure of ML ReS2, blue spheres represent Re atoms, and yellow 

spheres represent S atoms. The diamond superlattice chain lined in red, the unit cell displayed in a purple 

parallelogram, both directions of a and b axes are denoted by blue arrows. OABC defines the unit cell, with 

OB along the b axis, while OA, along the a axis. 

 

Early studies on bulk materials reported that the b axis is more conductive than other crystalline 

orientations [30]. Then recently, angle-resolved transport characterization was carried out to 

measure anisotropic electrical properties of exfoliated ReS2 few-layers. The b direction appears 

to be noticeably the most conductive direction while the a direction is the least conductive 

direction, and is 60° from the b direction.   

In experiments, 12 electrodes (5 nm Ti/50 nm Au) were deposited onto a flake in a circular 

manner, evenly spaced 30° apart, as shown in inserted panels of Figure 1.13. Anisotropic FET 

behaviour was measured between each pair of diagonally positioned electrodes. Measurements 
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on each pair of electrodes lead to two data points that are 180° apart by swapping source-drain 

current directions. The renormalized field-effect mobility along each direction of few-layer ReS2 

was shown in Figure 1.13 (a, red dots) and of few-layer ReSe2 was shown in Figure 1.13 (b). 

The large anisotropic ratio of mobility along b and a axes is up to 3.1 for ReS2 [31] and 2.9 for 

ReSe2 [32], which are larger than other studied layered 2D materials, such as 1.8 for black 

phosphorus [33]. 

 

(a)                                                                           (b) 

Figure 1.13 (a) Normalized field-effect mobility of a six-layer device along 12 directions evenly spaced at 30 

apart plotted in polar coordinates (red dots with left axis). The optical image of the device is shown in the 

insert. The calculated mobility of monolayer ReS2 along three orientations (a axis, b axis and perpendicular 

to the a axis) is plotted in the same graph (blue dots with right axis) for comparison [31]; (b) angle-resolved 

mobility of ReSe2 (optical microscopy image and HRTEM image inserted) [32]. 

 

The calculation of the mobility of monolayer ReS2 was shown in the same polar plot (blue dots 

with right axis). As can be seen, the calculation was only conducted along three crystalline 

orientations (a axis, b axis and direction perpendicular to a) using an ab initio technique. The 

calculation results do not quite fit the experimental results, with the highest (b axis) and lowest 

(a axis) mobility ratio more than doubled. However, these quantitative discrepancies between 

the experimental and theoretical results are not well investigated. 

This higher anisotropy (higher than µmax/µmin = 3.1) arises from the intrinsic properties of ReS2, 

which can be indicated by four-terminal measurements to subtract the influence of contact 

resistance. For instance, it was reported when electrodes were patterned to be perpendicular to 

the a and b directions of a few-layer ReS2 sample with a 60° inner angle (see Figure 1.14 (a)). 

Two four-terminal transport measurements were performed on multilayer ReS2. The resistance 

parallel to the b axis was about 7.5 times lower than the resistance parallel to the a axis. Therefore, 
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the discrepancy may be due to the FET experimental polar coordinated set-up, i.e. when using 

two contacts in a pair for direction-dependent I-V characteristic measurements, the other 10 

contacts may cause interference.  

 

(a)                                                            (b) 

Figure 1.14 (a) An optical image of multilayer ReS2 FET contacted with 4-terminal contacts along a and b 

axes. (b) The 4-terminal I-V characteristic. The device A is measured along the a axis, while the device B is 

measured along the b axis. RA = 521.69 kΩ, RB = 69.86 kΩ. Adapted from [15]. 

 

On the other hand, with some strain introduced in the calculation µmax/µmin will also become 

larger. Zhou, et al applied strain engineering to adjust the anisotropic carrier mobility and verify 

theoretically that the anisotropy of carrier mobility can be enhanced remarkably [34]. In their 

Density Functional Theory (DFT) calculation the crystal lattice parameters (see Figure 1.12) are 

OA = 6.57 Å, OB = 6.40 Å, ∠AOB = 60.16°. They employed strain to modify the configuration 

of the lattice to achieve cell compression and dilatation. For instance, the anisotropy under a-

axis: −3.9% strain, b-axis: −1.4% strain (OA = OB = 6.31 Å and ∠AOB = 60°) was  shown Fig. 

1.15 (a) where the µmax/µmin is increased to 33.6, almost 10 times the experimental value in Fig. 

1.13 (a). It is also found that in the case a-axis: 0% strain, b-axis: 2.6% strain (OA = OB = 6.57 

Å and ∠AOB = 60°), the anisotropy features a maximum at 120° and a moderate peak at 0°, and 

the minimum at 60°, so tri-state control is possible via this strained structure (see Fig. 1.15 (b)). 

Therefore, the discrepancy may also be due to the different lattice parameter values used in the 

calculation (causing the strain to be introduced), or alternatively the sample quality is not good 

enough in figure 1.13 (the flake has some strain). 
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                                   (a)                                                                (b) 

Figure 1.15 (c) Theoretical result of the mobility anisotropy when lattice parameters are confined to a(OA) 

= b(OB) = 6.31 Å (a-axis: −3.9% strain, b-axis: −1.4% strain) and ∠AOB = 60
°
. The a-axis and b-axis 

correspond to the 0
°
 and 120

°
 respectively. (d) Theoretical result of the mobility anisotropy when lattice 

parameters are confined to a(OA) = b(OB) = 6.57 Å (a-axis: 0% strain, b-axis: 2.6% strain) and ∠AOB = 60
°
. 

Adapted from [34]. 

 

Therefore, proper investigation of the electrical anisotropy of the ReS2/ReSe2 is still lacking and 

needed. Moreover, it appears that the anisotropy of the structure and carrier mobility could be 

modulated for the development of electronic devices with high max-min ratios and high 

sensitivity. 
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CHAPTER 2  

SAMPLE PREPARATION AND TECHNIQUES FOR GENERAL CHARACTERI

ZATION OF TMD FILMS 

Top-down and bottom-up approaches (such as mechanical and liquid phase exfoliation, or 

chemical vapour deposition (CVD)) for synthesis of mono- and few-layer TMDs are reviewed. 

General characterization techniques primarily used in this report to reveal morphology, thickness, 

structure, or for material or phase identification, with focus on the specific TMDs of interest, are 

described. Basic principles of Raman spectroscopy, atomic force microscopy (AFM), scanning 

electron microscopy (SEM), X-ray powder diffraction (XRD) and transmission electron 

microscopy (TEM) are thus introduced. 

 

 

2.1 Fabrication methods and techniques 

Just as the name implies, top-down methods are approaches to thin down layered materials by 

mechanical cleavage [1], liquid-phase exfoliation [2], or chemical exfoliation [3]. All of them 

were reported as feasible ways to disrupt the weak van der Waals attraction between sheets and 

separate the stacking layers of MX2 to form few- or monolayer flakes. 

2.1.1 Top-down methods 

2.1.1.1 Micromechanical cleavage 

Ever since Geim and Novoselov first isolated graphene by mechanical exfoliation onto a SiO2 

surface in 2004 [4], this exfoliation technique has become a general method for preparation of 

layered atomically thin materials for experiments. Mechanical exfoliation is a preparation 

process using adhesive (e.g. Scotch, Nitto, etc.) tape to thin the number of layers from a bulk 

material, eventually achieving a few-layer or even monolayer film [5]. The general exfoliation 

procedure is described as follow: (i) the first step is to take a piece of layered crystal and place 

it on one end of the adhesive tape. By folding together the two ends of the tape and tearing them 

away after a gentle press multiple times, the flakes on the tape became thinner with each fold. 
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One or two other strips of tape were used to thin the flakes further until the tape was mostly 

covered with the 2D material. The last strip of tape contains the thinnest flakes. (ii) Then, the 

flake-loaded tape is brought in contact with the pre-cleaned SiO2/Si wafer, and some degree of 

pressure is applied evenly between the two. (iii) Finally, the tape is peeled off leaving transferred 

flakes on the substrate. 

In our experience, where the tape is peeled off from the substrate is the most important aspect in 

controlling the size of transferred flakes: if peeling is performed slowly and at a very small angle 

(as shown in Figure 2.1 (a)), this will significantly increase the size of the transferred flakes. In 

this case, the tape is gradually removed, as flat as possible, decreasing the mechanical stress 

applied to the flakes and increasing the probability of them not breaking while attaching to the 

SiO2 surface. Peeling the tape at a large angle (Figure 2.1 (b)) results in either lifting or breaking 

the flakes. 

 

                                            (a)                                         (b) 

Figure 2.1 Mechanical exfoliation method for creation of thin 2D flakes. (a) Low-angle peeling of tape; (b) 

large angle peeling of tape. 

 

To assess the thickness of the transferred flakes, several techniques can be used: (i) optical 

observation under a microscope, (ii) Raman spectroscopy (see section 2.2.1), and (iii) atomic 

force microscopy (AFM) (see section 2.2.2). Thickness determination by simple optical 

observation generally requires some training and experience: this is based on correlating with 

colour appearance, due to light interference, of the flakes on the SiO2/Si substrates. As an 

example, Figure 2.2 shows WSe2 flakes on SiO2/Si substrates with 1, 2, 4, 5, and > 5 layers. In 

general, the resulting TMD flakes obtained by mechanical exfoliation are considerably smaller 

in size than graphene flakes due to the much higher intrinsic tensile strength and Young's 

modulus in graphene than TMDs [6, 7]. 



18 

 

 

Figure 2.2 Optical images of exfoliated WSe2 crystals (a) Monolayer; (b) Bilayer; (c)Tetra-layer; (d) Penta-

layer. Adpted from [8]. 

 

ReS2 (ReSe2), due to its low symmetry structure, is even harder to mechanically exfoliate into 

flakes of reasonable size compared to its high symmetry TMD counterparts. Therefore, in order 

to get relatively large flakes, a few modifications were applied to the standard exfoliation method. 

Similar to normal exfoliation, the SiO2/Si substrate was ultrasonically cleaned with acetone, IPA, 

and DI water prior to exfoliating. Then, differently than in the standard method, the substrate 

was treated with oxygen plasma to eliminate organic ambient adsorbates from the surface (Figure 

2.3 (a)), and hence, increase the surface energy. Another difference compared to the standard 

method was that, instead of immediately peeling off the tape from the substrate after the tape 

with flakes made contact with the surface of the substrate, the substrate was annealed on a hot 

plate for 2 min at ~ 80 °C. After that, the sample was naturally cooled to room temperature, and 

the adhesive tape was removed at a very small angle as detailed in Figure 2.1 (a). The annealing 

step promotes the removal of gas molecules between ReS2 flakes and the SiO2 surface via their 

edge, driven by an increase in pressure at the interface (Figure 2.3 (b)). According to Huang et 

al. the flake edges act in this process effectively as a one-way valve [9]: they allow pressure built 

up during annealing to be released by the trapped gas moving out through the interface between 

the edges of the flake and the substrate; then, once a tighter, more uniform contact is established 

between the outermost ReS2 layer and the substrate, the increased van der Waals force prevents 

gas from re-entering during cooling. 

The exfoliation step is actually a competition in van der Waals forces between the layers in the 

thick flakes on the tape with the attractive forces between outermost layer and the substrate. 

Therefore, monolayer and few layer ReS2 flakes are actually cleaved from multilayer ReS2 bulk, 

instead from the tape itself. Because of ReS2’s propensity for fragmentation, unlike graphene, it 

is unnecessary to exfoliate as many time to get the thinnest possible materials on the tape for 

transferring. Exfoliating ReS2 too many times will lead to fragmentation of large surface area 

flakes into many smaller pieces. Therefore, during mechanical cleavage, the ReS2 pieces 
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adhering to the tape should be exfoliated no more than 5 times, and the flakes on the tape are 

still quite thick prior to attaching to the SiO2/Si substrate surface.  

 

Figure 2.3 Key steps of the modified exfoliation process for 2D layered materials. (a) Oxygen plasma 

treatment removes adsorbates on the SiO2/Si substrate; (b) Annealing of the substrate in contact with the 

2D material on adhesive tape. The increase in temperature builds pressure at the ReS2-support interface, 

which is released by the escape of gas; (c) Cooling down to room temperature and a now tightened boundary 

result in a reduction of the pressure at the interface. The resulting pressure difference causes a small and 

uniform distance between the transferred 2D layer and the substrate, which in turn enhances the van der 

Waals interaction at the interface [9]. 

 

2.1.1.2 Sonication assisted liquid-phase exfoliation 

Coleman et al. first reported in 2008 the high-yield production of graphene by sonication assisted 

liquid-phase exfoliation of graphite [10]. For TMDs, with a similar layered structure, this liquid-

phase exfoliation can also yield mono- or few-layers films. Coleman's group exfoliated MoS2, 

WS2, MoSe2 and MoTe2 in (N)-methyl-pyrrolidone (NMP) and isopropanol (IPA) by sonication. 

The single and few-layers obtained were very small, with lateral dimensions ranging from 50 

nm to 1 μm [2]. 

Controllable lithium intercalation is also an alternative method which yields single-layer 

nanosheets [11]. Lithium intercalation acts via two mechanisms. First, lithium weakens the van 

der Waals forces between the layers, making the separation easier. Second, Li is oxidized to Li+1, 

which reduces water, produces H2, which then forces the layers apart. 
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Figure 2.4 Schematic description of the main liquid exfoliation mechanisms. (a) Sonication-assisted 

exfoliation. The layered crystal is sonicated in a solvent, resulting in exfoliation and nanosheet formation. 

In “good” solvents (those with appropriate surface energy) the exfoliated nanosheets are stabilized against 

reaggregation. Otherwise, for “bad” solvents reaggregation and sedimentation will occur; (b) Ion 

intercalation. Ions (yellow) are intercalated between the layers in a liquid environment, swelling the crystal 

and weakening the interlayer attraction. Then, agitation (such as shear, ultrasonication, or thermal) can 

completely separate the layers, resulting in an exfoliated dispersion; (c) Ion exchange. Some layered 

compounds contain ions between the layers so as to balance surface charge on the layers. These ions (red) 

can be exchanged in a liquid environment for other, often larger ions (yellow). As above, agitation results 

in an exfoliated dispersion. Adapted from [2].  

 

2.1.2 Bottom-up methods 

The MX2 monolayers obtained via the exfoliation methods described in section 2.1.1 are either 

too small in the lateral size or with poor uniformity in thickness. To address the limitations of 

these approaches, bottom-up methods have recently been reported for synthesis of relatively 

large areas of few-layer or even monolayer MX2. These includes vapour phase 

transport/recrystallization from MX2 powder [12], and chemical vapour deposition (CVD) [13].  
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2.1.2.1 Physical Vapour-phase transport (PVT) 

A catalyst-free vapour-solid growth strategy has been proposed [12] (see Figure 2.5). For 

example, monolayer MoS2 single crystals with a lateral size up to 25 μm were deposited on a 

variety of insulating substrates (e.g., SiO2/Si, sapphire, glass) by simple physical vapour 

transport of MoS2 powders evaporated at ~ 900 °C under a low pressure of 20 Torr. The as-

grown MoS2 domains showed that the entire crystallite is a uniform monolayer based on Raman 

and PL characterizations. Interestingly, the growth on sapphire is much denser than those on 

SiO2/Si wafer and glass, suggesting that the growth kinetics are such that a monolayer is 

favoured and grows rapidly if the nucleating crystal is aligned suitably with the substrate. 

Therefore, atomically flat substrates, such as sapphire, may be more suitable for this kind of PVT 

method. 

However, for the PVT growth, the nucleation of TMD crystals appears to be random and thicker 

layers of TMDs can be frequently found [14]. 

 

Figure 2.5 Schematics describing the vapour phase method used to deposit atomically thin TMDs from TMDs 

powders. 

 

2.1.2.2 Chemical vapour deposition 

CVD is a deposition method used for producing high quality, thin films, and details of the various 

parameters controlling growth will be described in Chapter 3. There have been attempts to 

synthesize WX2 layers by CVD via two routes. The first route involves simple sulfurization (or 

selenization) of initially deposited transition metal or transition metal-based precursors. The 

second, also known as the one-step route, is based on vapour phase reaction of sulphur (or 

selenium) and transition metal-based precursors to form WX2 on a heated substrate. (see Figure 

2.6) 
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Figure 2.6 Two routes for WX2 synthesis [15].  

 

Post-sulfurization of metal oxides 

Between the two routes of synthesis for WS2, post-sulfurization is also known as the two-step 

growth route. Firstly, the metal-based precursor, for instance, WO3, will be deposited on the 

substrate. Afterwards, the substrates with the pre-deposited precursors will be placed in the 

chamber and heated to the reaction temperature necessary for sulphur to incorporate. Then the 

gaseous sulphur is introduced by a carrier gas to react with the precursors on the substrate. It has 

been reported that monolayer, bilayer and trilayer films of WS2 can be obtained by sulfurizing 1 

nm, 2 nm and 2.8 nm WO3 films, respectively [16]. 

 

Figure 2.7 Schematics showing vapour phase methods used to deposit atomically thin TMDs by vapour 

phase reaction of the transition metal/metal oxide thin films and chalcogen precursors supplied from 

powders. 
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Co-deposition 

For CVD growth of graphene, all the precursors are in gas-phase. In addition, the copper 

substrate can be used as a catalyst in the reaction [17]. However, it is more challenging to obtain 

WS2 monolayers than graphene by CVD. The precursors for WS2 are normally solid, and no 

catalyst is involved in the growth.  

In this one-step growth route, sulphur and WO3 (or another metal-based precursor) powders are 

heated and mixed in the gas phase. Then, a carrier gas (normally argon) transports the gaseous 

precursors to the reaction chamber containing the substrate on which one seeks deposition; this 

is kept at the temperature at which the reaction occurs. The two gaseous precursors will then 

react to synthesize WS2 which will then be deposited on the substrate. In the last few years the 

most widely reported method used to synthesize atomically thin TMDs is based on the one-step 

growth route consisting of the simultaneous evaporation of transition metal oxide and chalcogen 

powder precursors. This single-step route allowed for the synthesis of high quality monolayer 

TMDs with grain sizes up to millimetres [18]. However, as the evaporation rate of the precursors 

as well as the overall time span of evaporation are poorly controlled, especially at low doses, 

and often limited by the early introduction or the quick exhaustion of sulphur (which readily 

evaporates at low temperatures (≥ 100 °C)), this method presents scarce reproducibility and 

seldom has led to film continuity across large size areas [19]. 

 

Figure 2.8 Schematics showing vapour phase methods used to deposit atomically thin TMDs by vapour 

phase reaction of the transition metal and chalcogen precursors supplied from powders. 

 

2.2 Techniques and methods for general characterization 

Besides the optical microscopic observation, various techniques have been used to characterize 

the TMD samples in this work. 
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2.2.1 Raman spectroscopy 

Raman spectroscopy is used for fingerprinting different material species by observing 

vibrational, rotational and other low-frequency modes in a system [20]. For different materials, 

the shift in wavelength of the inelastic scattered, or Raman scattered radiation can provide the 

required chemical and structure information. 

When a beam of monochromatic light, usually a laser beam, impinges upon a molecule and 

interacts with its electron cloud and chemical bonds, it results in the energy of the laser photons 

being shifted up or down. The laser beam can also be considered as an oscillating 

electromagnetic (EM) wave which encounters a scattering material, for instance a molecule. The 

interaction between the oscillating EM and the molecule results in a separation of charge within 

the molecule, which is called an induced dipole moment. This induced dipole moment then acts 

as a source of EM radiation by re-emission when it relaxes (as shown in Figure 2.9). 

  

Figure 2.9 Monochromatic light scattering by an induced dipole. 

 

The strength of the induced dipole moment, P, is given by: 

𝑃 = 𝛼𝐸                                                                                                                                 (2.1) 

where α is the polarizability of the molecule and E is the strength of the electric field of the 

incident EM field: 

𝐸 = 𝐸𝑜cos (2𝜋𝑣𝑜𝑡)                                                                                                           (2.2) 

where 𝑣𝑜 is the frequency of the incident laser. 

By substituting equation (2.2) into (2.1) yields the time-dependent induced dipole moment: 

𝑃 = 𝛼𝐸𝑜cos (2𝜋𝑣𝑜𝑡)                                                                                                        (2.3) 

The polarizability depends on the structure of the molecule and the nature of the bonds; it 

changes as the molecule vibrates 𝛼 = 𝛼(𝑄). Due to the typical displacement being small, the 

polarizability can be approximated by a Taylor expansion:  
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 𝛼 = 𝛼𝑜 +
𝜕𝛼

∂𝑄
𝑑𝑄                                                                                                                (2.4) 

The physical displacement dQ of the atoms about their equilibrium position due to the particular 

vibrational mode may be expressed as: 

𝑑𝑄 = 𝑄𝑜cos (2𝜋𝑣𝑣𝑖𝑏𝑡)                                                                                                     (2.5) 

where 𝑄𝑜 is the maximum vibrational amplitude about the equilibrium position, and 𝑣𝑣𝑖𝑏 is the 

frequency of the vibrational mode.  

Substituting equation (2.4) and (2.5) into (2.3) yields: 

𝑃 = 𝛼𝐸𝑜 cos(2𝜋𝑣𝑜𝑡) + 𝑄𝑜𝐸𝑜 (
∂𝛼

∂𝑄
) [cos(2𝜋𝑣𝑜𝑡) cos(2𝜋𝑣𝑣𝑖𝑏𝑡)]                            (2.6) 

    = 𝛼𝐸𝑜cos (2𝜋𝑣𝑜𝑡) +
1

2
𝑄𝑜𝐸𝑜 (

∂𝛼

∂𝑄
) [cos2𝜋(𝑣𝑜 − 𝑣𝑣𝑖𝑏)𝑡 + cos2𝜋(𝑣𝑜 + 𝑣𝑣𝑖𝑏)𝑡]    (2.7) 

The first term in equation (2.7) corresponds to the elastic scattered light (e.g. Rayleigh or Mie 

scattering); the second terms correspond to the inelastic scattered light (Raman scattering). 

Therefore, the necessary condition to be Raman-active is that the rate of change of the 

polarizability with the vibration displacement, 
∂𝛼

∂𝑄
, must not be zero [21]. In the case of a Raman-

active material, the energy of the vibrational state of the molecule is also changed to ensure 

energy conservation. If the final vibrational state has higher energy than the initial state, the laser 

photon frequency decreases (red-shift) from 𝑣𝑜 to a lower frequency (𝑣𝑜 − 𝑣𝑣𝑖𝑏) where 𝑣𝑣𝑖𝑏 is 

the frequency of the exchanged vibrational mode. This kind of shift in frequency is regarded as 

a Stokes shift. Alternatively, the process where the photon energy is up-shifted (blue shift) to 

(𝑣𝑜 + 𝑣𝑣𝑖𝑏) is called Anti-Stokes. (see Figure 2.10). This photon frequency shift is then detected 

and analysed to identify the energy of different vibrational modes, from which one can establish 

whether the obtained product under analysis is as originally expected. 

 

Figure 2.10 Energy level diagram of the states involved in the Raman effect. 
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The hexagonal 2H-WX2 crystal belongs to the D6h point group (Space Group: P63/mmc). 

Therefore, there are 18 lattice dynamical modes at the Brillouin zone centre (Γ point) [22] where 

the lattice vibrations can be expressed by the irreducible representations as follows:  

Γ = A1g + 2A2u + B1u + 2B2g + E1g + 2E1u + E2u + 2E2g                                               (2.8) 

Among these vibrational modes, A2u and E1u are acoustic modes, while A2u and E1u are infrared 

active. B1u, B2g and E2u are optically inactive. Finally, A1g, E1g and E2g are Raman active. 

The atomic displacements, corresponding to the three in-plane modes E1g, E2𝑔
1 , E2𝑔

2 , and those 

corresponding to the out-of-plane mode A1g are shown in Figure 2.11. The A1g mode corresponds 

to the out-of-plane vibration of chalcogen atoms only; while the E2𝑔
1  mode involves the in-plane 

vibration of transition metal atoms against the chalcogen atoms [23]. The E2𝑔
2  is a shear mode 

corresponding to the opposite displacement of two unit layers. It appears at very low frequencies 

(~ 30 cm-1) and is absent in monolayer WX2. The E1g mode is forbidden in the backscattering 

geometry on a basal plane perpendicular to the c axis due to Raman selection rules [23, 24].  

 

Figure 2.11 Schematics showing atomic displacements involved in the four Raman active modes in high 

symmetry MX2. 

 

Therefore, normally for WS2 identification, the E2𝑔
1  and A1g modes are used as the characteristic 

peaks. For instance, Figure 2.12 shows a Raman spectrum of a WS2 single domain using an 

excitation laser with a wavelength of 532 nm. The in-plane mode E2𝑔
1  is around 350 cm−1 and 

the out-of-plane mode A1g is around 416 cm−1, the frequency difference between them is around 

66 cm−1 which is reported as the fingerprint of monolayer WS2 film [25]. 
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Figure 2.12 Raman spectroscopic characteristics of monolayer WS2 films on SiO2/Si substrates. 

 

On the other hand, the distorted trigonal 1T’-ReS2 belongs to the Ci point group (Space Group: 

P1̅). There are 12 atoms in the ReS2 unit cell (see Figure 1.12), thus bulk ReS2 possesses 36 

vibrational modes including 18 asymmetric Au modes and 18 symmetric Ag modes [26]. The 

18 Au modes include 15 infrared-active modes and three acoustic Au modes, while all the Ag 

modes are Raman-active. All the Ag modes are detectable (as shown in Figure 2.13 (a)), and the 

Raman peaks appear in the 100-450 cm−1 range. The six peaks below 250 cm−1, including 137.9 

cm−1 (defined as mode I), 143.3 cm−1 (mode II), 150.7 cm−1 (mode III), 161.0 cm−1 (mode IV), 

212.8 cm−1 (mode V), and 234.7 cm−1 (mode VI), are assigned to the lattice vibrations related to 

the motion of Re atoms [27]. In monolayer and bilayer ReS2, modes I to V have the strongest 

intensities, and for this reason are used to characterize 2D ReS2 samples [28-30]. From Figure 

2.13 (b), three peaks at low frequency (below 40 cm−1) can also be observed in bilayer ReS2. 

Two peaks at frequencies (13 and 16.5 cm−1) are the shear modes (S) with lateral layer 

displacement and one Raman peak at 28 cm−1 is the breathing mode (B) with vertical layer 

displacement. These interlayer modes are at low frequencies, which indicate there is still 

interlayer coupling in ReS2 but that it is weak. Moreover, unlike other high symmetry 2D 

materials with no more than one shear Raman peak (e.g. E2𝑔
2  mode for WX2 which was 

introduced above), bilayer ReS2 has two shear modes corresponding to the layer displacement 

parallel and perpendicular to the Re-chain. 

The observation of these interlayer modes in ReS2 provides important insight into the interlayer 

coupling and stacking order of this special TMD material, which are important for stacking them 

to build vertical 2D heterostructures. However, we only study the in-plane anisotropy here in 
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this work. Therefore, the breathing, shear modes and corresponding stacking configurations will 

not be introduced in more detail here. 

 

Figure 2.13 (a) Raman spectrum for bulk ReS2 taken with 515 nm laser excitation, with labels of 18 Raman 

active modes [31]; (b) Representative Raman spectra of ReS2 monolayer (black) and bilayer (red) with 532 

nm laser excitation. Adapted from [32]. 

 

The anisotropic behaviour of thin ReS2 using angle resolved polarized Raman spectroscopy has 

been reported previously: as the excitation polarization is rotated, variations in the intensity of 

Modes III to V can be observed [33]. Mode V was shown to contain out-of-plane vibrations of 

the sulphur atoms along with in-plane vibrations of the rhenium atoms in the direction of the b-

axis (see Figure 2.14) [34, 35], and it has been established that the direction of the Mode V 

maximum corresponds to the direction parallel to the rhenium chains [34]. Examples of these 

behaviours are shown in Chapter 5. 
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Figure 2.14 Schematics of  Raman modes III to V of monolayer ReS2 [35]. S (yellow), Re (blue).  

 

2.2.2 Atomic Force Microscopy (AFM) 

The basic concept of AFM is to measure the forces between a tip and a sample surface to obtain 

morphology information such as topography (in some conditions even with atomic resolution) 

of the surface roughness and grain size of the samples, as well as to quantify and characterize 

types of interactions. In the most common implementation of AFM, as shown in Figure 2.15 (a), 

a sharp tip is formed on the free end of a cantilever on which a laser beam is reflected and the 

cantilever deflection under the interaction force is collected and monitored by a position-

sensitive photo-detector [36]. During scanning, the cantilever will bend downwards or upwards 

tracking the topography of the sample surface [37]. 

There are three principal operation modes of an AFM, (i) contact mode, (ii) non-contact mode 

and (iii) intermediate (tapping) mode. The three modes operate in different force regimes as 

shown in Figure 2.15 (b). In contact (static) mode, the tip is in full contact with the sample 

surface, the force between the tip and the sample surface is in the repulsive region, and the 

cantilever is bent upwards. Hence, the topographic information can be obtained by measuring 

the static deflection of the cantilever. In non-contact (dynamic) mode, the cantilever is externally 

oscillated at, or close to, its resonance frequency over the surface. The tip-sample interactions 

will change the oscillation frequency, then the frequency shift can be used to adjust the tip-

sample distance [38, 39]. The tapping mode is also a dynamic mode, where the range of forces 

sampled during the oscillation span both attractive and repulsive forces. More specifically, the 

amplitude of oscillation increases as the tip-sample distance increases, due to the decrease of tip-

sample interaction; while, the amplitude of oscillation decreases as the tip-sample distance 

decreases, due to the increase of tip-sample repulsion [39, 40]. These frequency and amplitude 

changes, with respect to the reference frequency and amplitude, are used as feedback signals to 

obtain the topography of the sample surface. Therefore, non-contact mode and tapping mode are 

also referred as frequency modulation (FM) and amplitude modulation (AM) operation, 

respectively. 
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The most common mode used to image and measure the thickness of thin layered materials is 

tapping mode. However, when measuring the thickness of thin flakes on substrate using the 

tapping mode, the forces acting on the cantilever include a van der Waals interaction, as well as 

an adhesion force which varies for different materials. Hence, the observed step height between 

the two different materials (flake and substrate) can differ greatly from the real value when 

tapping mode is used [40] without appropriate precautions. In contrast, repulsive forces between 

atoms or molecules arise from Pauli and ionic repulsion, which are expected to vary much less 

between materials [41]. Therefore, to identify the accurate number of layers on the substrate 

surface by AFM, contact-mode using a static repulsive force (Figure 2.15 (b)) on all surfaces 

involved should be used to minimize artifacts. While scanning in contact mode, one should also 

be aware of using low repulsive forces in order to minimize further errors in the measured layer 

thickness caused by lateral forces, such as friction, that can twist the cantilever and ultimately 

result in an inaccurate estimation of the thickness [42].  

 

Figure 2.15 (a) Basic principle of AFM; (b) The effect of tip-to-sample distance on the interaction force 

between tip and sample (Interatomic force vs. distance); (c) Optical image of a ReS2 flake under illumination 

conditions which maximize the color contrast between different layer thicknesses; the dashed white box 

identifies the region imaged by AFM in the inset panel, showing regions of thickness 1L, 3L, and 8L; (d) AFM 

line scan along the black line in the inset panel (Contact mode was used for image the flake and determine 

its thickness. The inset image shows the lower end of the flake in (c)). Adapted from [43].  
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As shown in Figure 2.15 (c), contact-mode AFM was used to identify the thickness of a piece of 

mechanically exfoliated ReSe2 flake on SiO2/Si substrate, in a similar way as for graphene flakes 

[42]. In Figure 2.15 (c), the main panel is an optical micrograph of the flake and the inserted 

panel is the corresponding contact-mode AFM image of the dashed white box. Figure 2.15 (d) 

shows a topographic line scan indicates a monolayer step height of ~ 7 Å, consistent with the 

crystallographic layer thickness of 6.56 Å which agrees with the perpendicular distance between 

adjacent Re planes (6.56 Å) [43]. 

 

2.2.3 Scanning Electron Microscopy (SEM) 

When a beam of electrons irradiates a sample, the electrons interact with and are diffracted by 

the sample. Consequently the electrons will be scattered into different beams due to the different 

elastic scattering and inelastic scattering processes. As shown in Figure 2.16 (a), there will be 

six information signals from backscattered electrons, secondary electrons, transmission electrons, 

inelastic scattered electrons, Auger electrons, and characteristic X-rays. According to these six 

signals the sample can be analysed; for instance, the secondary electrons and backscattered 

electrons could be recorded for scanning electron microscopy (SEM) imaging. 

 

(a)                                                                 (b) 

Figure 2.16 (a) A beam of electrons irradiates a sample; (b) Interaction volumes is the depth range probed 

by the various types of scattered electrons and x-rays, where imaging resolution depends on the volume 

generated by the emission type.  
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Specifically, secondary electrons originate from shell-bound electrons of the sample. Due to the 

interaction with the electron beams, these shell-bound electrons gain some energy from the high-

energy incident beam. Thus these bound electrons become ionized and ejected with a low kinetic 

energy, typically below 50 eV. In solid samples, the mean free path of secondary electrons is of 

only about 10-100 nm. In this shallow thickness case, the incident electrons only scatter from a 

limited number of sample atoms. Therefore, the secondary electrons do not spread laterally. In 

this case, the emitted spread of secondary electrons is almost the same as the diameter of the 

primary incident electron beam. Therefore, the secondary electrons signal has the highest 

resolution for imaging. 

Because of their low kinetic energy, secondary electrons have more probability to be absorbed 

in deeper volume than close to the sample surface. Therefore, the yield of secondary electrons is 

the key signal to investigate the surface topography of the sample. 

Compared to secondary electrons, backscattered electrons are the initial incident electrons 

“bounced” back from the sample, with higher energy, due to large angle (> 90°) elastic scattering. 

Therefore, the penetrating power of backscattered electrons is much larger, so that they can 

escape from a deep volume within the sample (~ 1 μm). (see Figure 2.16 (b)) In this depth range, 

the incident electrons have a relatively wide lateral expansion. As a result, the imaging resolution 

based on backscattered electrons signal is relatively low. However, because the scattering 

intensity is closely related to the atomic numbers of the elements (i.e. heavy atoms give a strong 

signal), the energetic backscattered electrons can provide detailed atomic contrast of the sample 

which is useful to identify the composition of a sample in addition to imaging [44]. 

Here in this thesis, the presented SEM images are secondary electron images. 

 

2.2.4 X-ray crystallography (XRD) 

X-rays in XRD primarily interact with electrons in atoms. When X-ray photons collide with 

electrons in atoms, some photons from the incident beam will be deflected away from their 

original travel direction. If the wavelength of these scattered X-rays did not change (the X-ray 

photons did not lose any energy), the process is called elastic scattering in which only momentum 

has been transferred. These are the X-rays that we measure in diffraction experiments. 

Diffracted waves from different atoms can interfere with each other and the resultant intensity 

distribution is strongly modulated by this interaction. If the atoms are arranged periodically, as 

in crystals, the diffracted waves will have exactly the same pathlength or their pathlengths differ 
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by a multiple of the wavelength. Hence, the diffraction pattern will consist of sharp interference 

maxima (peaks) with the same symmetry as in the distribution of atoms. Measuring the 

diffraction pattern therefore allows one to deduce the distribution of atoms (underlying structure) 

in a material.  

The peaks in an X-ray diffraction pattern are directly related to the atomic distances. For a given 

set of lattice plane with an inter-plane distance of d, the wavelength of the X-ray (𝜆), the 

scattering angle (θ) follow Bragg's Law as shown in equation 2.9. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                                                                                      (2.9) 

 

Figure 2.17 Schematic demonstration  of the Bragg’ law. 

 

Here, in this thesis, XRD was used to examine the formation of W oxide nanorods and WS2 

nanostructures (nanotubes and 2D nano-meshes) synthesized by CVD. Since in samples used in 

this work the nanorods and nanotubes are randomly oriented, this is the same concept as in  

powder XRD. The term 'powder' really means that the crystalline domains are randomly oriented 

in the sample.  

 

2.2.5 Transmission Electron Microscopy (TEM) 

As mentioned before, there will be 5 main electron signals and an X-ray signal from one electron 

beam irradiation. If the sample is thin enough (which usually requires special sample 

preparation), the transmission electron current (including elastically scattered electrons, inelastic 

scattered electrons and unscattered electrons (Figure 2.18)) can be used by TEM to get structural 

information about the sample. In this project, TEM was used to study the WS2 nanostructures 

(nanotubes, 2D nano-meshes, and 2D films) obtained by CVD. 
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Figure 2.18 Transmitted electrons. 

 

In a TEM, electrons are usually accelerated by a high voltage (100-400 kV) to a very high energy. 

In the case of thin 2D layers, relatively lower accelerating voltages (60-80 kV) were used in 

order to avoid beam damage [45]. Because of this high energy, the incident primary electrons 

easily penetrate a thin, specially prepared sample. Since the detected electrons are transmitted 

electrons with minor energy loss, their energy can still be in the 100 KeV range. Compare to the 

limited secondary electrons signal in SEM, TEM can capture much higher resolution images due 

to the higher current densities. The resolution is determined by the quality of the objective lens 

and by the wavelength, λ, of the electrons used to form the image. This point resolution limit is 

given by ~ Cs
1/4·λ3/4, where Cs is the coefficient of spherical aberration and is the main factor 

that determines lens quality [46]. The positive Cs of a round lens can be cancelled by generating 

a negative Cs via aberration correctors, leading to large improvements in resolution [47]. 

Therefore, TEM is the technique used to obtain the fine structure (even crystal lattice and defects) 

as well as the diffraction patterns of the crystal [48].  
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CHAPTER 3 

FUNDAMENTALS OF CHEMICAL VAPOUR DEPOSITION (CVD) 

Fundamentals of Chemical Vapour Deposition (CVD), the bottom-up synthesis approach used in 

this work, are introduced. Starting from thermodynamic analysis for designing a CVD reaction, 

various parameters that influence the reaction (in particular, the synthesis of WS2) are discussed 

in respect of gas transport, temperature, precursor concentration and pressure in the CVD system, 

as well as factors that control the film growth rate. Specific examples are given based on WS2 

growth, one of the TMDs of interest in this work. 

 

 

3.1 CVD fundamentals 

Chemical vapour deposition (CVD) is a process where chemical compounds react in vapour 

phase on a hot substrate to enable the deposition of expected materials [1-4]. Therefore, to 

deposit a certain type of film, different precursors, reactions and deposition mechanisms can be 

used in the CVD process. 

As recently reported, several precursors have been used to synthesize WS2 thin films. As such, 

WO2 [5], WO3 [6] and WCl6 [7], can be reacted with S according to the following reactions: 

WO2 + 3S → WS2 + SO2                                                                                                 (3.1) 

2WO3 + 7S → 2WS2 + 3SO2                                                                                                      (3.2) 

WCl6 + 8S → WS2 + 3Cl2S2                                                                                                       (3.3) 

The choice of precursors and whether they are favourable for film growth or not is determined 

by the chemical thermodynamics. Specifically, the desired CVD reaction will take place if the 

thermodynamics is favourable [8, 9]; which means that the transfer of energy, i.e. the free-energy 

change of the reaction, ∆G, is negative. Therefore, before designing a CVD experiment, a 

theoretical analysis should be conducted to ensure the reaction will take place. 
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3.1.1 ΔG Calculations 

Thermodynamics is the driving force of CVD reactions and governs the direction in which the 

reaction proceeds, as well as its kinetics, which then determines the rate-control mechanisms of 

the process [9-14]. The reaction is heterogeneous which means that it involves a change of state, 

in this case from gas to solid. It is concerned with the interrelation between various forms of 

energy and the transfer of energy from one chemical system (gaseous precursors) to another 

(deposition and by-products) within the confines of the first and second laws of thermodynamics 

[8]. 

To calculate ΔG it is necessary to know the free energies of formation (also known as Gibbs free 

energy), ΔGf, of each component (products and reactants):  

ΔG = Σ zi ΔGf, products – Σ zi ΔGf, reactants                                                                         (3.4) 

where zi is the stoichiometric coefficient of species “i” (negative for reactants, positive for 

products). 

Gf depends on several parameters, such as the type of reactants, the molar ratio of these reactants, 

and the process temperature and pressure, according to the relationship:  

𝐺𝑓,𝑖 =  𝐺𝑓,𝑖
⊖ + 𝑅𝑇 ln 𝑎𝑖

                                                                                           (3.5) 

where 𝐺𝑓,𝑖
⊖

 is the standard free energy of formation of species “i” at temperature T and 1 atm, 

R, the gas constant, T, the absolute temperature, and ai, the activity of species “i” (which is 1 

for pure solids, and the partial pressure for gases).  

Hence, ΔG can be expressed by the relationship: 

ΔG = Δ𝐺𝑓,𝑖
⊖+ RT ln Q                                                                                                         (3.6) 

where Q  = ∏ 𝑎𝑖
𝑧𝑖

𝑖 . 

For a reaction at equilibrium ΔG is zero, hence 

Δ𝐺𝑓,𝑖
⊖ = – RT ln K                                                                                                               (3.7) 

where Q = K, the equilibrium constant, corresponding to the equilibrium conditions of 

composition and activities. From (3.7) one can, then, calculate K: large/small K corresponds to 

high/low yield rate of a CVD reaction [8, 14-16]. 
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3.1.2 Deposition Sequence 

The thermodynamic analysis described in 3.1.1 indicates what to expect from the reactants as 

they reach the deposition surface at a given temperature. It is also very important to investigate 

how these reactants reach the deposition surface, since a CVD process is subject to complicated 

fluid dynamics [2]. The fluid, in this case, is a combination of precursor gases being forced 

through various pipes, valves, and chambers. This fluid flow is subject to large variations in 

temperature and, sometimes, also to some degree of pressure variation before it comes in contact 

with the substrate, where the deposition reaction takes place. In some cases, the reaction may 

take place while still in the gas phase, before the substrate is reached, which will be reviewed 

later.  

The sequence of steps taking place during a CVD reaction is shown in Figure 3.1 and can be 

summarized as follows [2, 4]: 

1. Gas phase reactants diffuse through the fluid boundary layer which forms near the 

deposition substrates and reaction chamber walls; 

2. Reactant gases come into contact with the surface of the substrate, and adsorption 

of reactants takes place on the substrate; 

3. Chemical reaction and deposition take place on the surface of the substrate; 

4. Desorption of gaseous by-products of the reaction from the surface of the substrate; 

5. By-product gases of the reaction diffuse away through the boundary layer. 

 

Figure 3.1 Sequence of steps during a CVD reaction. 
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These steps occur sequentially, which means that the slowest step determines the deposition rate. 

The slowest step is affected by various parameters, e.g. precursor (type, amount, crystalline state, 

etc.), temperature, carrier gas flow rate, pressure, etc. [2] Hence, the growth of certain material 

can be controlled and optimized by adjusting these parameters. 

 

3.1.3 Effect of CVD parameters on the growth process 

3.1.3.1 Gas Transport 

Boundary layer  

During the CVD process, the reactant gases are introduced in the reactor’s upstream, then flow 

down the reactor tube, and downstream through the vacuum pump or exhaust bubbler. The 

behaviour of the gas as it flows down the tube is controlled by fluid mechanics, and most flow 

in the chamber is laminar viscous flow.  

For laminar flow, the velocity of the gas near the inner wall of the reactor tube (or the substrate 

surface) decreases to zero. This creates a boundary, stagnant layer at the interface with the 

reactor’s wall (substrate) where the flow velocity changes from zero to essentially that of the 

bulk gas moving towards the central axis of the reactor. Along the axis of the reactor tube, this 

boundary layer is zero at the inlet of the tube and increases in thickness, until the flow is 

stabilized as shown in Figure 3.2. The reactant gases flowing above this boundary layer have to 

diffuse through it to reach the deposition surface, as shown in Figure 3.1.  

 

Figure 3.2 Boundary layer in a tubular reactor. 

 

The thickness of the boundary layer, δ, for laminar flow over a flat plate parallel to the flow is 

given by: 



42 

 

δ ∝ √
𝜇𝑥

𝜌𝑢
=

𝑥

√𝑅𝑒
                                                                                                    (3.8) 

where 𝑅𝑒 =  
𝜌𝑢𝑥

𝜇
  is the Reynolds number that depends on 𝜌, the mass density of the fluid, 𝑢, 

the flow velocity, 𝑥, the distance from the reactor tube inlet in the direction of the flow, and 𝜇, 

the dynamic viscosity of the fluid.  

This means that the thickness of the boundary layer increases with lower gas flow velocity and 

by increasing distance from the tube inlet [1, 2]. Specifically for the growth of WS2, deposition 

normally takes place in the centre of the tube furnace, which is further or even downstream of 

the reactor tube. Therefore, instead of placing the substrate close to the tube walls (where a thick 

boundary layer exists), placing the substrate closer to the tube axis is more favourable for the 

growth.   

 

Gas Velocity 

The ratio of the mean free path of the reactants/carrier gas molecules to the flow channel diameter 

(i.e. tube diameter minus the boundary layer) can be used to characterize the types of flow that 

can occur; i.e. molecular flow (due to gas diffusion) or viscous flow (in the case of a fluid), each 

of them corresponding to a specific pressure range [17]. The viscous flow regime operates when 

gas transport occurs at pressures above, typically, 0.01 atm, which is the pressure range 

characteristic of most CVD systems. Therefore, the theory of fluid mechanics provides a picture 

of what occurs during CVD processes. 

Figure 3.3 shows a typical velocity profile in a horizontal tubular reactor. Across the tube’s cross 

section, a steep velocity gradient establishes itself, with maximum velocity at the midsection and 

zero velocity at the surface of the tube wall. In the boundary layer displayed in Figure 3.2, the 

fluid particles slow down gradually due to friction. To make up for this velocity reduction, the 

fluid velocity at the centre of the tube has to increase to keep the mass flow rate constant. As a 

result, a velocity gradient also develops along the tube, where the gradient is shallower at the 

entrance and increases gradually toward downstream [18-21]. 

As shown in Figure 3.1, both gaseous reactants and products must pass through the boundary 

layer (see steps 1 and 2) between the central laminar stream and substrate surface. Therefore, a 

thin boundary layer is desirable in order to enhance mass-transport rate. According to equation 

(3.8), this can be practically achieved by increasing the gas flow rate, which increases the value 
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of Re. Typically, Re in the viscous regime for CVD ranges from 50 to a few hundred [22, 23]. 

Therefore, the gas flow rate should not be increased too much. If, however, Re exceeds ~ 2100, 

then the laminar flow transforms into turbulent flow, which is difficult to control, and will not 

lead to uniform, defect-free film growth [24]. 

 

Figure 3.3 Boundary layer and velocity profiles at various position along a tubular reactor. Velocity varies 

both along and across the tube. 

 

During the CVD growth of WS2, inactive argon gas is used as carrier. The flow rate of argon 

needs to be optimized for maximum deposition rate. The argon flow rate is also key in controlling 

the amount of S available for the reaction. At a large gas flow rate, more precursors can flow to 

the substrate, providing an S source for nucleation and growth. However, too large a flow rate 

may also cause less crystallization. Therefore, there is an optimum flow rate for the growth of 

WS2 domains. As shown in Figure 3.4, there is a relationship between the Ar flow rate and WS2 

size [25]. In this example, the triangular domain size of WS2 reaches an average value of 45 μm 

at an intermediate Ar flow rate of 50 sccm. 

 

Figure 3.4 Domain size influenced by different gas flow rate. Adapted from [25]. 
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3.1.3.2 Temperature 

Temperature also plays an important role in the growth. CVD techniques rely on high 

temperatures to activate the evaporation, sublimation or chemical decomposition of different 

precursors, which then react and deposit on the substrate surface under certain temperature. 

Therefore, ideally, different temperature zones in a furnace are required in the process. However, 

that is not always accessible; instead, placing precursors and substrates at different locations in 

a single zone furnace to achieve different temperatures is generally encountered in various 

literature [6, 26-32]. 

In the specific case of WS2 growth from WO3 (reaction (3.2) in section 3.1), the WO3 starts to 

sublimate substantially above 900 °C; while, in practice, a temperature even higher than 1000 °C 

is needed to create sufficient W precursor in the gas phase. The reaction temperature between 

WO3 and S is around 860 °C [32], hence, substrates are put either upside-down above the WO3 

precursor or face-up downstream. Therefore, the temperature needs to be strictly controlled to 

suit different scenarios. A low temperature can cause low diffusion rate of the precursor, which 

can easily lead to the precursor being trapped at pre-growth sites on the substrate. Once the very 

early precursor nucleation stage is reached, the nucleation sites can be turned into trap centres 

and make subsequent precursor nucleate at these trapping sites. On the other hand, too high a 

temperature will induce large thermal turbulence, which makes it hard to achieve stable nuclei 

at the beginning of the growth, and hence the WS2 growth is hindered. A too high temperature 

also causes instability on the substrate of the as-synthesized WS2 monolayer; for example, the 

triangular WS2 domains show low thermal stability when the substrate temperature is higher than 

950 °C, therefore there will be no growth when the temperature of the substrate is above this 

temperature [25]. 
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Figure 3.5 Optical images of WS2 growth achieved at (a) 750 °C, (b) 850 °C, (c) 900 °C and (d) 950 °C with the 

same gas flow rate of 50 sccm (Adapted from [25]). The Raman spectrum in the inset of (a) indicates a non-

homogenous multilayer growth of WS2. Monolayer WS2 triangular domains can be achieved from 850 °C to 

900 °C.  

 

3.1.3.3 Reactant Gas Concentration 

As the gases flow down the tube, they become gradually depleted as WS2 deposits on the 

substrate and the amount of the by-product gas, i.e. SO2 (see reaction (3.2)), increases in the 

boundary layer. This means that, at some point downstream, deposition will cease altogether 

when WO3 is no longer present. The variation in the reactant concentration is illustrated in Figure 

3.6. 
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Figure 3.6 Reactant concentration profile in a tubular reactor. 

 

There will also be a precursor concentration gradient in respect of the growth substrates: 

substrates close to the precursor are expected to be subjected to a higher precursor concentration, 

while substrates further downstream encounter less precursor. In the case of CVD of WS2, the 

concentration of W precursor is also affected by the timing of the S introduction [32]. More 

specifically, if S is introduced too early, sublimation of WO3 will be hindered and not enough 

WO3 precursor will be available for the growth; hence, large uniform WS2 domains will not be 

obtained. If the S vapour is introduced into the system before the bulk WO3 precursor reaches a 

temperature sufficient for sublimation, then it can react with solid WO3 to form bulk WS2; this 

does not sublimate easily and prevents the further sublimation of WO3, resulting in no material 

growth on the substrate, and a large amount of bulk WS2 powder where the original WO3 powder 

was placed. However, if S is introduced too late, then there is too much WO3 precursor on the 

substrate and thick multi-layers and nanowires of WS2 form. It is therefore essential to balance 

the WO3 precursor concentration on the growth substrate with appropriate timing for S 

introduction. 

 

3.1.3.4 Pressure 

In typical CVD, one or more gas or volatile solid precursors are involved. The necessity of a 

relatively high vapour pressure of the precursor complex is important in order to provide 

adequate concentration in the vapour phase such that a reasonable deposition rate can be attained. 
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It is more difficult to control the growth of WS2 (WSe2) compared to other TMDs, such as MoS2 

or MoSe2 [33]. To date, the methods of synthesis of WS2 flakes by CVD in most reports cannot 

deliver large-area and uniform WS2 (WSe2) 2D layers owing to the lower saturated vapour 

pressure of W precursor and hard to control growth parameters (compared with their other TMD 

counterparts, e.g. Mo-based). In general, by using low-pressure chemical vapour deposition 

(LPCVD) instead of atmospheric pressure CVD (APCVD) the size and thickness uniformity of 

the WS2 films is improved [6, 34]. 

On the other hand, pressure, similar to temperature, influences the growth through the ratio of 

the mass transport velocity and the velocity of reaction on the surface since the ability of the gas 

to diffuse is inversely related to its pressure [4]. For instance, the pressure range used in LPCVD 

is usually around 10-1000 Pa (compared to 101,325 Pa, the atmospheric pressure). If the pressure 

is lowered to about 100 Pa the diffusion will increase by almost 100 to 1000 times compared to 

at atmospheric pressure [35]. In cases where very low pressure is used, the boundary layer-

related phenomena do not take place any longer. Therefore, the precursors do not have to diffuse 

through the boundary layer to approach the substrate [36] (eliminating step 1 on Figure 3.1), and, 

as a result, the deposited films show better uniformity and homogeneity. Clearly, at low pressure, 

the effect of mass-transfer velocity is far less critical than at higher pressure. 

However, the gain may not be as large if the overall pressure decrease is at the expense of the 

partial pressure of reactant gas, since the kinetic rate (for first-order reactions) is proportional to 

the partial pressure of the reactant [4]. Reducing the pressure by reducing the flow of carrier gas 

(or eliminating the carrier gas altogether) is a good alternative and is usually beneficial. At low 

pressure, surface reaction (step 3 on Figure 3.1) is the rate-limiting step and the mass-transfer 

variables are far less critical than at atmospheric pressure. 

 

3.1.4 Rate-Limiting Steps 

What is the rate limiting step of a CVD reaction? In other words, what factor controls the growth 

rate of the deposit? The answer to this question is critical since it will help to optimize the 

deposition reaction, obtain the fastest growth rate and, to some degree, control the nature of the 

deposit. As already mentioned in previous sections, the surface reaction kinetics and mass 

transport are the main factors of growth outcomes. Therefore, the rate-limiting step is generally 

determined by either the surface reaction kinetics or mass transport [2, 4, 9-12]. Figure 3.7 

illustrates the interplay between reactant gas flux through boundary layer to the surface, and flux 

used in reaction, where J1 is the flux of reactant to wafer surface, Cg, the reactant gas 
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concentration in the fluid, Cs, the surface gas concentration, J2, the flux of reactants as they react. 

The flux J1 and J2 are given by: 

J1 = hg (Cg – Cs)                                                                                                                  (3.9) 

J2 = ks Cs                                                                                                                            (3.10) 

where hg is the gas phase mass transport coefficient, ks, the surface reaction rate constant. 

 

Figure 3.7 Substrate surface region in CVD process showing concentrations and fluxes of reactant species. 

 

In steady state, J1 = J2 = JSS, therefore, the overall deposition rate can be given as: 

𝜈 =
𝐽𝑠𝑠

𝑁
=

𝐶𝑔
1

ℎ𝑔
+

1

𝑘𝑠

∗
1

𝑁
  
                                                                                (3.11) 

where N is the atomic density of deposited material (atoms/cm3). 

When hg >> ks, the surface reaction kinetics dominates; if ks >> hg, then the mass transport 

dominates. ks is highly temperature dependent (increases with T), while hg is not very 

temperature dependent. 

 

3.1.4.1 Surface-Reaction Kinetics 

In the case of control by surface reaction kinetics, the growth rate is dependent on the processes 

of reactants on surface, i.e. adsorption, decomposition, surface migration, chemical reaction and 
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desorption of various products. In general, these are limited when pressure and temperature are 

low. In this case, the reaction occurs slowly because of the low temperature and there is a surplus 

of reactants at the surface since, because of the low pressure, the boundary layer is thin, and the 

diffusion coefficients of precursors to the substrate are large, as shown in Figure 3.8. 

 
(a) 

 
(b) 

Figure 3.8 Rate-limiting steps in a CVD reaction: (a) kinetics are controlled by the surface reaction, (b) 

kinetics are controlled by the precursor diffusion through the boundary layer. 

 

3.1.4.2 Mass Transport 

When the process is controlled by mass-transport phenomena, the limiting factors are the 

diffusion rate of the reactant through the boundary layer and the diffusion out through this layer 

of the gaseous by-products. This usually happens when pressure and temperature are high (e.g. 

as in APCVD). As a result, the gas velocity is low as was shown above in Figure 3.8, and the 

boundary layer is thicker making it more difficult for the reactants to reach the deposition surface. 

Furthermore, the reaction occurs more rapidly since the temperature is higher and any reactant 

molecule that reaches the surface reacts instantly. The diffusion rate through the boundary layer 

then becomes the rate limiting step as shown in Figure 3.8 (b). 

 



50 

 

3.1.5 Promotor and catalyst 

Besides all the parameters have been discussed above, for different reactions, the usage of some 

promotor or catalyst may also improve the quality of deposition. 

3.1.5.1 Reactive carrier gas 

For instance, a reductive H2 carrier gas was found to be effective in promoting the gas-phase 

reaction. The reducing atmosphere provided by H2 (or H2S) may promote the reduction of WO3 

which leads to a WO3-x rich environment for WS2 growth. Moreover, the WS2 domains 

synthesized with additional H2 usually also show more uniform triangular shapes compared to 

the growth in absence of H2 [6], when irregular shape domains tend to form (Figure 3.9). The 

gas phase reaction in presence of H2 is as follows: 

MO3 + 3S + H2 → MS2 + SO2 + H2O                                                                         (3.12) 

where M designates a generic transition metal. 

 

Figure 3.9 (a, b) Typical SEM morphologies of WS2 flakes prepared without and with H2 carrier gas [6]. 

 

3.1.5.2 Seeding promoters 

Several groups have reported that the growth of MoS2 is very sensitive to the substrate treatment 

prior to the growth. It was also found that the synthetic process for high quality monolayer MoS2 

where large aromatic molecules (such as reduced graphene oxide (rGO), perylene-3,4,9,10-

tetracarboxylic acid tetrapotassium salt (PTAS)) were a priori deposited on the substrate 

promotes MoS2 monolayer growth [26, 28, 37]. It is believed that the adsorption and reaction of 

the CVD precursors occur at the surface of the graphene-like molecules which act as reactive 

sites for these precursors [26]. The growth results with and without PTAS seeding promoter were 

compared (Figure 3.10 (a)), and it is clear that a large-area, continuous, and high quality MoS2 

monolayer can be obtained under relatively low temperature (650 °C) conditions using PTAS as 
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an external seeding promoter. On the other hand, only MoS2 particles were obtained using the 

same growth conditions but without seeding promoter (Figure 3.10 (b)) [28]. 

 

Figure 3.10 Typical growth of MoS2 domains obtained with (a) and without (b) using PTAS as a seeding 

promoter [28]. Insets: (a) optical image of the triangular MoS2 flakes at the edge of the MoS2 monolayer film, 

and the AFM image on the continuous MoS2 monolayer film; (b) AFM image of MoS2 particles forming on the 

surface and the corresponding height cross-section analysis. 

 

It can be now seen that, by proper manipulation of the process parameters mentioned above and 

reactor geometry, it is possible to control the reaction and the deposition to a great degree.  

 

3.2 State-of-the-art growth of TMDs 

To date large area TMDs have been produced by development of the growth apparatus taking 

into account the parameters mentioned in section 3.1.3. 

For example, in the aspect of boundary layer thickness and reactant concentration, vertically 

loading the substrate perpendicular to the gas flow direction has been reported as achieving 

uniform precursor concentrations, while also decreasing the thickness of the boundary layer, [38] 

by reducing the diffusion energy barrier for the gaseous precursors to reach the substrate surface, 

as shown in the left panel of Figure 3.11 (b). This contributes to the increase of the surface 

reaction rate, and could switch the rate-limiting step of the growth from the mass transport 

process to the surface reaction process, which can then achieve large-area MoS2 films. However, 

this kind of vertically placed substrate may yield vertically-standing MoS2 nanosheets [39] as 

shown in Figure 3.11 (c). 
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Figure 3.11 (a) Schematic illustration of the CVD synthesis setup of MoS2; (b) A thinner boundary layer forms 

compared to the horizontal loaded substrate under the same experimental parameters. On the contrary, for 

the horizontal substrate under the same growth conditions, the boundary layer is thicker than the vertical 

substrate, which leads to a sharp precursor concentration reduction when going through the boundary 

layer, hindering the amount of precursor species on the substrate surface and limiting the growth of 2D 

MoS2 [38]; (c) Growth of vertical MoS2 nano-flakes on a Si substrate oriented normal to the flow stream [39]. 

 

Then, consider the effect of temperature (evaporation of solid phase precursor). Various 

promoters have been reported to lower the reaction temperature [40, 41]. Moreover, a recent 

report demonstrated growth of wafer-scale MoS2 and WS2 layers by Metal-organic CVD 

(MOCVD) [42]. Unlike general APCVD or LPCVD using W-based and S precursor powder, the 
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MOCVD process only uses gas-phase precursors of Mo(CO)6, W(CO)6, (C2H5)2S and H2 as a 

promotor (with argon as a carrier gas). However, the grain sizes of these reported continuous 

films are still limited to several micrometres (see Figure 3.12 (b)), which undermines the 

performance in electronic applications due to the scattering of carriers at grain boundaries. 

Moreover, the complicated and high cost nature of the MOCVD technique limits its wider 

implementation. 

 

Figure 3.12 a, Diagram of the MOCVD growth setup. Precursors were introduced to the growth setup with 

individual mass flow controllers (MFCs); b, Optical images of MOCVD-grown MoS2 at the indicated growth 

times, where t0 was the optimal growth time for full monolayer coverage (Scale bar, 10 μm); c, Grain size 

variation of monolayer MoS2 depending on the hydrogen flow rate. Adapted from [42]. 

 

Regarding the issue of pressure, as already mentioned, LPCVD has been used to synthesis TMD 

films. However, under low pressure, the transport speed of the S vapour will also increase which 

will thus increase the sulfurization rate [43]. A high sulfurization rate will hinder the diffusion 

and migration of the W precursor molecules on the substrate surface, which is adverse for the 

formation of large area single crystal WS2 film. Recently, it has been reported that a semi-sealed 

quartz boat was used to enhance the partial pressure of WO3 vapour by limiting the WO3 vapour 

within the test-tube like boat during growth [43] (see Figure 3.13 (a)). In this process, the partial 
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pressure of the WO3 vapour can be greatly enhanced, however, the pressure of the furnace can 

be kept at relatively high pressure (APCVD) to reduce the transport speed of S vapour. 

 

Figure 3.13 (a) Semi-sealed equipment schematic diagram; (b) Optical microscope of monolayer WS2 film. 

Adapted from [43]. 

 

It can be seen that by carefully manipulating different parameters of the CVD process, large area 

TMDs films can be achieved. However, there is still no perfect solution method for growth of 

TMD large area films. There are either inconsistent results, or complicated and high cost 

synthesis techniques. Therefore, it is essential to conduct a systematic investigation of CVD 

synthesis routes as well as the study of the CVD mechanism.   
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CHAPTER 4 

SYNTHESIS OF WS2 NANOPHASES BY CHEMICAL VAPOUR DEPOSITION 

In this chapter, several CVD-based synthetic routes for the growth of 2D WS2 have been explored: 

(i) post-sulfurization of pre-deposited WO3 thin-films, and (ii) several variants of co-deposition of 

WO3 and S precursors. We were thus able to demonstrate a novel, versatile Chemical Vapour 

Deposition (CVD) process capable of producing in one single stream several WS2 polymorphs: few-

layer nanotubes; an out-of-plane, pure WS2, hybrid nanotube-2D nanomesh; and in-plane mono- 

and few-layer 2D domains. This route meant intentionally decoupling the 2WO3 + 7S → 2WS2 + 

3SO2 reaction in two steps, and in this way demonstrate a long-time hypothesized mechanism via 

sub-oxide (WO3-x) intermediate as a possible path to 2D domain growth. In this process, 2D, in-

plane WS2 domains grow via a “self-seeding and feeding” mechanism where short WO2.9/WO2.92 

nanorods provide both the nucleation sites and the precursor feed-stock. These results form a 

manuscript that has been submitted for publication and is now under revision. Finally, WS2 films 

with domain widths of up to hundreds of microns were obtained in a process using a growth 

promoter. 

 

 

4.1 Thermodynamic Calculation of WS2 Formation by CVD 

Chemical vapour deposition (CVD) has emerged as one of the most efficient and versatile 

methods for the large area synthesis of a wide range of 2D TMDs [1-6]. By varying deposition 

parameters and improving the CVD apparatus, larger and larger TMD mono- and few-layer 

domain films have been recently reported [7, 8].  

In the CVD synthesis of WS2 2D films, transition metal tri-oxide (WO3) was the most widely 

used precursor [5, 9, 10]; WO3 reacts with S forming mono- or few-layer WS2 films (supported 

on a variety of insulating substrates such as SiO2/Si or sapphire, etc.) according to the reaction 

[11]: 

2WO3 + 7S → 2WS2 + 3SO2                                                                                (4.1) 
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In this work, WO3 was chosen as precursor because it is commercially available in very high 

purity and at low cost.  

As discussed in section 3.1, for a reaction to take place, the reaction needs to be 

thermodynamically possible. If the Gibb’s free energy of reaction (4.1) is negative, ΔGreaction ≤ 

0, the reaction will occur spontaneously. From thermodynamics, ΔGreaction = Σ ΔGproduct – Σ 

ΔGreactants (where summation is performed over all products and reactants involved). 

Thermodynamic calculations, at different temperatures, of ΔGreaction and K, the equilibrium 

constant of the reaction (calculated according to relationship (3.7)) showing the speed of the 

reaction, are shown in Table 4.1. Values of ΔGreactant/product at room temperature, 600K, 700K and 

1200K were available from NIST-JANAF Thermochemical Tables Database [12]. 

 Room Temp. 600K 700K 1100K 

ΔG(kJ/mol), WO3 -764.057 -685.493 -660.104 -561.262 

ΔG(kJ/mol), S 0 0 0 0 

ΔG(kJ/mol), WS2 -232.1 -219.6 -213.6 -164.000 

ΔG(kJ/mol), SO2 -300.125 -300.305 -299.444 -281.409 

ΔG(kJ/mol), Total 163.539 30.871 -5.324 -49.703 

K 0 0.00205 2.496 229.168 

Table 4.1 Calculated values of Gibb’s free energy, G, and equilibrium constant, K, for the WS2 CVD reaction 

(4.1). 

 

As can be seen from Table 4.1, G of this reaction is positive at room temperature and 600K, 

therefore the reaction will not take place at these low temperatures. However, when the 

temperature increases to 700K, G becomes negative, but with a low K value. At 1100K, K 

increases to 229.168. Therefore, as the temperature increases, the reaction will occur 

spontaneously, and K becomes very large, increasingly favouring the formation of WS2.  

 

4.2 CVD Experimental Apparatus 

Figure 4.1 presents the experimental set-up of CVD apparatus used in this work. Its schematic 

illustration is shown in Figure 4.1 (a). All the chemical reactions take place in a quartz tube 

inserted in a tube furnace. Sulphur powder can be heated at 100-200 °C outside the furnace by a 

heating belt which generates vapour that is then carried by pure argon to the reaction furnace 

(provided by a gas manifold and lines), in an atmospheric pressure CVD (APCVD) process. The 
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argon flow rate can be precisely controlled by a mass flow controller (MFC). Low-pressure CVD 

(LPCVD) processes were also enabled by pumping the quartz tube with a rotary pump (Figure 

4.1 (c)). The specially designed quartz manipulator (with magnetic actuation) has three separated 

boats where the precursors and substrates can be placed, respectively (see figure 4.1 (d)). WO3 

powder (in boat 2) and substrates (in boat 3) will be placed in the furnace region with WO3 in 

the centre and the substrates downstream, while S powder is placed upstream (in boat 1). The 

magnetic drive of the manipulator allows the various boats to be easily inserted in the desired 

furnace region during growth, and then pulled away from it, at the end of the growth. Cu water 

pipes are used as coolers outside the furnace region of the tube to prevent overheating of the 

sealing joints at the two ends of the quartz tube. 

 

Figure 4.1 (a) Schematics of the experimental set-up of the CVD system; V1 to V6 are valves. (b) Part of the 

actual set-up showing mass flow controller, furnace, quartz tube, magnetically-driven manipulator, and 

cooling pipes. (c) Part of the system showing a pump (for low pressure operation in LPCVD processes), and 

bubbler (used if reaction is carried out at atmosphere pressure, in APCVD processes). (d) Specially-designed 

magnetically actuated manipulator with boats for loading reaction materials and substrates. 
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Here, tungsten (VI) oxide (99.998%, Alfa Aesar, CAS 1314-35-8) and sulphur powder (99.5%, 

Alfa Aesar, CAS 7704-34-9) were used as precursors. As reported elsewhere, the reaction 

temperature of WO3 and S that yields the formation of WS2 on substrates is around 860 °C [13].  

In general, SiO2 (300 nm)/Si wafers were used as deposition substrates due to their perfect 

compatibility with TMD growth and ready availability for further characterization, as well as 

device fabrication. Occasionally, sapphire substrates were also used. Firstly, the SiO2/Si wafers 

were cut into desirable size pieces using a diamond scriber. Then, the cut wafers were cleaned 

by sonication in various solvents, in order, acetone, isopropyl alcohol (IPA), and distilled water, 

for 10 minutes in each, respectively. Finally, the wafers were dried inside a fume cabinet or with 

N2 gas. The boats for precursors were cleaned similarly as the wafers. For certain process 

variants, the SiO2/Si wafers were subjected to plasma treatments (see section 4.3.3). 

Afterwards, before starting the growth process, the whole quartz tube was purged with Ar (ZG, 

purity > 99.999%) to thoroughly remove O2 and moisture in the tube. 

 

4.3 CVD Processes for Synthesis of WS2: Experimental Results 

As previously introduced in section 2.1.2.2, two routes for WS2 synthesis were pursued in this 

work: (i) post-sulfurization of ex-situ pre-deposited precursor films, and (ii) co-deposition of W-

based and S precursors, for which several process variants were tried.  

4.3.1 Route 1: Post-Sulfurization of pre-Deposited W-based Precursor Films 

4.3.1.1 WO3 Precursor Thin Film Deposition 

Thermal Evaporation 

Thermal evaporation is a deposition technique where the target material is heated and then 

deposited onto the substrate (see Figure 4.2). The target material is heated in a W boat by means 

of an electrical current passing through the boat. The current directly determines the heating 

temperature, hence the evaporation rate, while the total thickness of deposited film can be 

monitored using a quartz crystal oscillator. 
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Figure 4.2 Schematics of a thermal evaporator. 

 

Figure 4.3 shows WO3 films of different thickness on SiO2/Si obtained by thermal evaporation. 

The aim was to reduce the thickness as much as possible, in view of subsequent conversion to 

monolayer, 2D WS2, as well as preserving the film continuity. The top piece was covered by a 

3 nm thick WO3 film, as measured during deposition using the quartz balance, while on the 

bottom substrate a 5 nm thick film was achieved. 

 

Figure 4.3 Ex-situ thermally evaporated thin WO3 films on SiO2/Si. Top: 3 nm thick film; bottom: 5 nm thick 

film. 

 

A. L. Elías, et al. [14] reported that they achieved WS2 monolayer synthesis through the 

sulfurization of a 1 nm thick WO3 pre-deposited film; and two- and three-layer thick films were 

obtained by sulfurizing 2 and 2.8 nm thick oxide films, respectively. Therefore, according to this 

study, in order to obtain monolayer WS2 growth, the 3 nm WO3 film is not thin enough. 
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Electron Beam (E-Beam) Evaporation  

E-beam evaporation is another thin film deposition technique, where the target material is 

bombarded by a stream of electrons with high energy, causing heating which leads to evaporation 

of the target material and then deposition onto a substrate. 2mm diameter bulk WO3 pieces were 

loaded in a tungsten crucible, the crucible was then biased with high voltage (2 kV) in the vicinity 

of a filament. By gradually increasing the current through the filament, thermionic emission of 

electrons was initiated from the filament when the current reached a high enough value.  

When the target material is evaporated, a constant fraction of the evaporated stream will be 

ionised. Hence, the evaporation rate as well as the total thickness of the deposition film can be 

monitored by collecting this ion current. The schematic diagram presented in Figure 4.4 displays 

the operation principle of an e-beam evaporator.   

 

Figure 4.4 Principle of e-beam evaporator 

 

Figure 4.5 shows four pieces of WO3 films deposited on SiO2/Si substrates by e-beam 

evaporation. From top to bottom, the corresponding contact mode atomic force microscopy 

(AFM) images and thickness profiles showed that the following thickness of WO3 films were 

obtained: (1) 1.4 nm; (3) 4.9 nm; (4) 11.6 nm. By using thickness calibration, film (2) (not-

measured by AFM) was determined to be ~ 2 nm thick. Contact mode AFM was chosen for 

thickness profile determination as the forces involved are of repulsive type and expected to vary 

less between materials – hence leading to a more reliable thickness step determination at the 

SiO2 and WO3 interface; as opposed to van-der Waals forces (dependent on the dielectric 
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function, and strongly varying between materials), which are the dominant forces when AFM is 

operated in tapping mode (see section 2.2.2). 

 

Figure 4.5 E-beam evaporated WO3 films of various thickness, and the corresponding contact-mode AFM 

images and thickness profiles. (Due to the film thickness, there is almost no optical contrast variation 

across the edge (dashed line) for sample 1.) 

 

4.3.1.2 Post-Sulfurization of pre-Deposited WO3 Precursor Films 

The thinnest ex-situ pre-deposited WO3 precursor film, of 1.4 nm, was used for further synthesis. 

Once the wafers with deposited WO3 were ready, they were loaded on the manipulator along 

with S precursor powder to insert into the quartz tube. 500-600 mg of S powder was placed in 

boat 1, while the wafers with the WO3 precursor film were put in the first two pockets of boat 3. 

Then, the quartz manipulator was carefully inserted into the quartz tube. After the tube was well 

sealed, a rotary pump was operated for 30 minutes to 1 hour to thoroughly pump the air out of 

the tube down to a pressure below 10-1 mbar.  

The manipulator was then moved into position where boat 1 with S was in the heating belt-

wrapped area; while boat 3 was located downstream, at the edge of the constant temperature 

heating zone of the furnace (see Figure 4.9 for a typical temperature profile of the furnace). The 

sulfurization was conducted at low pressure (an LPCVD process) while pure Ar gas was flowing 

at various flow rates (of 25, 50, 100, 150 sccm). The furnace was then heated to reach 950 °C in 

the central region, using a ramping rate of 9 °C/min; this resulted in pockets 1 and 2 of the boat 

3 reaching around 880-930 °C and 820-880 °C, which are ranges where the sulfurization reaction 

(4.1) can take place. The heating belt, at the location where S was placed inside the tube, reached 

150 °C before the WO3 films in the furnace reached the target temperature. Therefore, an S-

sufficient environment was created for WO3 sulfurization. After reaching the target temperatures, 



64 

 

both furnace and heating belt were held at those temperatures for 30 min, followed by rapid 

cooling.  

 

4.3.1.3 WS2 from post-Sulfurization of pre-Deposited WO3 Films 

The characteristics of the resulting WS2 depend on the parameters of the sulfurization process 

used, in this case the flow rate of the carrier Ar gas, as discussed below.  

In this series of experiments, Ar flow rates higher than 150 sccm and lower than 25 sccm were 

not investigated. If the gas flow rate is too high, too much S was transferred to the downstream 

side of the tube end instead of on the substrate. Alternatively, a too low gas flow rate leads to 

not enough S being transported to the substrates; then most of the S vapour coagulates directly 

in the upstream part of the heating zone instead of reacting with the WO3 film on the substrate. 

Figure 4.6 presents SEM images and Raman spectra of four sulfurized WO3 samples 1.4 nm 

thick, from the same batch of e-beam evaporated WO3 precursor. Each of these WO3 samples 

were placed at the same position in furnace and heated under the same temperature ramp, but 

different flow rates of carrier Ar gas, i.e. 150 sccm, to 100 sccm, to 50 sccm, and 25 sccm, were 

used in the series.  

It can be seen that, at 150 sccm of Ar, the relatively high flow rate could promote the mass 

transfer process which contributes to the increase in the crystal growth rate. The resulting WS2 

morphology seen in Figure 4.6 (1, a) may occur due to a too fast crystal growth rate as atoms do 

not have enough time to move into the right lattice locations where crystal domains could have 

the lowest surface free energy, and the probability of defect formation increases. Therefore, 

under high-flow rate condition, WS2 crystals are more likely to grow around certain favourable 

nuclei. In addition, due to the high-flow with less duration of exposure to S, the crystallization 

process is incomplete.  

By decreasing of the Ar flow rate, the nuclei all over the substrate have a longer exposure time 

to S for sulfurization and have more chance for even crystallization. However, consequently, 

less S precursor will be involved during the reaction. In addition, the mobility of W oxide film 

will decrease during the further sulfurization. No matter what carrier gas flow rate was used, the 

resulting WS2 crystal domains were small and of irregular shape, or even amorphous. 

Nevertheless, Raman spectroscopy shown in Figure 4.6 (2) shows that conversion of WO3 to 

WS2 was completed (compare spectra with standard 2D WS2 spectra shown in Figure 2.12). 
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In conclusion, in our case, the route of post-sulfurization of WO3 films did not result in the 

synthesis of high quality of WS2 mono- or few layers, and was subsequently abandoned. 

 
(1) 

 
(2) 

Figure 4.6 (1) SEM images of WS2 films resulted by sulfurization of 1.4 nm thick WO3 films under an Ar flow 

of (a) 150sccm; (b) 100sccm; (c) 50 sccm; (d) 25sccm. (2) Raman spectroscopy of these films demonstrating 

that they converted to WS2 after sulfurization.  
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4.3.2 Route 2: A Novel, One Single CVD Route to WS2 Nanotubes, 2D Nanomeshes, and 

2D in-Plane Films 

Due to difficulties in achieving good quality WS2 films via route 1, i.e. via post-sulfurization of 

WO3 thin films, we changed our strategy and employed route 2, namely co-deposition of W-

based and S precursors, in a CVD process for WS2 synthesis. Here, the W-based precursor was 

WO3 powder, which was used in conjunction with S powder. In co-deposition, ideally, the 

reaction leading to WS2 synthesis takes place in the vapour phase. Due to the furnace layout set-

up - with the S powder upstream, the substrates downstream, and the WO3 powder in-between - 

it is necessary to avoid early mixing of the WO3 powder with the S vapour as the too early 

introduction of S would interfere with WO3 sublimation, causing a deficit of W precursor and, 

hence, precluding WS2 formation [13]. If S is introduced too late, however, a too large quantity 

of WO3 precursor will arrive at the substrate resulting in the growth of thick multi-layer WS2 or 

W-nanowires [13, 15]. The question is then: how early (late) is too early (late)? Hu et al. 

reported that introducing S six minutes before the WO3 precursor reaches the target 

temperature provides optimal conditions for maximum size growth of WS2 (~ 150 mHowever, 

if S was introduced only four minutes before the WO3 precursor reaches the target temperature, 

the WS2 domains became thicker and much smaller (20-30 m) [15]. It is clear that the 

operational window for optimal, monolayer growth is very narrow.  In contrast, in most of the 

reported CVD works for the growth of WS2,  S was introduced simultaneously with WO3 [14, 

16-23]: this corresponds to the case of “too late” in references [13, 15]. It is clear that the 

conditions for optimal CVD growth of monolayer WS2 are very sensitive to the specific CVD 

set-up. It is, thus, of interest to explore if other growth regimes exist that rely less on the precise 

timing of S and WO3 introduction into the gas phase. 

Furthermore, though the reaction to WS2 via WO3 is thermodynamically favourable (see section 

4.1), this conversion process is not trivial. As the W-atom sites in the WO3 monoclinic cell differ 

significantly from those in the WS2 hexagonal unit cell, this conversion requires the nearest W-

W inter-atomic distances along the a and c axes to change significantly, i.e. from 0.38 nm in 

WO3 to 0.315 nm in WS2 along the a axis, and from 0.38 nm in WO3 to 0.62 nm in WS2 along 

the c axis (see Figure 4.7). An intermediate WO3−x sub-oxide stage (see phase diagram in Figure 

4.8), which would allow for partial displacement of W atoms and facilitate the conversion, was 

proposed [24], but never demonstrated so far for 2D growth. In general, the stoichiometry of the 

intermediary reaction stages in the WO3 to WS2 transition is not known, with just a couple of 
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studies having reported the formation of oxi-sulphides instead of sub-oxides (i.e. paths 2 and 3 

on Figure 4.18) [5, 25]. While current research strongly focusses on the growth of WS2 2D 

domains of increasing size [26], demonstration and understanding of the aforementioned 

reaction mechanism is still lacking despite being critical for controlling the resulting WS2 

nanophases (in terms of morphology and position), whether 2D or not.   

 

Figure 4.7 Structures of monoclinic WO3 (left) and hexagonal WS2 (right). Adapted from [24]. 

 

Here, we took the idea of “too late” S introduction to the extreme, and intentionally created an 

initial S-deficient environment, in order to fully decouple the overall CVD reaction into a two-

stage process (see below). We thus created a WO3-x phase and nanorod morphologies as 

precursors, which we then sulfurized. This approach has similarities with the concept 

underpinning the synthesis of WS2 nanotubes, obtained by sulfurization of WO3-x nanowires [27, 

28]. As a result of stage decoupling, which is not revealed in conventional CVD of 2D TMDs, 

we gained insight into the growth of 2D in-plane layers and tested a long-time hypothesized 

mechanism which proposes an sub-oxide phase as the intermediary phase in the conversion from 

WO3 to WS2 [11, 29]. 

Figure 4.8 presents the flow chart for the catalyst-free CVD processes discussed in this section, 

showing the inter-relation, and contrasting differences, between the conventional growth of 2D 

triangular domains [30] and the processes and phases enabled by the decoupling of the overall 

reaction into two distinct stages. We engineered a first reaction stage where the vapour phase is 

S-deficient, leading to the initial growth of one-dimensional (1D) morphologies, such as WO3-x 

nanowires or short nanorods. Then, in a second stage, the nanowires/nanorods are reacted in S-

rich atmosphere, leading to the formation of pure WS2 nanophases characterized by the 
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emergence of 2D nanostructures. It is apparent (see below) that the type of 1D morphology in 

the first stage controls the resulting WS2 nanophase in the second stage: (i) using long, out-of-

plane WO3-x nanowires as precursors yielded WS2 nanotubes, as well as an out-of-plane 

nanotube-2D nanomesh hybrid, while (ii) short nano-rods precursors yielded in-plane 2D WS2 

growth. By performing further structural analysis, we were able to demonstrate that the two 

growth stages map onto the two hypothesized reaction stages [31, 32]: (1) 2WO3 + xS → 2WO3-

x (g) + xSO2, and (2) 2WO3-x + (7-x)S → 2WS2 + (3-x)SO2. We thus confirm this two-stage 

reaction mechanism, and the involvement of sub-oxides as intermediary sub-species.   

 

Figure 4.8 Flow-chart describing the decoupled, two stage strategy for synthesis of crystalline WS2 

nanophases starting from WO3 and sulphur powders as precursors, mapped onto a two-stage reaction. Stage 

1 (blue arrows), where partial reduction of WO3 takes place, leads to the formation of various WO3-x 

morphologies, i.e. long out-of-plane nanowires, short in-plane nanorods, and short nanorod bundles. From 

each of these morphologies, distinct, pure WS2 nanophases result after sulfurization in stage 2 (red arrows), 

such as a 2D nanomesh, as well as 2D in-plane domains of various sizes. Conventional 2D domain growth is 

indicated by the green arrow.  
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4.3.2.1 First reaction stage 

WO3-x nanowire/nanorod morphologies were obtained in the first reaction stage (Figures 4.8 and 

4.10). The temperature profile and details of growth precursors and sample location in the 

furnace set-up in Figure 4.1 (a) are shown in Figure 4.9 (a).  

 

 

Figure 4.9 (a) Schematic diagram of the home-built LPCVD apparatus with the furnace temperature profile, 

highlighting a central zone of constant temperature, and a zone with a temperature gradient where the 

SiO2/Si substrates were placed; (b) Phase diagram showing how the distance to the WO3 precursor and 

temperature at the substrate location determines the nanophase and morphology (i.e. out-of-plane long 

nanowires, short in-plane nanorods, or short nanorod bundles) of the grown WO3-x nanostructures. This 

relates to the positioning of the boats with substrates in the temperature gradient region of the furnace. 
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Typically, 60 mg tungsten (VI) oxide and 400 mg sulphur powder were used as precursors. A 

rotary pump was pumping the tube during the whole process. The boat containing the WO3 

precursor was placed in the centre of the furnace, within its constant temperature zone; 

temperature was ramped to 1030 C and then held constant for 20 minutes, to ensure sufficient 

sublimation. Subsequently, the sulphur powder, placed in a boat 40 cm upstream the WO3 boat, 

was heated to 200 °C over 10 minutes, and then co-evaporated together with the WO3 over 15 

minutes. Another boat with four pockets, each 2 cm long, and containing SiO2/Si substrates, was 

placed 6 cm downstream of the WO3 boat, in a zone with temperature gradient. Only argon (flow 

rate 150 sccm) was used for transporting the WO3 and sulphur vapour to the SiO2/Si substrates. 

According to the temperature profile of the furnace, there is a temperature drop of about 60 C 

between each substrate-containing pocket. This enabled a W precursor concentration gradient 

across the various substrate locations, leading to a continuous variation in the growth conditions. 

In contrast, the long separation distance between the S and substrate boats ensured that the S 

vapour concentration gradient across the SiO2/Si substrates can be ignored, unlike that of WO3.   

Depending on the position and temperature of the substrate relative to the W precursor, different 

WO3-x morphologies were obtained, as shown in Figure 4.9 (b). (i) In the pocket furthest from 

the W precursor, the relatively low temperature, around 780 °C, induces low diffusion rate of 

the precursor, leading to the precursor being trapped at many random sites on the substrate. After 

the nucleation sites become saturated with precursor, further trapping of precursor results in 

crystallization and growth. A high carrier gas flow rate (~ 150 sccm) promotes mass transfer, 

which contributes to a fast crystal growth rate [33] leading to the formation of long, out-of-plane 

nanowires (Figure 4.10 (a)). (ii) The pocket closer to the WO3 boat was reached by a higher 

concentration of W precursor, while also being held at the highest temperature, of 1000 °C, of 

all substrates. In general, a high temperature induces a high diffusion rate of the precursor, 

favouring film growth. On the other hand, a too high temperature causes large thermal turbulence, 

resulting in an instability of as-grown nucleation sites [34] and hindering growth. Hence, under 

these conditions of temperature and W precursor concentration short nanorod bundles were 

formed (Figure 4.10 (e)). (iii) In between these high and low temperature regimes, in a pocket 

located in an intermediate position at about 960 °C, the decrease in precursor concentration 

results in a crystal growth rate slow-down: the positive influence of a high flow rate balanced by 

a moderate diffusion rate of precursor at a moderate temperature leads to a stable while slow 

crystal growth under thermodynamic control. Hence, short, in-plane nanorods could be grown 

(Figure 4.15 (b)). 
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Figure 4.10 Characterization of WO3-x nanowires/nanorods obtained in stage 1 (partial reduction) of the 

decoupled reaction from WO3 to WS2. (a-d) Long, out-of-plane nanowires. (a) SEM image of the nanowires. 

Both XRD (b) and HRTEM (c-d) show that the only W sub-oxide phases present in the nanowires are WO2.92 

and WO2.9, both belonging to the class of Magnéli’s phases. The insets in (c) and (d) show FFTs of the 

respective images, revealing periodic spacings of 3.82 Å and 3.78 Å, corresponding to the b spacing of 

monoclinic WO2.92 (ICSD 01-071-0070, P2/c, a=11.93 Å, b=3.82 Å, c=59.72 Å), and monoclinic WO2.9 (ICDD 

05-0386, 36-0102, a=12.1 Å, b=3.78 Å, c=23.6 Å), respectively. (e-f) Short nanorod bundles. XRD (f) shows 

that the nanorods, too, are made out of WO2.92 and WO2.9. X2-SiO2 peaks were also present in both XRD 

spectra (b) and (f). 

  

4.3.2.2 Second reaction stage 

We now analyse the outcome of stage 2 – sulfurization of the decoupled reaction 

diagrammatically shown in Figure 4.8, where each of the three nanowire/nanorod morphologies 

described above are reacted with sulphur.  

WO3-x Long Nanowires as Precursors 

Figure 4.11 (a) shows the WO3-x nanowires grown on the SiO2/Si substrate: their diameter falls 

in a narrow range, 10 to 30 nm, and they can reach several microns in length. A combination of 

X-ray diffraction (XRD), performed on a BRUKER AXS D8 Advance instrument, equipped 

with a Vantec-1 detector, and using CuKα radiation at Q = 1.5418 Å, and high resolution 

transmission electron microscopy (HRTEM), performed on a JEOL JEM-2100Plus microscope 

operated at 200 kV, showed that WO2.92 (W25O73) and WO2.9 (W20O58) are the phases encountered 

in the nanowires (Figure 4.10). Interestingly, both these phases belong to the series of sub-
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stoichiometric Magnéli phases, characterized by the WnO3n-2 formula [35]. As discussed below, 

these phases are important as they can provide a favourable path for conversion to WS2.  

As-grown WO3-x nanowires on SiO2/Si were heated at 925 °C under atmospheric pressure in the 

furnace centre whereas 400 mg sulphur powder was heated upstream at 180 °C. Argon, at a flow 

rate of 100 sccm, was used to transport the sulphur vapour to the nanowires on SiO2/Si sample. 

Figure 4.11 (b) shows a scanning electron microscopy (SEM) image of the resulting post-

sulphurized nanowires: when the sulfurization is incomplete two types of material, with different 

electronic contrast, can be observed. The brighter areas have very broad Raman peaks (measured 

with a Renishaw inVia Raman microscope, using 532 nm excitation laser) at 271, 326, 714 and 

803 cm-1 (Figure 4.11 (d)). Peaks centred at 714 and 803 cm-1 are attributed to W-O stretching 

vibration modes, while the two lower peaks at 272 and 326 cm-1 are induced by O-W-O bending 

vibration modes [36], identifying these regions as non-converted, pure sub-oxide phases. Raman 

spectroscopy confirms that the regions that appear dark in both optical and SEM images are 2H-

WS2 (Figure 4.11 (c)): the 351 and 418 cm-1 peaks correspond to the E1
2g and A1g vibrational 

modes, respectively, of this phase. HRTEM (Figures 4.11 (e-f)) confirms that the sulphurised 

nanowire-shaped morphologies are actually the sub-oxide nanowires transforming into multi-

layered WS2 nanotubes. The HRTEM images and their associated FFTs (inset panels) give a 

spacing between the layers of the nanotubes of about 0.66 nm, consitent with the (002) d-spacing 

within a multilayer 2H-WS2 crystal. Some of the nanotubes are still filled with WO2.92 or WO2.9 

sub-oxides cores, while a large proportion are hollow, as demonstrated by Figures 4.11 (e, f). 

However, despite the presence of W sub-oxide cores inside some of the nanotubes, Raman 

spectroscopy does not detect any of their W-O vibration modes; a similar behaviour was 

previously reported for other  core-shell systems [37, 38]. The coexistence of WS2 nanotubes 

and W sub-oxides is reminiscent, in this respect, of the work from Tennes’s group on the 

synthesis of MoS2 and WS2 nanotubes [27, 39]. Therefore, it is reasonable to assume that the 

WS2-rich areas from Figure 4.11 (b) are actually a proto-stage of the growth of WS2 nanotubes 

around the sub-oxide nanowire cores. 
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Figure 4.11 Long, out-of-plane nanowires of WO2.92 and WO2.9 sub-oxide, Magnéli phases leading to the 

formation of few-layer multi-walled nanotubes. (a-b) SEM of pure WO3-x nanowires before and after 

sulfurization. The example in (b) shows a predominant WS2-rich phase (labelled with “2”), interspersed 

with a residual WO3-x phase (labelled with “1”). Their respective Raman spectra (excitation laser of 532 nm) 

are shown in (c) and (d). (e-f) TEM images of the sulfurized nanorods showing multi-walled nanotubes of 

large diameter and relatively small number of layers. In (e), the FFT inset highlights correspond to 0.27 nm, 

the distance between  the (100) planes of 2H-WS2 crystals, and to 0.62 nm, the van der Waals inter-tube 

distance. In (f), WO2.92 sub-oxide core nanowires are still visible. The FFT inset highlights, in addition to the 

distances identified in (e), 0.382 nm along the long axis of the sub-oxide core, which corresponds to the 

distance between the (010) planes of monoclinic WO2.92. 

 

However, in contrast to here, previous works on synthesis of WS2 nanotubes mainly used W 

oxide nanowires formed by the hydrothermal method, which consisted of, primarily, the non-

volatile WO2.72 (W18O49) phase [27, 40, 41]. In their work based on vapour phase reaction in a 

fluidized bed reactor, Tenne et al. [28] have found that a volatile sub-oxide intermediate phase 

was present during the formation of their WO3-x nanowires; however, the non-volatile WO2.72 

was identified as the resulting stable phase in the nanowires, which then served as a template for 

the subsequent sulfidization reaction yielding WS2 nanotubes. Because of the non-volatile nature 

of WO2.72, the conversion rate of the sub-oxide core to a WS2 nanotube shell is relatively slow 

as it relies on the sulphur diffusing to the core; hence, conversion takes place slowly, layer-by-

layer. In contrast, in our case, although the WO2.92 or WO2.9 sub-oxides are also non-volatile, 

with further annealing in an S-rich environment, the WO2.92 or WO2.9 nanowire cores are able to 
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“evacuate” the nanotubes rather than being sulphurized layer-by-layer (see Figure 4.11 (e, f)), 

resulting in a much higher conversion rate to WS2 and nanotubes of large diameter but much 

thinner walls that when conversion takes place from the WO2.72 phase. For instance, as shown 

by HRTEM in Figures 4.11 (e, f), we could obtain tri-layer WS2 nanotubes of diameter more 

than 25 nm using the WO2.92/WO2.9 precursors. In contrast, from the non-volatile W18O49 

precursor, the nanotubes of around 20 nm in diameter have more than 10 layers [42]. This 

observation is important as it forms the basis of a proposal for a different conversion mechanism 

to WS2. Consequently, the “evacuation” of the non-volatile sub-oxide cores is due to (i) either 

enhanced diffusion of WO2.92/WO2.9 due to the high temperature annealing under reduction 

environment, or (ii) the transformation of the WO2.92 or WO2.9 phases into a volatile sub-oxide 

phase, which then transfers to the gas phase under high temperature. Such an intermediary sub-

stoichiometric phase, that would lie in between WO2.83 and WO2.72, has been suggested in the 

past [27], but not supported by real evidence. Either way, that fact that our nanorod-to-nanotube 

reduction process produces single- or few-wall WS2 nanotubes (instead of thick ones, as obtained 

from WO2.72) is a clear demonstration that a different reaction path is at work when WO2.92 or 

WO2.9 are the precursor phases.  

In order to find out the ultimate effect of the sulfurizationon the long, out-of-plane nanowires, 

further sulfurization was conducted under the same conditions. A new mophology was then 

achieved: Figure 4.12 (b) shows a two-dimensional (2D) nanomesh structure, supported by 

nanotubes, extending out-of-plane for microns (> 10 μm) and with a very large specific surface 

area. Figures 4.12 (c), (e-f) present TEM images of the nanomesh, including a selected area 

electron diffraction (SAED) and FFT of images. The TEM images show that the 2D nanomesh 

is a combination of 2D crystallites and 1D nanotubes. As an example, the FFT of the 2D 

crystallite from Figure 4.12 (c) shows a hexagonal lattice structure with 0.27 nm periodicity 

resulting from the (100) planes of 2H-WS2 [43]. Furthermore, there is no evidence that the 2D 

crystallites formed from nanotube “un-zipping”, a mechanism encountered in other works [44]. 

On the contrary, the nanotubes remained un-altered and the 2D crystallites grew along the outer 

shell of the nanotubes. The SAED patterns inserted confirmed that the 2D crystallites are single 

crystals. A representative nanomesh XRD spectrum is shown in figure 4.12 (d): all the diffraction 

peaks are indexed relative to the hexagonal P63/mmc space group, indicating that the structure 

of the WS2 phase is 2H-WS2, while there is almost no trace of W suboxide peaks. The sharpness 

of the peaks demonstrate the good cyrstallinity of the sample overall.  
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Figure 4.12 Full sulfurization of long, out-of-plane WO2.92 and WO2.9 sub-oxide nanowires, shown in (a), 

leads to a pure WS2 2D nanomesh, shown in (b). The emergence and purity of the 2H-WS2 phase was verified 

by a combination of (c) HRTEM (and associated FFT, example shown in inset), and (d) XRD, where the 

identified crystallographic planes are also shown. (e) and (f) show how 2D crystallites develop from and 

around nanotubes. Inset of (f) is a SAED pattern of the 2D crystallites shown in (f). 

 

The co-existance of un-altered nanotubes and 2D crystallites of 2H-WS2, together with the 

disappearance of the remaining W suboxide cores highlight once again the beneficial role of the 

WO2.92/WO2.9 phase as precursors for the growth of WS2 phases. Either through enhanced 

diffusion or conversion to a volatile sub-stoichiometric phase, as discussed above, they provide 

feed-stock sub-oxide material that ends up outside the WS2 nanotubes and, hence, seeds WS2 2D 

growth along the nanotube outer shells. In this way, one enables the formation of a pure WS2 

2D nanomesh, with extensive 2D content (figure 4.12 (b)). This is in contrast to other recently 

reported hybrid phases which were a mixture of 2D WS2 crystallites and WO3 [45], or had a 

mixed 1D-2D character, with a main nanowire phase and a small 2D phase content [46]. 

The sheet conductivity of the nano-mesh shown in Figure 4.12 (b) was measured using a four-

point probe method (figure 4.13). The four contacts, spaced by 2 mm each, were formed by 

electron-beam evaporation: first, 100 nm of chromium were deposited (chromium was reported 

to form ohmic contacts with WS2 [47]), followed by 100 nm of palladium. Large contacting pads 

were then bonded with 75 µm tinned copper wires using low temperature conductive epoxy 

(H21D).  
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Figure 4.13 (a) Schematics of the 4 probe measurement with equidistant contact spacing of 2 mm; (b) The 

sample was mounted on a cryostat system holder. 

 

A constant potential difference of 40 V was applied across the two outside contacts, leading to 

a voltage drop of 4.7 V across the two inner contacts, while the current was measured between 

the two outside contacts. The temperature was varied, leading to a current - temperature 

dependence from which a conduction mechanism was analysed (Figure 4.14). The four-point 

probe station used two Keithley 2400 SourceMeter as multimeter and voltage source, 

respectively. A Lakeshore 325 cryogenic temperature controller was used to control the 

temperature cooling-down rate of the sample mounted inside a Leybold RDK 10-320 closed-

cycle Helium cryostat. Temperature was varied between room temperature and 210 K (at which 

the measured current reached the noise level), using a cooling-down step of 0.5 K. Ten 

measurements of current were averaged at every temperature step. 

 

Figure 4.14 Four-point probe sheet conductivity of the WS2 2D nanomesh as a function of temperature, 

demonstrating semiconducting behaviour. 
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Electrical transport mechanisms were investigated by measuring the nanomesh conductivity as 

a function of temperature: conductivity decreases with temperature indicating the WS2 nanomesh 

is semiconducting (Figure 4.14), as expected. Then, by plotting ln() vs. T-1/n, where n is an 

integer, different characteristic carrier transport regimes can be identified. Figure 4.14 shows 

such a plot for n = 1; a linear regime in this case indicates thermally activated transport 

(Arrhenius behaviour), for which a thermal activation energy Ea 0.33 eV can be extracted, 

from room temperature down to about 245 K, according to: 

𝜎 = 𝜎0exp (−𝐸𝑎 𝑘𝑇⁄ )                                                                                      (4.2) 

Such a value of Ea suggests that transport takes place via, most likely, a defect band located 

below/above conduction/valence band edges. Below this temperature and down to about 216K, 

where the measurements reach the noise level of the experimental set-up, no single transport 

mechanism (e.g. two-dimensional or three-dimensional variable range hopping, characterized by 

n = 3 or n = 4, respectively) could be identified, suggesting that this temperature range 

corresponds to a transition (mixed) regime.  

 

WO3-x Short Nanorods as Precursors 

Figure 4.15 (a) shows the results of sulfurization (carried in conditions as described above) in a 

region of lower density of sub-oxide nanowires. It is clear that less dense nanowires yield 

relatively larger and more separated, out-of-plane 2D WS2 crystallites. This suggests that if the 

W sub-oxide nanowires are well-separated and oriented in plane they may be used as seeds for 

the growth of in-plane 2D WS2 films. 
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Figure 4.15 Effect of sulfurization of sparse WO2.92/WO2.9 nanorods revealing seeded growth of in-plane 2D 

WS2 domains. (a) Sulfurization of low density out-of-plane nanowires leads to extended and more separated 

WS2 2D crystallites; shown by SEM. (b-c) In-plane, individual, short nanorods lead to seeded, root-growth of 

polygonal domains of multi-layered WS2; shown by SEM. (d-f) Bundles of short nanorods lead to seeded, in-

plane growth of larger single-layered 2D WS2 domains: (d) and (f) are SEM images, while (e) is a bright field, 

optical image.  

 

Hence, as-grown WO2.9/WO2.92 short nanorods on SiO2/Si were heated at 950 °C in the centre of 

the furnace while 400 mg sulphur powder was heated upstream at 200 °C. Argon, at 100 sccm 

flow rate, was used to transport the sulphur vapour to the nanorods on SiO2/Si sample. Figure 

4.15 (b-c) shows the result of such a scenario: sulfurization of in-plane, single, short sub-oxide 

precursor nanorods leads to in-plane, triangular, few-layer 2D domains growing from the 

nanorods at their basis. This root growth mechanism is dominated by direct solid-state 

transformation of the sub-oxide precursor nanorods into the WS2 2D layers, keeping the material 

localized around the original nanorod. Raman spectroscopy confirms that the domains grown 

are WS2, albeit thicker than monolayers (Figure 4.16 (b)). This result demonstrates the feasibility 

of using W sub-oxide nanorods as seeds for the 2D in-plane growth of WS2. 
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Figure 4.16 (a) Raman spectroscopy (at 532 nm excitation) of single-layered WS2 from figure 4.14 (e); (b) 

Raman spectroscopy of multi-layered WS2 from figure 4.14 (c). The spectral distance ∆ω between the E12g() 

and A1g() vibrational modes of WS2 is used to identify the number of layers within the 2D domains.  

 

The Raman spectrum of 2H-WS2 taken at 532 nm laser excitation, as here, is very rich, revealing 

many second-order peaks that are stronger than those observed at shorter wavelength excitation, 

e.g. λexc = 488 nm [48]. Hence, up to fifteen Raman modes of WS2 could be present [5], requiring 

peak deconvolution, as shown in Figure 4.16. However, usually, for 2H-WS2 identification, the 

E2𝑔
1  (in-plane) and A1g (out-of-plane) vibrational modes are used as fingerprints [49]. In Figure 

4.16 (a), the in-plane E2𝑔
1  mode is around 355 cm−1, while the out-of-plane A1g mode is around 

417 cm−1, the spectral distance ∆ω between being ~ 62 cm−1; this is reported as the fingerprint 

of monolayer 2H-WS2 [49]. As the thickness of the 2H-WS2 films increases, the E2𝑔
1  mode red-

shifts while the A1g mode blue-shifts [50], e.g. ∆ω =64 and 66 cm−1 were reported for bilayer 

and trilayer, respectively [49, 51]. However, the frequencies of the these fingerprint modes tend 

to remain unchanged when the WS2 thickness exceeds five layers [50]. Based on this, the spectral 

distance ∆ω = 67cm−1 obtained from Figure 4.16 (b) shows that the domains observed in Figure 

4.15 (c), consist of at least five layers. 

Seeded growth of 2D WS2 domains has been studied by using either large aromatic molecules 

(e.g. perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS)) [4] or patterned oxide 

precursor particles [52] as externally introduced nucleation sites, over which W- and S-carrying 

species were subsequently introduced. However, the promoters could have detrimental influence 

on the electrical properties of the devices [53]. In contrast, in our case, the seed is provided by 

the sub-oxide nanorods without introducing other external contaminations. Morevoer, the 2D 

domain growth can be treated as a “self-seeding and feeding” one, in which the sub-oxide 
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nanorods provide both the nucleation sites and the W precursor feed-stock for the growth of 

layers from fully reduced TMD vapour.  

In “self-seeding and feeding”, the size of the in-plane 2D domains that can be grown is 

constrained by the amount of W precursor available in the seeds. Hence, 2D domains could be 

grown larger by increasing the amount of precursor delivered by the nanorod seeds. Therefore, 

as shown in Figure 4.15 (d), we used clusters of short W sub-oxide nanorods as the precursors 

in the sulfurization stage; these clusters have also been confirmed by XRD to be a mixture of 

WO2.92 and WO2.9 phases (Figure 4.10 (f)). Optical/SEM images (Figures 4.15 (e, f)) and Raman 

characterization (Figure 4.16 (a)) show that their sulfurization resulted in the growth of in-plane 

triangular domains of predominantly mono- layer 2D WS2 domains; these domains are also 

substantially larger than the multi-layer domains shown in Figure 4.15 (c) obtained from single 

nanorods as seeds. As the amount of precursor and distance to the substrate increased compared 

to the case of single, in-plane nanorods, the WS2 domains now grow via a mixture of reaction 

mechanisms: root growth, based on solid-state suboxide-to-WS2 conversion, competes with gas 

phase transport and reaction. Indeed, since the WO2.92 and WO2.9 phases have the propensity to 

be reduced to another volatile sub-stoichiometric phase, as discussed above, they can transfer to 

vapour phase via this route as an in-situ precursor to supply the conversion reaction. The W sub-

oxide seed growth demonstrated above is distinct from a recently shown process where WS2 

nanotubes were sublimated in order to induce WS2 monolayer growth by vapour phase transport 

and surface diffusion [54, 55]. “Self-seeding and feeding” from precursor nanowires could be 

potentially harnessed by controlling nanowire growth via substrate engineering, thereby 

allowing for the positional control of monolayer growth. 

 

4.3.2.3 WS2 Growth Mechanism 

We now discuss the reaction mechanism uncovered here by highlighting the role of WO2.92 and 

WO2.9 as the intermediary phases facilitating the transition towards the 2H-WS2 phase. Indeed, 

these two Magnéli sub-oxide phases contain crystallographic shear (CS) planes (Figure 4.17) 

which are created as a result of oxygen vacancies introduced by reduction. At atomic level, the 

shear process is equivalent to the diffusion of an atom to a neighbouring vacancy in the lattice; 

however it was previously proposed that the octahedra hop as a whole during the process which 

leads to the formation of edge sharing octahedral units, i.e. the CS planes, as opposed to corner 

sharing ones [24, 56]. While the reaction progresses, regions of such edge-sharing octahedral 

units develop across the crystal. The edge-sharing octahedral units in WO2.92 and WO2.9 are now 
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quite similar to the 1T-WS2 octahedral structure (Figure 4.17). Hence, the transformation to the 

stable hexagonal 2H-WS2 phase is achieved in the final reaction stage.  

 

Figure 4.17 Reaction mechanism and phase diagram describing evolution from WO3 to WS2 via WO2.9/WO2.92 

Magnéli phases. (a) Two unit cells of WO2.9 (shown at two different orientations, with crystallographic a, b, 

and c axes indicated), highlighting the region of the crystallographic shear (CS) planes that contain edge-

sharing octahedral units. A transformation path from the CS region of WO2.9 to 1T-WS2 and then to 2H-WS2 

is shown: W-W intra-layer distances are comparable in all three cases, while S replaces O to yield the WS2 

phases. 

 

Such a process corresponds to path 1 on the ternary W-O-S phase diagram from Figure 4.18. 

The WO2.9/WO2.92 route is supported by recent findings that starting directly from WO2.9 as 

precursor (as opposed to WO3 and without controlling the intermediary reaction) promotes 2D 

growth of larger and more uniform domains of WSe2/WS2 [16, 57]. 

CS-plane region of WO2.91T-like WS22H-WS2

a

b c

a

b c

WO2.9

W-W = 3.31 Å W-W = 3.15 Å 
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Figure 4.18 W-O-S ternary phase diagrams showing reaction pathways to 2D 2H-WS2 during CVD growth 

from WO3 and sulphur precursors. Path 1 (left diagram) describes a reaction mechanism via the 

WO2.92/WO2.9 phases, as identified in this work. Paths 2 (middle) and 3 (right) highlight reaction 

mechanisms where oxi-sulfides are the intermediary compounds. 

 

In contrast to our results, recently, transition metal M-oxi-sulfides (M = Mo and W) clusters 

were proposed as the intermediary reaction stage for the growth of TMDs from transition metal 

tri-oxides [5, 25, 58]. Hence, WO3 or MoO3 were reacted with S into W or Mo oxi-sulfides, 

which then adsorbed on substrates and acted as nucleation cores for further reduction. However, 

the various proposed scenarios were inconsistent with each other, resulting in different and 

complex reactions paths. In one such scenario, (path 2 on Figure 4.18) WOxS2-x first formed, 

which was then sulfurized into WS2+x thick flakes; these flakes then expanded and thinned, while 

converting into WS2, under continuous annealing [5]. Another scenario involved the initial 

formation of Mo3−x(S,Se)y nanoparticles (path 3, Figure 4.18), which then acted as heterogeneous 

nucleation sites for the growth of monolayer TMDs [25]. This process was also called “self-

seeding”, however, the transition metal precursor for continued growth is not supplied via the 

nanoparticle core in their case, and at the end of the reaction, the M-oxi-sulfides core seed always 

transfers to a fullerene shell in the center of the triangular MS2 domain. Another group extended 

this study [59] and found out that by controlling the growth parameters (temperature and carrier 

gas flow rate), this MoO3−x(S,Se)y nanoparticle-based, self-seeding nucleation can be replaced 

by a so-called 2D planar nucleation, where there is edge-extending continuous growth of MoS2 

flakes from a small MoS2 nucleus. In a third scenario, MoOxS2−y cluster seeds yielded only nested, 

few-layer fullerene/tubular structures,[58] while 2D monolayers could form only from pure 

MoS2 irregular polygonal-shaped clusters in a process more akin to epitaxial growth.    
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4.3.3 Route 2: Improved co-Deposition Process for 2D WS2 Growth 

Now knowing the CVD growth mechanism, we go back to the synthesis of large area WS2 films 

via route 2 growth. For the route 2 growth of WS2, two precursors reacted in vapour phase to 

synthesize WS2. Therefore, to deliver the solid source materials to the growth substrates at a 

controlled flux remains as one of the key challenges. Since they have significantly different 

vapour pressures, the generation of steady vapour flux requires careful controlling of the growth 

parameters (e.g. temperature, pressure and carrier gas flow rate). Controlled growth of W-based 

TMDs is particularly challenging due to the high operational temperature of tungsten precursor, 

tungsten oxide to be exactly. The melting temperature of WO3 is around 1473 °C, although its 

sublimation starts around 900 °C. Recent reports on CVD growth of monolayer WSe2 and WS2 

have shown that growth requires either high temperature, or low pressure or both [1, 2, 11, 13, 

60-62] to achieve a sufficient flux of tungsten precursor in the vapour phase over a distance 

between the precursor to the growth substrates [1, 11, 62, 63]. In our experience, the oxide 

powder was heated in the centre of the furnace at temperatures around 1030 °C. However, even 

with this high temperature, the growth results are still not ideal due to the low sublimation rate 

of WO3 under atmospheric pressure. 

 

4.3.3.1 NaCl-assisted CVD 

It has been proved that the addition of NaCl can play an important role in solving the unmatched 

growth conditions in CVD synthesis of TMDs [57]. Tungsten oxide powder can react with NaCl 

in the vapour phase and produce an intermediate species: 

2WO3 + 2NaCl → WO2Cl2 + Na2WO4                                                                 (4.3) 

As can be seen from eq. 4.3 (one possible reaction) there are two intermediate species: volatile 

metal-oxyhalide (e.g. WOCl4, WO2Cl2) and Na-containing species (NaxWOy). Both species have 

been proposed to be able to further sulfurization sequentially [53, 57, 64]. However, the reaction 

route is still lacking investigation and unconfirmed. Therefore, the amount of NaCl used is not 

consistent from work to work. The optimal mass ratio of oxide and salt varies from 7:3, 7:1 to 

9:1, one even just used one droplet of NaCl salt solution [53, 57, 65, 66]. Here, after systematic 

literature research and experimental trials, we chose the oxide and salt ratio of 7:3. 

In our process for route 2: co-deposition, according to the mechanism we demonstrated, WO2.9 

(99.99%, Alfa Aesar, CAS 12037-58-0) powder (as opposed to WO3 and without controlling the 

intermediary reaction) and S powder are sublimated into the vapour phase to synthesize WS2. 
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More specifically, 200-300mg sulphur powder was put in boat 1, a mixture of 35 mg WO2.9 and 

15 mg NaCl powder was put in boat 2, while the SiO2/Si wafers were put shiny side face down 

on boat 2 above the precursor powder. The quartz manipulator with the boats were carefully 

inserted into the quartz tube and sealed. Afterwards, the whole quartz tube was pumped for 30 

min and then purged with 200-250 sccm Ar for 40 min to 1h to thoroughly remove O2 and 

moisture in the tube. Then the Ar gas was held at a constant flow rate until the reaction was 

finished.  The furnace temperature was ramped first from room temperature to the desired value 

(in our case 800 °C) with a heating rate of 15 °C/min. After the furnace reaches 500-550 °C, the 

upstream heating belt starts to ramp at 10 °C/min. At the end, the furnace and heating belt reach 

the target temperature (800 and 200 °C, respectively.) simultaneously, and are kept constant for 

15 min. 3 min before the target temperature was reached, the manipulator was moved into the 

furnace by the magnetic control at the position where boat 1 with sulphur was in the heating belt 

area (200 °C), boat 2 with WO2.9/NaCl and substrate was in the centre constant temperature zone 

(800 °C). The synthesis was executed at atmospheric pressure with only argon (flow rate 100-

120 sccm) used for transporting precursor vapour to the substrates. After reacting for 5-10 min, 

the manipulator was pulled out of the furnace to achieve rapid cooling and stop the reaction.  

As mentioned before, tungsten oxide has a very high melting point (WO3 around 1473 °C, WO2.9 

around 1500 to 1600 °C); therefore, previously we heated the furnace to 1030 °C to achieve the 

required sublimation and reaction temperatures downstream (830-860 °C). We also tried a few 

trials of CVD with the exact same conditions (precursor amount, temperature, etc.) only without 

NaCl at the low temperature of 800 °C. In the absence of NaCl, no sublimation of WO2.9 occurred 

under the growth conditions (almost no weight loss and colour change after similar growth 

procedure in boat 2). Consequently, no deposition was observed on the growth substrate. This 

clearly indicates that NaCl in the growth process is found to play a vital role in lowering the 

growth temperatures. 

Figure 4.19 shows optical microscope (OM) images of WS2 monolayers grown using NaCl. 

Monolayers with domain sizes up to a few hundred microns can be observed. However, the 

triangle-merged polygonal larger domains can only grow along the edge of the substrate. In the 

middle area of the substrate, the nucleation density is much too high, such that a uniform thin 

film cannot be obtained. Therefore, it can be demonstrated that NaCl has an effect on both a 

large increase in nucleation density and grain size. 
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Figure 4.19 Optical microscopic images of as-grown WS2. 

 

4.3.3.2 Substrate Treatment 

As has been introduced in section 4.2, the SiO2/Si substrate was ultrasonically cleaned with 

acetone, IPA, and DI water prior to growth. Then, as in section 2.1.1.1 covering mechanical 

exfoliation, in addition to all the cleaning procedures, the substrate was treated with an oxygen 

plasma to eliminate the surface ambient (organic) adsorbates to obtain a higher surface energy. 

Oxygen plasma creates a highly reactive nonstoichiometric oxide that can react at the bond 

interface. 

A pre-growth oxygen plasma treatment of the growth substrate was recently reported as leading 

to an increase in average grain size through a decreased nucleation density for CVD growth of 

monolayer MoS2 with submicron grains [67]. Figure 4.20 shows the effect of plasma pre-

treatment on the growth. Specifically, Figure 4.20 (a) shows growth kinetics for an untreated 

surface and Figure 4.20 (b) shows a treated surface. The growing crystal forms bonds between 

the in-situ grown crystal and the substrate which both contribute to the surface (interfacial) 

energy and thus the activation energy. The increased interfacial energy results in a decreased 
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activation energy for lateral crystal growth and nucleation [68]. Moreover, the high energy of 

the surface lowers energy barriers for surface diffusion, which increases the surface diffusion 

length. Therefore, when two precursor vapour molecules arrive at the growing crystal interface 

they incorporate more easily due to the lower surface activation energies.  

 

Figure 4.20 Growth kinetics of WS2 with oxygen plasma surface treatment. (a) Growth on an untreated 

substrate; (b) Growth on a plasma treated substrate. The vertical arrows illustrate the higher energy of the 

surface. In the vapour phase are shown S vapour (yellow) and various W oxides (blue and red) which 

participate in the reaction. Qualitative representations of the longer surface diffusion length λ2 and lower 

activation energy E2 on the plasma treated substrate are shown. Adapted from [69]. 

 

For comparison, we also tried CVD growth on untreated SiO2/Si substrates under the same 

growth conditions (e.g. T = 800 °C, atmospheric pressure, flux of sulphur vapour in Ar carrier 

gas). It can be seen from the OM images of growth results shown in Figure 4.21 that the large 

area monolayer film has an edge length of ~ 0.5 mm and is almost continuous with triangular 

domains. The high-magnification OM images of these polygonal WS2 monolayers reveal sharp 

straight edges suggesting that they are highly crystalline. Hence, we proved that after oxygen 

plasma treatment of substrates the increased surface diffusion length and lowered activation 

energy lead to an increase in grain size and a lower nucleation density compared to the samples 

in figure 4.19. 

 



87 

 

 

Figure 4.21 Optical microscopic images of as-grown WS2. 

 

4.4 Conclusion 

In conclusion, an experimental approach for growing millimetre scale monolayer WS2 using W 

oxide and S power as precursors on SiO2/Si wafer with CVD is presented. To achieve this, three 

stages of exploration have been conducted, underpinned by various modifications made to the 

CVD apparatus to enable the diverse growth strategies. 

Post-sulfurization of e-beam evaporated thin W oxide film has been applied first; however it 

turned out to be an inferior method for our system due to the low quality of resulting WS2 films.  

Then, in a second stage of exploration, to obtain an insight into controlling growth, we 

intentionally decoupled into two steps (first step, partial reduction; second step, sulfurization) a 

reaction from WO3 to WS2 in order to reveal the role played by W sub-oxides in the CVD growth 

of WS2. We were, thus, able to prove a long-time hypothesized reaction mechanism. This 

enabled us to also reveal the important role played by the WO2.92 and WO2.9 Magnéli phases as 

intermediary compounds in 2D TMD growth. In this way, we demonstrated a WO3-x route to 2D 

2H-WS2 from WO3, as opposed to via W oxi-sulfides as previously shown. Albeit just emerging, 

understanding the reaction path in the W-O-S space is consequential for precise control over the 

type of precursor and subsequent nucleation, and the morphological diversity of the resulting 

nanophases of 2D films. More broadly, understanding and controlling the reaction path during 

2D growth of TMDs is an important emerging approach towards better nanophase engineering, 

as opposed to current, widespread empirical attempts to create larger and larger 2D films. 

Furthermore, the WO3-x – intermediate route is very versatile owing to the richness of WO3-x 

polymorphs that can be obtained by relatively simple tuning of the CVD growth process: we 

were, hence, able to create, in a single process stream, a rich variety of WS2 phases, ranging 
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from nanotubes, to an out-of-plane, pure WS2 2D nanomesh with extended 2D crystallites, and, 

finally, to in-plane, self-seeded 2D layers. This facile route to several types of materials is likely 

to be of great interest to several communities of scientists (e.g. those involved with material 

growth or those researching novel applications). A “self-seeding and feeding” 2D growth 

mechanism from 1D nanorod precursors was shown which might be able to take advantage of 

the positional and orientational growth that can be achieved in 1D growth.  

Finally, in the third stage of exploration of TMD growth, based on the mechanism uncovered 

and summarised above, WO2.9 powder instead of WO3 was used for synthesis of large-area 

monolayer WS2 by co-deposition CVD. In addition, two more modifications (NaCl-assisted and 

substrate treatment) have been applied to the process to improve the size and quality of the 

resulting film. NaCl was found to play an important role in the formation of intermediate species 

which have a much lower sublimation temperature than W oxides, and which lower the whole 

reaction temperature and eventually increase the nucleation density and grain size. Substrate 

plasma treatment was found to increase the surface energy which lowers the energy barrier for 

surface diffusion and leads to a decrease in the nucleation density while increasing the grain size. 

By applying both, millimetre scale predominantly monolayer WS2 could be achieved. 
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CHAPTER 5 

INVESTIGATION OF ANISOTROPIC TRANSPORT IN RES2 USING LOCAL 

PROBES 

Rhenium disulfide (ReS2) has a unique distorted 1T’ structure, leading to anisotropy in its 

electronic and optical properties. Though several device structures exploiting this property (such 

as field effect transistors (FETs) or digital inverters) have been realized, and theoretical 

calculations of carrier mobility exist, to date there is little consensus about the magnitude of the 

anisotropy effect, and good correlation between experiment and theory is missing. Here, a 

multiple-probe scanning probe microscope (MP-SPM) was used to investigate transport 

anisotropy in ReS2 films: (i) by directly measuring the angular dependence of the current (in a 

dual-probe configuration), and (ii) by injecting current and measuring the resulting surface 

potential distribution using Kelvin probe microscopy (in a triple-probe configuration). Current 

anisotropy with unprecedented angular resolution were obtained, also revealing effects of finite 

size of ReS2 on the measured anisotropy. Strain effects and field distribution in ReS2 under 

different current injection conditions could also be revealed. Simulations using a finite-element 

analysis method were performed to mimic the experiments and reveal the effect of a range of 

parameters on the measured anisotropy. Such combined experiment-simulation approaches 

employing local probes, as opposed to traditional, track-based devices, shed light into how the 

probing or exploitation of such an anisotropic material is highly dependent on the exact device 

configuration employed. 

 

 

5.1 Multiple-Probe Scanning Probe Microscopes (MP-SPMs) 

For measuring electronic properties of graphene and 2D TMDs, fixed electrodes fabricated by a 

lithographic process are usually employed [1, 2]. However, the photo/e-beam resist residue from 

such top-down processes may affect the electrical properties of these materials, which are all 

surface [3, 4]. It is also not always easy to place electrodes at desired positions on randomly 

distributed samples as is the case for exfoliated 2D layered materials. Moreover, it is difficult to 
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flexibly characterize 2D materials that have locally inhomogeneous properties, such as ReS2, 

which structurally has low symmetry that then translates into anisotropic transport properties. 

Many of the above problems can be alleviated by using a Multi-Probe Scanning Probe 

Microscope (MP-SPM) [5-11]. An MP-SPM is an SPM equipped with two or more individually-

controlled probes, which can also act as contacting electrodes for locally measuring the 

electrical/electronic properties of samples. The accuracy and flexibility in positioning of such 

probes is high as these are determined by the very high spatial resolution of an SPM system; 

hence there are clear advantages such a system can offer over conventional electrical probing 

with top-down, lithographically defined electrode tracks. However, when multiple probes are 

simultaneously driven close to each other, they may accidentally come into contact. This can be 

avoided by implementing a scanning method whose principle is shown in Figure 5.1 (a): lateral 

scanning in the x-y plane of the sample, and the z feedback and offset positioning are regulated 

independently by piezo actuators for each probe [8]. Since the position of each probe relative to 

the others is fixed during the imaging, multiple SPM images can be simultaneously obtained 

(Figure 5.1 (b)) without the risk of the probes coming in contact with each other. Then by 

“stitching” these different images using a commonly scanned marker/region of the sample, the 

distance between probes and their relative positioning can be determined un-ambiguously 

(Figure 5.1 (c)). Once the relative positioning of the probes is known, different variants of 

electrical probing of the sample can be implemented (as discussed in section 5.1.1 below). 

The development of the MP-SPMs started with the double-probe scanning tunneling microscope 

(DP-STM). Measurements of local electrical resistivity of three-dimensional (3D) [12], two-

dimensional (2D) [13] and one-dimensional (1D) [14] samples using DP-STM have been 

demonstrated. Besides this simplest two-probe system for probing the local electrical transport 

properties of nanoscale structures, quadruple-probe scanning tunneling microscopes (QP-STMs) 

have also been developed to measure local electrical conductivity more directly without the 

ambiguity of the contact resistance between each probe and the sample [15-17]; i.e. by 

implementing a van der Pauw method using QP-STM. 
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Figure 5.1 (a) Schematic illustration of the principle of a MP-SPM; (b) Quadrupole (QP)-SPM images (1010 

μm2) simultaneously obtained with four probes in the “search” phase, when probes approach each other 

[18]; (c) “Stitch” phase when the four images from (b) are superimposed, allowing the probe-to-probe 

relative positions (marked with red, green, blue and black dots, respectively) to be determined. 

 

5.1.1 Multiple-Probe Atomic Force Microscopes (MP-AFMs) 

However, an MP-STM cannot be used on insulating substrates since current must flow through 

the substrate to control the probes. This can be solved by adding AFM functions to each probe. 

The MP-AFM used in this study is a home-built system (Figure 5.2) from the Nano Functionality 

Integration Group at National Institute for Materials Science (NIMS) in Japan. 

 

Figure 5.2 (a) External view of the home-bulit MP-AFM system; (b) Photograph of configuration inside the 

sound isolation box; (c) Photograph of measurement stage of the MP-AFM, with four probes mounted, inside 

the vacuum chamber. 
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As introduced in chapter 2, in a conventional AFM an optical system (using laser beam 

deflection and a position-sensitive photo-detector) is implemented to measure the force exerted 

on the probe, usually through the bending of a cantilever. If an MP-AFM uses this kind of 

conventional set-up, to ensure the independence of each probe several separate optical systems 

moving together with the corresponding probe would need to be implemented. Such a set-up has 

been realized in a double-probe AFM (DP-AFM) [8, 19]. In the case of a quadruple-probe AFM 

(QP-AFM), it would be much more difficult to design and then operate the system with four 

separate optical systems. Therefore, a better suited method for QP-AFM implementation is via 

electrical self-detection force sensors [20-22]. More specifically, a quartz tuning fork [23] 

detects the deflection of one of its prongs by monitoring the resulting piezoelectric current; this 

is a well-established method for performing force microscopy.  

 

5.1.1.1 QP-AFM with Tuning Fork Probes 

Due to the disadvantages introduced by using optical deflection techniques in dark environments 

and at low temperatures in limited space, tuning fork probes (TFPs) have already been developed 

and applied as standard force probes for frequency modulation-AFM (FM-AFM) [24]. However, 

for the case of QP-AFM, four probe apexes need to approach each other to achieve simultaneous 

parallel imaging of the same area as shown in Figure 5.1 (b). With commonly used TFPs, the 

metal tip attached to the prong of the tuning fork is too short (1 mm or less) to allow this approach, 

see Figure 5.3 (a,1). To resolve the issue, our collaborators T. Nakayama et al. (NIMS, Japan) 

devised a TFP with a long metal tip called an angled long-tip tuning fork probe (AltTFP) [25]. 

Figure 5.3 (b) shows the principle of the AltTFP, in which the upper prong of a tuning fork is 

glued on a stem while an electrochemical sharpened and Au/Pd (Au 60 wt%, Pd 40 wt%) coated 

tungsten rod (Φ = 0.1 mm, L = 3-4 mm) is attached at the end of the lower prong at an angle of 

60°. As can be seen in Figure 5.3 (a, 2), this angled long-tip makes the tip apex farther away from 

the prongs of the tuning fork; thus, the minimum approach distance between probes can be 

reduced to ~ 20 nm. Interestingly, the attachment of such long metal probes also enables 

switching between different resonant modes, as shown in Figure 5.3 (c). Three resonance 

frequencies correspond to the 1st, 2nd, and 3rd modes [25]. 
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(a) 

     
(b)                                                     (c) 

Figure 5.3 (a) (1) Configuration of TFPs with short tip and (2) long angled tip when the apex of each tip 

approaches close to the other tips; [18] (b) An electrochemically etched tungsten wire with a length of 

approximately 4 mm is attached on a prong of a tuning fork (spring constant 1.8 kN/m, eigenfrequency F0 = 

32.768 kHz, typically)  at an angle of 60
°
 to the longitudinal direction of the prong [25]; (c) Simulated signal 

intensity detected on tuning fork as a function of excitation frequency, in which three resonance peaks 

appear as indicated by arrows [25]. 

 

AltTFP exhibits three characteristic flexural modes with different resonance frequencies (1st 

mode: 3.3 kHz, 2nd mode: 11.5 kHz, 3rd mode: 28.9 kHz) as shown in Figure 5.4 (a) [25]. All 

three flexural modes could be utilized for FM-AFM imaging; in particular, here, in the case of 

QP-AFM, each AltTFP was operated in the 2nd mode. That means that the oscillation direction 

of the tip apex was almost parallel to the surface even though the vibration direction of the stem 

prong was perpendicular to the surface (Figure 5.4 (b)), which is in the manner of dynamic lateral 

force microscopy [26].  

The frequency shift ∆f depending on the vertical position of the probe, z, measured on a flat Si 

(001) surface is shown in the inset panel of Figure 5.4 (b). In contrast to a frequency modulated 

Non-Contact AFM, the ∆f-z curve does not show a negative ∆f, hence it is monotonically defined. 

Therefore, the tip must be brought in  closer proximity to the surface to maintain sufficient 

feedback signal intensity [25]. 
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Figure 5.4 (a) Simulated images of AltTFP oscillating in each flexural mode when the upper prong was 

mechanically vibrated with an amplitude of 25 nm perpendicular to the longitudinal direction of the prong. 

Note that the apparent displacement is scaled up so that the amplitude of the tip apex is 0.6 mm [25]; (b) 

SEM image of the tip oscillation behaviour of an AltTFP excited in the second flexural mode [18], with ∆f vs 

tip height (∆f-z) curve obtained on Si (001) clean surface in UHV as in inset. The zero point in z shows the 

feedback set point immediately before the measurement of the ∆f-z curve. 

 

5.1.1.2 Resistivity Measurements using QP-AFM 

Generally, to measure the sheet resistance of certain 2D or thin films, the van der Pauw method 

[27] was adopted by forming electrical contacts with four metal probes at the edge of the sample. 

For micro/nano-scale flakes, such measurements were performed by fabricating electrodes using 

top-down lithographic processes. In contrast, one advantage of the QP-AFM is that it can 

potentially probe the intrinsic electrical properties with less damage to the sample and accessing 

multiple regions of the sample in a flexible way without the need to permanently change the 

sample to do so. This is important, especially when measuring materials whose properties are 

completely unknown. 

When using QP-AFM to perform a van der Pauw measurement, for instance, four probes can 

achieve resistivity measurements even on flakes a few nanometres in size. Each probe makes 

contact to the edge of the flake using its piezo actuator. Ohmic contact is confirmed between 

each pair of probes in contact with the sample flake before the measurements being conducted. 
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5.1.1.3 MP-AFM with other functions: Kelvin probe force microscopy (KFM) 

One of the benefits of the AFM function of the MP-SPM is that many SPM techniques for 

mapping various surface properties are based on AFM [28-30]. Among these applications, KFM 

based on FM-AFM is the most widely used technique to study the electronic properties of 

different materials, including metals and semiconductors, as well as semiconductor-based 

devices. 

Fundamentals of KFM 

In particular, KFM can be used for high-resolution surface potential mapping by measuring the 

contact potential difference (CPD) between the sample surface and the AFM tip, and thereby the 

work function of a sample, with high spatial resolution. The CPD is defined as: 

𝑉𝐶𝑃𝐷 =
𝜙𝑡𝑖𝑝− 𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
                                                                            (5.1) 

where 𝜙𝑡𝑖𝑝 and 𝜙𝑠𝑎𝑚𝑝𝑙𝑒 are the work functions of the tip and sample, respectively; and e is the 

electron charge. When the AFM tip is in close proximity to the sample surface, an electrostatic 

force is generated between the tip and sample surface due to the differences between their Fermi 

energy levels and work functions. Upon electrical contact, electrons will flow from the lower 

work function material to the higher work function material to align their Fermi energies and the 

system will reach a charge equilibrium state as shown in Figure 5.5 (b).  

Consequently, the surfaces of both the sample and the tip will be charged; thus VCPD will be 

established, resulting in an electrostatic force applied between the tip and sample. As shown in 

Figure 5.5 (c), this force can be cancelled by eliminating the surface charge in the contact area 

and subsequently the CPD can be compensated under an external DC voltage (VDC) with the 

same magnitude as VCPD but with opposite polarity. Therefore, the magnitude of VDC is recorded 

at each point during a KFM measurement, which is then used to calculate the work function of 

the sample from Equation (5.1) if the tip work function is known. 
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Figure 5.5 Electronic energy levels of the sample and AFM tip for three cases: (a) tip and sample are 

separated by distance d with no electrical contact, (b) tip and sample are in electrical contact, and (c) 

external bias (Vdc) is applied between tip and sample to nullify the CPD and, therefore, the tip-sample 

electrical force. Ev is the vacuum energy level. Efs and Eft are Fermi energy levels of the sample and tip, 

respectively [31]. 

 

Formalism of KFM 

KFM is a “two-pass” technique, where each line of the AFM frame is scanned twice. Surface 

topography is measured in a "pass 1" scan, after which the probe is lifted (to reduce the influence 

of short-range forces) and in "pass 2" the magnitude of the electrostatic interaction (of longer 

range) with the sample is measured by repeating the trajectory measured in "pass 1". Besides the 

DC voltage (VDC) that was discussed above, an AC voltage (VAC) is also applied, generating an 

oscillating electrical force between the AFM tip and sample surface: 

𝑉 = 𝑉𝐷𝐶 + 𝑉𝐴𝐶 sin(𝜔𝑡)                                                          (5.2) 

The electrostatic interaction energy of the tip with the sample is: 

𝐸 =
𝐶∆𝑉2

2
                                                                            (5.3) 

Where C is the capacitance between tip and sample surface, and ∆𝑉 =  𝑉 − 𝑉𝐶𝑃𝐷 is the potential 

difference between VCPD and the voltage applied to the AFM tip. This capacitance depends on 

the z-distance between the tip and sample. Therefore, the z-component of the electrostatic force 

acting on the tip is given by: 

𝐹𝑧 = −
𝜕𝐸

𝜕𝑧
= −

𝜕𝐶

𝜕𝑧

∆𝑉2

2
                                                        (5.4) 
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In this case, the derivative is negative as in the case of FM-AFM the electrostatic force is an 

attractive force. Substituting ∆𝑉 in Eq. (5.4) gives the expression for the electrostatic force 

applied to the AFM tip: 

𝐹(𝑧, 𝑡) = −
1

2

𝜕𝐶

𝜕𝑧
[𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷 + 𝑉𝐴𝐶 sin(𝜔𝑡)]

2
                    (5.5) 

The equation can be divided into three terms, distinguishing the part FDC that is independent of 

frequency 𝜔, from the first and second harmonics in 𝜔 [31]: 

𝐹𝐷𝐶 = −
1

2

𝜕𝐶

𝜕𝑧
(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)

2
                                               (5.6) 

𝐹𝜔 = −
𝜕𝐶

𝜕𝑧
(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷) 𝑉𝐴𝐶 sin(𝜔𝑡)                                      (5.7) 

𝐹2𝜔 = −
1

2

𝜕𝐶

𝜕𝑧
[𝑉𝐴𝐶 sin(𝜔𝑡)]2 = 

1

4

𝜕𝐶

𝜕𝑧
𝑉𝐴𝐶

2 [cos(2𝜔𝑡) − 1]          (5.8) 

FDC (Eq. (5.6)) results in a static deflection of the AFM tip reflecting the topography of the 

sample surface. Fω with frequency 𝜔 (Eq. (5.7)) is used to measure the CPD, while nullifying 

𝐹𝜔 by externally applying 𝑉DC = 𝑉𝐶𝑃𝐷 at any point of a scan can be used to extract information 

about the work function using Eq. (5.1). The third component, 𝐹2𝜔, can be used for local 

dielectric constant, local capacitance microscopy [32], which will not be used and discussed in 

this thesis.  

Since the AFM tip can scan samples at the nanoscale, the work function of each pixel on the 

sample can be determined by KFM resulting in mapping the work function of a sample at an in-

situ spatial scale that is comparable to the resolution of the AFM image.  

Here an MP-AFM was used to, first, obtain images of ReS2 flakes mechanically exfoliated on 

SiO2/Si, after which two probes were used for current injection within the material, while another 

probe performed surface potential mapping with KFM to determine the surface potential 

distribution induced by the current passing through the material. In this way, anisotropic effects 

in transport through ReS2 were investigated and revealed. 
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5.2 Experimental Procedure for Characterization of ReS2 Flakes 

5.2.1 Optical Observation of Exfoliated ReS2 Flakes 

ReS2 flakes were prepared by the improved mechanical exfoliation method introduced in section 

2.1.1.1. Afterwards, an optical microscope was used to search for flakes of suitable size using a 

combination of 5x, 20x, 50x and 100x objectives. Inspection by optical microscopy shows the 

successful transfer of few-layer ReS2 flakes onto the SiO2/Si substrate (Figures 5.6 to 5.8). 

Interestingly, the morphology of exfoliated thick or thin ReS2 flakes exhibit polygonal edges, 

zig-zagging with alternating angles of  ~ 60° or 120°, as shown in Figure 5.6 (a-c). This matches 

the angles between the a and b axes (61.03° or 118.97°, respectively) of this 2D crystal [33-36] 

with high accuracy (see also section 1.2.3). This was suggested to be caused by the fact that the 

breaking strength is weakest parallel to these two axes, which are the two most strongly bonded 

orientations in this low symmetry crystal [1]. Therefore, such edges, which can be mapped onto 

quadrilateral shapes with 60° or 120° inner angles, are expected to align to a large extent with the 

a or b axes of ReS2.  

 

Figure 5.6 Optical images of ReS2 flakes of different thicknesses, prepared by the modified exfoliation 

method. Several edges and transitions between regions of various thickness within a flake reveal clear 60
°
 

and 120
°
 changes in angle, depicting breaking along the a and b axes of the 2D crystal. Colour coding 

describes flake thickness in decreasing order: gold, light blue, blue, dark purple.  

 

120°

120°60°

60°

(a) (b)

(c)
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5.2.2 Determination of Structural Anisotropy in ReS2 Flakes 

Although more than 60~70% of the specimens have edges showing these two angles, flakes can 

still have edges of irregular shape at the macroscopic level, as seen on both the thick, multi-layer 

flake (golden) and the few-layer one (dark blue) shown in Figure 5.6 (a). Moreover, even when 

well-defined 60° or 120° inner angle edges are present, it is still necessary to identify whether an 

edge’s orientation is along the a or the b axis.  

To positively identify the direction of the b axis within a flake, angle-dependent polarization 

Raman spectroscopy (section 1.2.3) was used. Hence, the flake sample was incrementally rotated 

in-plane over 360°, under a 532 nm laser with fixed linear, in-plane polarization, and Raman 

spectra were taken (in the backscattering geometry) as a function of the angle θ between the 

incident polarization and a direction related to one cleavage edge. As discussed in section 2.2.1, 

the vibrational mode V, containing in-plane vibrations of the Re atoms in the direction of the b 

axis together with out-of-plane vibrations of the S atoms [37], is the fingerprint used for the 

identification of the b axis: the angle at which the intensity of mode V is a maximum corresponds 

to the direction of the b axis [38]. Figure 5.7 shows a flake with relatively well-defined edges 

(in (a)), the individual, angle-dependent Raman spectra over the 120 to 250 cm-1 range (in (b)), 

and the resulting polar plot of the intensity of mode V (in (c)), taken at the point indicated by the 

red dot, i.e. in the centre of the region where the flake reaches its minimum thickness. The b axis 

is identified, in this case, as running parallel with the vertical, left edge of the flake. As discussed 

in section 2.2.1, Raman spectroscopy cannot identify the orientation of the a axis, along which 

the carrier mobility reaches its minimum, as no specific vibrational mode is associated with it. 

For this reason, the remaining two in-plane axes, oriented at 60° and 120° relative to the identified 

b axis, remain un-assigned. A different measurement technique, sensitive to the carrier mobility, 

which is strongly angle-dependent (as introduced in section 1.2.3), such as angle-resolved 

electrical transport, needs to be applied in order to identify the a axis.  
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Figure 5.7 (a) Optical image of a ReS2 flake with well-defined edges. Colour coding of regions of decreasing 

thickness: golden, light blue, blue, dark blue. Raman measurements were taken on the dark blue part of the 

flake (position marked with a red dot). (b) Polarized Raman spectra as a function of sample orientation 

angle. 0
° 

corresponds to the sample orientation shown in (a), i.e. parallel to the vertical edge of the flake; (c) 

Angle-resolved Raman intensities of mode V, at around 212 cm-1, showing that the maximum intensity 

occurs at 0
°
, from which it can be deduced that the b axis runs parallel to the vertical edge of the flake, as 

indicated in (a). 

 

Figure 5.8 shows how Raman spectroscopy can identify thin and thick regions, marked as “1” 

and “2” on the optical image (a), respectively, that belong to the same original crystalline domain: 

their corresponding polar Raman plots shown in (b) are almost identical, and indicate that both 

regions have the same orientation of the b axis.  

v
(b) (c)

(a)

b

1
8
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8
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Figure 5.8 Angle-resolved Raman plots of intensities of the V mode of ReS2 for two regions of different 

thickness within the same flake. (a) Optical image of the flake: thicker region, blue, marked with “1”; thinner 

region, dark purple, marked with “2”. Corresponding polar plots in (b) show that the two regions, “1” and 

“2”, have the same orientation of their b axes, corresponding to angle 0
°
, and, thus, originate from the same 

crystalline domain. The red dots designate the positions at which the spectra were collected. 

 

5.3 Anisotropic Electron Transport in ReS2 Measured locally with MP-AFM 

5.3.1 Angle-Dependent Conductance in ReS2 using Probe-based Injecting Contacts 

5.3.1.1 Experimental Results 

In section 1.2.3, previous experiments addressing the in-plane anisotropic conductivity/mobility 

of ReS2 (ReSe2) and its relationship to the b and a axes of the material were reviewed. It is 

apparent that to date a clear consensus regarding the magnitude of this anisotropic effect does 

not exist, with conflicting reports emerging from both experiments and theory.  

The majority of experiments used field effect transistors (FETs) to control the type of carriers 

and magnitude of channel conductivity, and the carrier mobility was determined from gate-

induced modulation of the conductivity. In such experiments, to measure the angular dependence 

of conductivity/mobility, track-based electrodes, with widths of ~ 700 nm and spacing between 

opposite contacts in the range of a few microns, were created in a radial pattern (such as in Figure 

1.13). In such cases, ratios of maximum (b-axis aligned) to minimum (a-axis aligned) 

conductivities were, typically, ~ 3; while the conductivity polar plots obtained were very broad, 

in disagreement with some of the theoretical predictions which showed much larger mobility 

anisotropy ratios, e.g. 3:0.3 between the b and a axes, leading to much sharper polar plots [1]. 

In another report, substantial experimental anisotropic conduction behaviour, with a maximum-

to-minimum conductivity ratio of about 7.5, was correlated directly to the observation under 

HRTEM of the b and a axes of mono- and few-layer ReS2 (ReSe2) [2]. Comparing these 
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experiments, it is reasonable to assume that placing track electrodes along a circumference, 

circling the probed ReS2 (ReSe2) layer area, can affect the determination of the true anisotropic 

conductivity ratios. 

In order to try and resolve these contradictions, two probe-based injection contacts, instead of 

lithographically-defined electrodes, were used in an MP-AFM experiment (Figure 5.9): hence, 

one of the probes (P1) made a fixed contact with the central region of a flake, while the other 

probe (P2) was moved around the first one on a circular arc as shown in (c), the distance between 

the probes (i.e. the radius of the arc) being in the micron range. The incremental angular step 

between two consecutive measurements was typically 5°, leading to an unprecedented angular 

resolution in conductivity measurements on ReS2. The accessible angular range for the 

measurements was limited by the dimensions of the flake, as well as the physical dimensions of 

the probes. The orientation of the b axis is as deduced by Raman spectroscopy in Figure 5.7. 

 

Figure 5.9 Positioning of probes of a MP-AFM for performing angular-dependent conductivity 

measurements on a ReS2 flake. The search and stitch procedure based on AFM scanning (a) results in the 

positioning of probes P1 and P2 as shown in (b). For performing current injection, P1 is kept fixed, while P2 

moves on an arc of radius R = 3 m around P2. (c) Optical image of the flake imaged by AFM in (a-b). The 

accessible angular range is shown. The b axis, as determined from Raman (Figure 5.7) runs along the long 

edge of the flake.  

 

The pre-requisites for achieving meaningful measurements with the MP-AFM are (i) to achieve 

an ohmic contact between the local probes and the sample surface (or, at least, to avoid non-

linear, electric field-dependent conductance in the range of bias voltages used), (ii) the probe 

contact with the sample needs be stable in time over the duration of the voltage sweep, and (iii) 
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the contact resistance across various points of contact within the measurement series needs to be 

reproducible.   

Figure 5.10 shows an example of a current-voltage (I-V) curve taken on the flake shown in 

Figure 5.9, for an inter-probe distance of 3 m: this is linear over the bias range used for Au/Pd 

alloy-coated probes in contact with the ReS2 flake. Four consecutive measurements, in which P2 

was lifted and then the flake was re-contacted, gave slopes for the I-V curves that match within 

~ 10%. The reproducibility of the I-V curves over several consecutive measurements 

demonstrated the reproducibility of the contact between the probe and the surface of the flake. 

Another test for the reliability of the measurements was to compare angular sweeps in both 

clockwise and anti-clockwise senses. During this time the z-piezo position of P1 was monitored 

to remain constant, and small compensations were applied when that was found to have slightly 

drifted.  

To give an order of magnitude, overall resistances of the order 107 Ohms were determined, which 

is the sum of the resistance through the ReS2 material and the contact resistance of the two probes 

with the flake. This large resistance may reflect both the intrinsic conductivity of ReS2, as well 

as the small contact area of the probes with the material (of the order of ~ 10 nm diameter in this 

measurement). Three-Probe AFM measurements shown in section 5.3.2 enabled Kelvin probe 

imaging with one probe, while current was established between the other two probes; in this way 

surface potential maps and potential drops unaffected by the contact resistance could be 

determined in the region between the two current drawing probes. 

 

Figure 5.10 Typical, linear two-probe I-V curve obtained on the flake shown in Figure 5.9. The probe-to-

probe distance was 3 m.  
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Figure 5.11 displays the polar plot of two-probe current measured in the geometry shown in 

Figure 5.9 (c). Salient features of the measured angular dependence are: (i) it is sharply peaked 

around the b axis of the flake, (ii) local maxima are noted when moving towards ± 30º relative 

to the b axis, (iii) the current drops faster going towards 30º (anti-clockwise) than towards 30º 

(clock-wise), and (iv) the current varies by a factor of ~ 5 between the highest and lowest values 

measured. This immediately demonstrates that, as expected, the direction of maximum 

conductance is parallel to the b axis of the 2D crystal (whose orientation was determined by 

Raman spectroscopy in Figure 5.7 (c)); and allows one to establish the direction of the a axis 

(impossible to determine by Raman measurements alone) as being located at 60º in the angular 

range with the sharpest conductance drop (as indicated in Figure 5.9 (c)).  

 

Figure 5.11 Angular dependence of the current measured across a ReS2 flake using two-probe geometry, as 

depicted in Figure 5.9 (c). The inter-probe distance was 3 m, while the applied potential difference was 0.1 

V.  (a) linear representation, (b) polar plot.  

 

5.3.1.2 Simulations of Angle-dependent Current by Finite Element Analysis 

Several series of simulations were performed to understand the effect on the angular dependence 

of the conductance of various parameters such as (i) inter-probe distance, (ii) contact area 

diameter, (iii) finite size geometry of the flake, and (iv) differences between measuring 

conductance with local probes as opposed to lithographically-defined electrode tracks.  

In the following simulations, to describe the carrier transport through ReS2 we used a simple, 

Ohmic conduction model. In this case, the current density through the ReS2 flake relates to the 

electric field distribution within the flake through a conductivity tensor: 
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𝐽 = 𝜎�⃗�                                                                                   (5.9) 

𝜎 = 𝑛 ∙ 𝑒 ∙ 𝜇𝑒                                                                          (5.10) 

𝐽  is the current density, �⃗�  is the field, and 𝜎 the conductivity tensor (see Appendix), while 𝑛 is 

the carrier concentration, 𝑒  the electronic charge and 𝜇𝑒  the electron mobility tensor. The 

conductivity tensor takes into account the anisotropy of the material, and is related to the 

anisotropic mobility through the proportionality factor shown in relation (5.10). The use of the 

Ohmic conduction model is justified here as at low bias voltages the current-voltage dependence 

is linear (see Figure 5.10), meaning that any field effects present at the contact/ReS2 interface 

are negligible in the bias range considered, and the carrier density within the inter-probe regions 

of ReS2 does not vary spatially. For this reason, a description of transport using a drift-diffusion 

equation is not necessary in the first approximation. The implementation of relation (5.9) in an 

arbitrary 2D geometry was realized using the AC/DC module in COMSOL Multiphysics 

software (see Appendix). This is a finite element analysis approach valid within a continuum 

model approximation which is justified here as an atomistic description is not required. An in-

plane mobility anisotropy as theoretically calculated in [1] was used in the calculations, i.e. ratios 

of 10:3:1 were used between the mobilities along the b axis, at angle -30º (clockwise), and 

the a axis (+60º rotated, anti-clockwise), respectively (see Figure 5.13).  

Figure 5.12 shows a generic set-up for the simulations using local probes. A rectangular slab of 

x  y= 10 6.5 m2, with a thickness of z = 0.7 nm (approximating the real thickness of a 

ReS2 monolayer) was used; a fixed probe was placed on top of the slab, in the centre of it, while 

the second probe was moved in a circular arc around the first probe.  is the diameter of the 

contacts made by the probes with the flake, while L is the inter-probe distance. A potential 

difference Vbias = 0.1 V was applied between the two probes, in keeping with the experimental 

measurements from Figure 5.11.  

 

Figure 5.12 Generic set-up for simulation of angular dependence of current with two local probes placed on 

top of a rectangular slab.   

L

x

f
y

z



110 

 

 

Figure 5.13 shows a simulated current angular dependence for L = 3 m and = 10 nm, together 

with the theoretical angular variation of mobility used in the simulation [1]. The b axis of ReS2 

is taken as the origin of the angle  in the angular plot, i.e.  = 0º. The simulated angular plot 

reveals several generic features. It is clear that the maximum current is along the b axis; and that 

the angular dependence of the current broadly follows that of the mobility, with the sharpest 

decrease when moving anti-clockwise, towards the a axis (located at  = 60º), and a more 

gradual variation when moving clock-wise, towards the third, intermediary axis of ReS2 (located 

at  = 300º). The maximum-to-minimum current ratio is about 1.6, less than that measured with 

lithographically-defined electrode tracks. The minimum current is not obtained at  = 60º and 

 = 240º, where mobility reaches its minimum, but at  = 90º and  = 270º instead. Comments 

on this will be provided in the following sections.   

 

Figure 5.13 Simulated angular dependence of current, for L = 3 m,  = 10 nm, and Vbias = 0.1 V.    

 

Series 1 

The inter-probe distance was kept constant at L = 3 m, while the contact diameter  was varied 

as 2, 5, 10, 20, 50, 100 and 300 nm. Figure 5.14 (a) shows how decreasing the inter-probe 

distance impacts on the anisotropy of the measured current: this increases with decreasing the 

distance between the probes. This is revealed more readily in Figure 5.14 (b) where the curves 
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from Figure 5.14 (a) are normalized the maximum current, i.e. the one obtained at  = 0º, along 

the b axis. 

 

Figure 5.14 Simulated current angular dependence, for a series with L = 3 m and  varying as in the legends.  

(b) shows the curves from (a), normalized to the maximum current, obtained along the b axis, i.e.  = 0º. 

 

Series 2 

The probe contact diameter was kept constant at  = 10 nm, while the inter-probe distance L 

was varied as 10, 20, 50, 200, 500 nm, and 1, 2, and 3 m. Figures 5.15 (a-b) confirm the trend 

seen in Figure 5.14: when the ratio between the probe contact diameter and the inter-probe 

distance increases, the measured current anisotropy also increases.  

 

Figure 5.15 Angular dependence of current obtained for a series with constant diameter  = 10 nm and L  

varying as in the legend. (a) absolute values (b) normalized to the maximum current.  

 

Figure 5.16 shows the maximum-to-minimum current ratio obtained for  = 10 nm and L 

varying as in Figure 5.15. This is highest at small probe separations, decreasing sharply with the 
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inter-probe distance at first, then varying slowly at intermediate distances; and then increasing 

slowly when the inter-probe distance reaches the m range, presumably due to the finite size of 

the slab coming into play. 

 

Figure 5.16 Maximum-to-minimum current ratio, for a series with constant probe diameter  = 10 nm. 

 

Series 3 

Next, the effect of the finite shape of the probed ReS2 flake and vicinity of its edges was 

investigated. Hence, simulations using the rectangular slab geometry shown in Figure 5.12 were 

compared with simulations performed on the real size flake from Figure 5.9 (c). For this, the 

geometry of the real flake was captured by tracing its photograph and meshed using the 

“Extremely fine” preset of the AC/DC Module of COMSOL Multiphysics, as shown in Figure 

5.17 (see also Appendix). The meshing is adaptive, so that the finest mesh was used around the 

AFM probes and the angular features of the flake. 

 
Figure 5.17 Imported geometrical contour of the probed flake from Figure 5.9, and its meshing.  
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Figure 5.18 compares the current polar plots for the two cases, rectangular vs real flake-shape 

slabs: one can see that the proximity of edges on both sides of the flake introduces small local 

maxima, deviating from the smoother variation obtained for the rectangular slab. These local 

maxima are reminiscent of the local maxima seen in the experimental data from Figure 5.11. 

This demonstrates that the exact geometry of the probed flake does influence the current angular 

profile and the measured anisotropy in real devices. 

 

Figure 5.18 (a) Current polar plots for probes with   = 10 nm, placed at L = 3 m away from each other on 

a rectangular slab with x  y= 10 6.5 m2, as shown in Figure 5.12, and on a slab with the geometry of 

the real flake, as captured from the optical image in Figure 5.9. (b) linear plots corresponding to (a). 

 

Series 4 

Finally, simulations were used to compare the current anisotropy when using local probes, as in 

this work, with the anisotropy resulting from using track-type electrodes, as described in device-

based measurements [1, 2, 39].  

Figure 5.19 depicts the various geometries used for this comparison: (a) multiple, radially-

disposed pairs of electrode tracks (as used, for example, in references [1, 39]), (b) a single pair 

of electrode tracks, and (c) two local probes. A slab in the form of a disk of 7.5 m diameter was 

used as the basis for the simulations. The tracks were 700 nm wide and 1.5 m long, while probes 

had a diameter  of 10 nm. Inter-probe distance or spacing between diametrically-opposed 

tracks was 4.5 m. 6 pairs of electrodes were used in the multi-electrode simulation, in order to 

mimic the experimental geometry used in reference [1]. In an experiment designed to measure 

the current angular variation, floating electrode tracks will always be present while current 

passes between a given pair of tracks.  
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Figure 5.19 Three geometrical configurations (parameters given in text) for comparative simulations: (a) 

with multi-pair, radial tracks mimicking the work in [1], (b) a single pair of tracks, and (c) two local probes.  

 

Figure 5.20 compares the resulting current angular plots for the three geometries shown above. 

The geometry (b), with the single pair of electrodes, yields the largest anisotropy, with the 

current minimum obtained at  = 60º and  = 240º relative to the b axis, i.e. along the a axis. 

Compared to this, the multi electrode geometry (a) greatly reduces the anisotropy, which hence 

reveals the effect of the floating electrodes. The two-probe geometry from (c) also gives less 

anisotropy as the local probes have the ability to collect current from all angles and all around 

their contact area. A simulation was also included for a probe geometry where the diameter of 

the disk was 13 m, in order to provide a situation without edge effects. This further reduces the 

anisotropy contrast. 

All these cases show that if, in a measurement, electrodes have a geometry that can couple with 

the anisotropy of the material, i.e. they are longitudinal tracks as opposed to local, geometrically 

isotropic probes (or disk-like electrodes), the measured anisotropy increases. The higher the 

aspect ratio of the electrodes, the larger the measured current anisotropy. In contrast, locally-

isotropic probes give results that are less dependent on the device geometry, while the measured 

anisotropy decreases. 
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Figure 5.20  Comparison between various current angular dependencies for (i) two diametrically-opposed 

tracks (green), (ii) 6 pairs of diametrically-opposed tracks (blue), where one pair is used to establish 

current, while the others are left floating, and (iii) two local probes (black); probes and tracks are separated 

by the same distance of 4.5 m. Additionally, (iv) shows the case of two local probes on a larger disk, of 13 

m diameter (red). (a) un-normalised values of current, (b) values normalised to the maximum angular 

current. 
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a high aspect ratio can couple with the anisotropy in conduction of ReS2 much more readily, 

resulting in larger measured anisotropy ratios. 

Local probes couple the least with the anisotropy of the material due to their own shape isotropy. 

Consequently, the measured current anisotropy is the lowest, but it is also least influenced by 

the geometry of the probes. This is in contrast to the situation in devices with lithographically 

designed electrodes, where the measured current anisotropy strongly depends on the geometry 

of the probing electrodes. This aspect needs to be recognised when designing device layouts on 

such anisotropic materials. 

Edges of actual ReS2 flakes do affect the angular dependence of the measured current, inducing 

a fine structure (e.g. local maxima). Qualitatively this supports well the experimental data from 

this work, where due to unprecedented angular resolution of the measurements local minima 

could be determined on the current angular dependence (Figure 5.11). Consequently, finite sizes 

and presence of edges need to be taken into account in the design of real devices.  

The experimental data covered in this work (shown in Figures 5.11 and 5.22 (b)), or published 

in other works [1, 2] appear to give maximum-to-minimum current ratios, or (FET-based) 

angular dependencies of mobilities that are larger than what was obtained here with the 

formalism used in the simulations. It is unclear at present whether this results from considering 

ReS2 as a conductor following Ohm’s law, i.e. with a carrier density that does not depend on 

position. Future simulations might need to employ the drift-diffusion equation to describe effects 

due to a spatially-dependent carrier density. 

The anisotropy measured here with the QP-AFM is large, with a maximum-to-minimum current 

ratio of 5 for the data from Figure 5.11, and a very sharp angular dependence which is much 

sharper than in the device-based experimental data from ref. [1]. Given the fact that local probes 

should in fact decrease the measured anisotropy (as revealed by the simulations above), it is very 

likely that the anisotropy measured in this work is enhanced by additional physical mechanisms. 

Indeed, reasons for increased anisotropy can be strain present in the flakes [40], or structural 

changes, such as Re chain bunching [2]. Both can lead to increased conductivity along the b axis.  

 

5.3.2 Surface Potential Distributions under Current Injection via Local Probes 

5.3.2.1 Kelvin Probe Microscopy with Three Probe-AFM 

Figure 5.21 shows two other ReS2 flakes for which the orientation of their b crystallographic 

axes was determined by Raman spectroscopy. A full angular dependence plot of the intensity of 
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the V mode was recorded on region 1, the thinnest, of the top flake, and shown in Figure 5.21 

(b). Raman spectra on the three directions a, intermediary and b, as determined from region 1 of 

the top flake, were then taken on region 2 of the top flake, and region 3, on the bottom flake. The 

relative intensities of the V mode, shown in Figure 5.21 (c), demonstrate that all these regions, 

1 to 3, originate, in fact, from the same crystallographic domain. Additionally, based on their 

colour appearance, they also have the same thickness, prospectively assigned as about 2 or 3 

ReS2 layers. 

 

Figure 5.21 (a) Optical images of two ReS2 flakes. The regions marked with 1, 2 and 3 have the same 

thickness and originate from the same crystallographic domain as shown by their common orientation of 

the b axis. (b) Raman angular plot of the intensity of the V mode measured on region 1 of the top flake. 

Highest intensity corresponds to the b axis. (c) Raman spectra taken on regions 2 (top flake) and 3 (bottom 

flake) along the three 60
º
–separated axes. The direction with the highest V mode intensity is that of the b 

axis, and is the same on all three probed regions.  

 

As noted before, Raman spectroscopy allows one to assign only the orientation of the b axis, and 

to assign orientations to the a and intermediary axes, current-voltage measurements needed to 

be taken along all the three axes. This has been performed on the bottom flake (Figure 5.22 (b)), 
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which was then subjected to simultaneous current injection and surface potential mapping by 

Kelvin probe microscopy. Figure 5.22 (a-b) also show that the current injection within the flake 

by the Au/Pd alloy-coated probes takes place with an Ohmic contact (on the bias range over 

which measurements were taken).  

 

Figure 5.22 (a) Generic I-V curve obtained between probes 1 and 2 when making contact with the bottom 

flake from Figure 5.21, demonstrating Ohmic contact.  (b) I-V curves taken along the three axes within 

region 3, allowing one to assign the a and intermediary axes as being the ones with the highest, and 

intermediary path resistances, respectively. Axis b, determined by Raman, has the lowest resistance. In all 

three measurements the inter-probe distance was kept the same, and a constant force between the probes 

and the ReS2 surface was ensured. 

 

To gain insight into the current transport within the ReS2 films and how the material’s anisotropy 

affects it, we performed a three-probe experiment where a potential difference, of typically 2 V, 

was applied between probes 1 and 2, while probe 3 created an image of surface potential via 

KFM imaging in a region well inside the space delimited by probes 1 and 2 (Figure 5.24 (a) and 

Figure 5.25 (a)). Typically, probes 1 and 2 were kept about 3 m apart, while probe 3 imaged a 

1 1 m2 area centred within this space. Such imaging was performed in two experiments, where 

the current injection took place along (i) the intermediary axis, of intermediary conductivity 

(Figure 5.24), and (ii) the b axis, of highest conductivity (Figure 5.25), respectively. A potential 

difference of 2V was applied between probes 1 and 2 in both cases. Figure 5.23 shows that, once 

established, the current could be kept constant over the duration of such Kelvin probe mapping; 

this was important in allowing measurement points on the surface potential map to be 

comparable with each other. Images had a KFM background in the absence of any current 

injection subtracted from them, so that they reflect the surface potential drop due to current 

injection. 
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Figure 5.23 Current between probes 1 and 2 as a function of time for the two Kelvin mapping experiments 

performed: graph (a) corresponds to Figure 5.24; graph (b) corresponds to Figure 5.25. 

 

Figure 5.24 (a) shows the three AFM images taken with the three probes after the search and 

stitch mode performed with the QP-AFM, as well as the probe positioning during the first current 

injection/surface potential mapping experiment. Probes 1 and 2 injected/drew current along the 

intermediary axis of the flake, while the fast scanning direction of the surface potential image 

shown in Figure 5.24 (b) (taken with probe 3) was also on the direction of the intermediary axis. 

The P1 to P2 inter-probe distance was 3.5 m, for a 1 1 m2 size of the surface potential image. 

Figure 5.24 (b) shows that the dominant orientation of the surface potential gradient in the KFM 

image is towards the a axis of the ReS2 flake, i.e. the axis with the lowest mobility; while the 

first line scan in this image shows a potential drop of about 150 mV.  

 

Figure 5.24 Surface potential mapping during current injection with QP-AFM. A 800 nA current was injected 

under 2V potential difference along the intermediary axis of the bottom flake from Figure 5.21. (a) Surface 

potential (KFM) image, with fast scan direction along the intermediary axis. Orientation of a, intermediary, 

and b axes of ReS2 shown in red. (a) Stitched AFM images with probes position indicated: P1 (cyan) and P2 

(green), separated by 3 m, inject/draw current; P3 (yellow) performs KFM in the 1 x1 m2 area framed in 

yellow. (b) Resulting surface potential map with current injection direction indicated by black arrows. 
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Figure 5.25 (a) shows a similar set-up realized for the second current injection/KFM experiment, 

also on the bottom flake from Figure 5.21 but towards its bottom. In this case, the current 

injection takes place along b, the most conductive, axis, while the fast scan direction of the KFM 

image was perpendicular to the b axis, as shown in Figure 5.25 (b). The recorded surface 

potential shown in Figure 5.25 (b) has a more complex gradient distribution, however, again, the 

dominant direction appears to be along the a, less conductive, axis of the ReS2 flake.  

 

Figure 5.25 Surface potential mapping during current injection with QP-AFM. A 450 nA current was injected 

under 2V potential difference along the b axis of the bottom flake from Figure 5.21, towards is bottom part. 

(a) Stitched AFM images, with probes position indicated: P1 (cyan) and P2 (green), separated by 2.5 m, 

inject/draw current; P3 (yellow) performs KFM in the 1 x1 m2 area framed in yellow. (b) Resulting surface 

potential (KFM) map with current injection direction indicated by black arrows. Fast scan of Kelvin probe 

image is perpendicular to the b axis. Orientation of a, intermediary, and b axes of ReS2 shown in red. 

 

5.3.2.2 Simulations of Surface Potential Distributions by Finite Element Analysis 

The geometry of the actual flake was captured by tracing its photograph as shown in Figure 5.21 

(a), and meshed in a similar way as the flake from Figure 5.17 (see Appendix). This was 

particularly necessary as the flake has a finite geometry and the second Kelvin probe imaging 

was performed close to corners/edges of the flake, which were shown by the simulations in 

Figure 5.18 to affect the current lines distribution. 

With the probe positions established, the approximation made is that the conductance of the 

sample remains constant (independent of operating voltage and current) as for an Ohmic regime. 

A contact diameter for the current carrying probes of 20 nm was considered. The overall circuit 
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then has two unknowns: the total contact resistance (which is here assumed to be split equally 

between the two probes) and a conductivity scale factor, 𝜎0 , that scales the anisotropic 

conductivities along the sample’s three axes. The experimental data yields two pieces of 

information: the total current through the sample for a given applied voltage (and hence the total 

resistance, 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, of the circuit), and the voltage drop between reference locations on the 

sample (which is similarly extracted in the simulation).  

The resulting system can be solved through a simple, stepwise approach. Simulation with an 

initial estimate of contact resistance derived from the measured total resistance (typically 

𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 2/3𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) allows a value to be extracted for the simulated sample resistance, 

𝑅𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 . 𝜎0  is then scaled to give a new 𝑅′𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑  such that 𝑅′𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =

𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑. This, in turn, results in a new value for the potential drop between the reference 

locations, arising from the changes in operating current and 𝜎0 . Comparing this with the 

measured potential drop allows 𝜎0 to be updated once again (since the operating current now 

remains constant). This updates 𝑅𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 , and thus the final contact resistance can be 

determined.  Figures 5.26 and 5.27 show the resulting surface potential maps that correspond to 

the experimental conditions set in Figures 5.24 and 5.25, respectively. Table 5.1 summarises, as 

an example, the fit-produced parameters, 𝜎0 and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡, corresponding to Figure 5.24. 

 

Figure 5.26 Simulated surface potential map corresponding to the experimental configuration shown in 

Figure 5.24: P1 to P2 distance of 3.5 m, 2V across them,  800 nA injection current, and KFM image area of 

11 m2 centred between P1 and P2. Field (potential gradient) lines are indicated with black arrows. Colour 

scale is in V. 
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Table 5.1 Parameters resulting from finite-element simulation using actual flake geometry from Figure 

5.21 (a) and experimental data from Figure 5.24 

Contact resistance 

(each contact) (Ω) 

Conductivity 

scale factor 𝜎0 

Potential across 

first scan line (V) 

Sample resistance (Ω) Total resistance (Ω) 

8.0 x 105 3750 0.14 9.0 x 105 2.5 x 106 

 

 

Figure 5.27 Simulated surface potential map corresponding to the experimental configuration shown in 

Figure 5.25: P1 to P2 distance of 2.5 m, 2V across them, 450 nA injection current, and KFM image area of 

11 m2 centred between P1 and P2.  Field (potential gradient) lines are indicated with black arrows. Colour 

scale is in V. 

 

The simulated images capture the salient features of the experimental images; closer agreement 

is not sought at this point. In both simulations, the field (potential gradient) lines rotate towards 

a, the less conductive axis, no matter the direction of the injected current, whether across the 

intermediary axis (as in Figure 5.26) or along b, the most conductive axis (as in Figure 5.27). In 

Figure 5.26, the field direction is predominantly constant across the whole image. In contrast, 

Figure 5.27 is more complex, with the field lines curving towards a direction in the bottom part 

of the image, but then rotating towards b towards the top part of the image, which in this case is 

the direction of current injection. The potential drops across the images also broadly agree with 

the experimental ones, for instance potential drops of about 0.14 V (as shown in Table 5.1) and 
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0.2 V were obtained across the first line scan in Figures 5.26 and 5.27, respectively. Additionally, 

the resistance of the film and the contact resistance appear to be of the same order of magnitude.  

Overall, there is good qualitative agreement between the experimental surface potential maps 

and the simulations by finite element analysis implemented. In the simulations, ReS2 has been 

approximated as a conductor with a carrier density that does not vary spatially or with the voltage. 

For a reason that is currently unclear, the simulations appear to systematically underestimate 

(perhaps) the strength of the anisotropy in the measured current. This underestimation might also 

be present in the simulated surface potential maps, in that the potential gradient lines appear to 

rotate less than experimentally towards the direction of the a axis. An implementation of 

anisotropy in the drift-diffusion equation might improve the agreement and lead to stronger 

calculated anisotropy in transport. 

 

5.4 Conclusions 

Using a QP-AFM we were able to perform local measurements of conductance and surface 

potential mapping under current injection on ReS2, a 2D material with structural and electronic 

anisotropy. Such a set-up offered a flexibility and ability to access various regions of the ReS2 

flakes that cannot be obtained with top-down, lithographically defined electrodes.  

Using two scanning local probes, a current angular dependence with unprecedented resolution 

(~ 5) was measured, revealing for the first time local modulations that were attributed to 

proximity of edges and geometric effects. Such findings are supported by finite-element analysis 

simulations. A strong anisotropy, reflected by a large maximum-to-minimum current ratio and a 

sharp angular dependence, indicates that other structural effects, such as strain or, potentially, 

Re-chain reconfigurations (possibly, current induced) able to create enhanced conductive 

channels, might be at play in this case. 

Surface potential mapping under current injection showed that the potential gradient within the 

film is influenced by the direction of the least conductive a axis. Hence, no matter the current 

injection direction, the dominant direction of the potential gradient tended to align (or rotate) 

towards the a axis. 

These experimental findings were supported by finite-element analysis simulations using the 

AC/DC module in COMSOL Multiphysics software. This implementation considered the ReS2 

slab as a conductor where the carrier density is independent of potential difference applied 

between the probes or position within the semiconductor channel – this is justified in first 
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approximation by the realization of Ohmic contacts between the probes and the ReS2. Though 

the magnitude of the maximum-to-minimum current ratios appear to be underestimated by the 

simulations, these provide important qualitative insight into the dependencies on various 

parameters, and agreed well qualitatively and in trends with the experimental findings.  

Beyond the corroboration of trends with the experimental data, the simulations also offer a guide 

for how design of device configurations on such anisotropic materials needs to proceed. To our 

knowledge, these aspects have not been considered so far in previous works. 

At present the Semiconductor module of COMSOL Multiphysics cannot be used to model 

anisotropic materials such as ReS2. Firstly, its implementation of the drift diffusion equation 

assumes an isotropic, scalar, mobility which cannot represent the low interlayer mobility 

encountered in these materials. Secondly it assumes that the mobility is the same for both the 

drift (field-dependent) and diffusion (concentration-dependent) components of the current 

density. To fully model a material with an angular dependence of mobility, as encountered here, 

requires that the mobility can be separately evaluated for the drift and diffusion components, 

since in general the orientation of the electric field and the carrier concentration gradient will not 

be the same. This would require significant modifications to the COMSOL Semiconductor 

module, or implementation via an entirely custom solver.   
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CHAPTER 6 

A DOUBLE-GATED STRUCTURE ON MULTI-LAYER WSE2 WITH AN STM 

TIP AS A TOP GATE 

A double gated structure involving a traditional back-gate implemented across a SiO2/Si wafer, 

and a scanning probe top gate (within a Scanning Tunnelling Microscope) was realized on multi-

layer WSe2. A custom software procedure was implemented to achieve synchronised scanning 

tunnelling spectroscopy with back-gate ramping / control. Preliminary measurements show a 

degree of control of the Fermi energy within the band-gap.  

 

 

6.1 Fundamentals of Scanning Tunnelling Microscopy (STM) 

Scanning tunnelling microscopy (STM) is, as the name implies, based on the quantum 

mechanical tunnelling effect [1] which is a powerful tool to gain insight into the electronic 

properties of sample surfaces as it essentially probes the distribution of charge density around 

surface atoms [2-5].  

In an STM, an atomically sharp metal tip (generally chemically etched tungsten) is brought into 

close proximity to the (conducting) sample of interest. Three orthogonal assembly piezo-electric 

bars are used to control lateral positioning over the surface to be investigated, and the vertical 

separation between the atomically sharp metallic (W or Pt) tip and the sample surface. Through 

a feedback loop, the tip-surface distance can be precisely regulated within tip-to-sample 

separations below 1nm, typically. At this distance the wave functions of the tip and the sample 

surface begin to achieve sufficient overlap and electrons are able to tunnel through the gap barrier 

based on the tunnelling effect [2, 3]. 

A schematic of the STM implementation is shown in Figure 6.1.  
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Figure 6.1 Schematic diagram of the STM. An orthogonal assembly piezoelectric scanner moves the tip over 

the sample surface. A feedback loop can be used to keep the tunnelling current constant. 

 

The whole STM operation is usually fully computer-controlled and the scanning parameters like 

Vt, It, and the raster speed are set via an interface. For imaging, the STM can be operated in two 

modes: constant current mode and constant height mode (Figure 6.2). In the constant current 

mode, an electronic feedback circuit is used to control the tunneling current. The feedback loop 

is set to a setpoint value, which is then compared with the instantaneous value of the tunneling 

current, to adjust the z position of the tip in order to keep it constant. Then as the tip scans over 

the sample surface, the distance between the tip and the surface is adjusted according to this 

condition, yielding a topographic image of the surface. In the constant height mode, the feedback 

loop is turned off and the tip scans at a constant height over the surface, where the tunnelling 

current is recorded as it varies while raster scanning the sample surface. Generally, the constant-

current mode yields better resolution and the constant-height mode allows faster scanning. 

Moreover, the constant height mode is limited to very flat surfaces and small areas because 

surface defects or contaminations may cause the tip to crash [6]. 
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Figure 6.2 Schematic representation of operation of an STM in constant current vs. constant height modes. 

 

Figure 6.3 depicts the energy band diagrams in the tunnelling junction established between an 

STM tip brought within tunnelling distance to the sample. This representation uses a one-

dimensional description of tunnelling, with the tunnelling barrier oriented along z direction. The 

tunnelling current which is established when a bias voltage is applied across the tunnelling 

junction is a convolution over the (0, eV) range of the electron flow corresponding to each energy 

E and the transmission coefficient T at that energy (i.e. a measure of how many electrons are 

available to tunnel from/to the sample at that energy). The electron flow at energy E is 

proportional to the density of states 𝑔𝑠(𝐸) of the sample at that energy. 

If the bias voltage is small (eV → 0), the situation can be considered as  in the Tersoff-Hamann 

(standard) STM model with the following assumptions [7]: (1) wave function of the tip is a 

spherical s-wave function; (2) The density of states (DOS) of the tip 𝑔𝑡 is constant; (3) At low 

energy E → 𝜀𝑠 (Fermi level of the sample). Then these lead to 

𝐼𝑡 ∝ |𝛹(𝑟0⃗⃗  ⃗)|𝐸=𝜀𝑠

2 = 𝑔𝑠(𝜀𝑠, 𝑟0⃗⃗  ⃗)                                                                              (6.1) 

The tunnelling current 𝐼𝑡 now only depends on the surface charge density of the sample 𝑔𝑆 at 

energy equal to the sample Fermi energy, evaluated at the centre 𝑟0⃗⃗  ⃗ of the tip relative to the 

sample surface. Briefly, according to the Tersoff-Hamann model for small bias voltage, i.e. close 

to the Fermi level of the sample, one obtains that the tunnelling current is proportional to the 

local density of states (LDOS) of the sample measured at Fermi level energy. Local means that 

𝑔𝑆 is a function of spatial dependence. When we measure the tunneling current across the surface, 

we actually map the electronic charge density of the surface. 

Here we use a large bias to image WS2, due to its sizable bandgap. So, the Tersoff-Hamann 

approximation does not apply any longer, as we are not working around the Fermi energy 

anymore. The tunnelling current is then given by: 
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𝐼𝑡 ∝ ∫ 𝑔𝑠(𝐸) 𝑇(𝐸, 𝑒𝑉)
𝜀𝑠

𝜀𝑡
𝑑𝐸 = ∫ 𝑔𝑠(𝐸) 𝑇(𝐸, 𝑒𝑉)

𝑒𝑉

0
𝑑𝐸                                      (6.2) 

While 𝑔𝑠(𝐸) the density of states of the sample, under the integral spans the (0, eV) energy range. 

Transmission coefficient T becomes energy and bias dependent: 

𝑇(𝐸, 𝑒𝑉) =  𝑒𝑥𝑝 {−2𝑑 [
2𝑚

ħ2 (Ф̅ − 𝐸 +
𝑒𝑉

2
)]

1/2

 }                                                  (6.3) 

With Ф̅ =
Ф𝑡+Ф𝑠

2
, where Ф𝑡  and Ф𝑠 are the wave functions of tip and sample, respectively. 

 

Figure 6.3 One-dimensional tunneling junction. The diagram corresponds to negative bias on the sample 

while tip is grounded. 

  

Besides imaging, STM can also be operated at any arbitrary energy E to access 𝑔𝑠(𝐸) at any 

given E and build-up the whole 𝑔𝑠(𝐸) energy spectrum at a given location. Scanning tunneling 

spectroscopy (STS) is a technique that provides local electronic characterization to obtain the 

energy spectrum of an unknown sample.  

As the transmission coefficient T increases monotonically with E (see relationship 6.3), and the 

tip DOS does not vary with the energy (as being metallic), the main contribution dI to the integral 

of 𝐼𝑡 comes from a small energy interval dE located around E = eV, then: 

(
𝑑𝐼

𝑑𝑉
)
𝐸=𝑒𝑉

∝ 𝑔𝑠(𝐸) = 𝐷𝑂𝑆𝑠𝑎𝑚𝑝𝑙𝑒(𝐸)                                                                  (6.4) 

As shown in Figure 6.4, the inset in top panel is the I(V) spectrum which should be linear for a 

conductor. Correspondingly, a 
𝑑𝐼

𝑑𝑉
 spectrum for a conductor should be a horizontal line as shown 

(the small fluctuations are just noise in the signal). The bottom graph corresponds to a 

semiconductor: the 
𝑑𝐼

𝑑𝑉
 spectrum appears as horizontal line at zero in between peaks that indicate 
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the bandgap of the semiconductor. The 
𝑑𝐼

𝑑𝑉
  signal is obtained by lock-in detection of the resulting 

AC tunneling current. This technique typically produces a signal that is less noisy than simply 

taking a derivative of the I-V curve. 

 

Figure 6.4 STS I(V) and dI/dV spectra for metallic (top graph) and semiconducting samples (bottom graph). 

 

In order to obtain clean surfaces and stable STM tunneling conditions, all experiments described 

here were performed under UHV conditions on a customized Omicron LT-STM. UHV 

conditions were achieved by pumping with a turbo molecular pump (TMP) mounted on the 

preparation chamber and two ion pumps mounted below the STM chamber and the preparation 

chamber. Titanium sublimation pumps are mounted inside each chamber, and turned on at 

weekly increments to remove impurities that do not get pumped efficiently by the ion pumps. 

For STM experiments, pressures of ~ 10-11 mbar are considered good. While performing STM 

experiments, the TMP is turned off to reduce vibrational noise. 

 

6.2 STM imaging and Spectroscopy on a Double-gated structure 

6.2.1 Imaging of WSe2 Lattice and Atomic Scale Defects 

In order to obtain useful images of an unknown WSe2 sample surface, it is necessary to prepare 

an appropriate tip that is calibrated both spectroscopically and topographically. In these 
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experiments, the STM tip was always calibrated on a clean Au(111) surface prior to each 

experiment. 

The STM was operated at a base pressure of around 10-11 mbar and a base temperature of 77K. 

Under this low temperature, the density of carriers in the semiconducting WSe2 around the Fermi 

level is substantially lower than at room temperature resulting in a sample with very low overall 

conductivity. Thus, a high bias voltage needs to be applied to establish a tunneling current and 

obtain atomic resolution images. The calibration on Au(111) surface can be operated at low bias 

down to tens of mV. In contrast, the images of the WSe2 from Figure 6.5 were taken using bias 

voltages of 2 to 3V. The STM images show that the 2H-WSe2 polytype is confirmed to have the 

hexagonal structure with a lattice parameter a = 3.3 ± 0.2 Å. In the images, the regular bright 

lattice sites corresponding to the top layer of Se in one side of the trigonal prismatic structure of 

2H-WSe2 lattice. In Figure 6.5 (b) dark spots indicate the presence of the most common defect 

on the 2H-WSe2 surface: the Se mono-vacancy. 

 

Figure 6.5 (a), and (b) are STM images of WSe2 lattice. Dark spots in (b) are Se mono-vacancies. 

 

6.2.2 Sample Preparation for Gated STS using a Double Gated Device Structure 

Gated STS are a set of spectroscopic experiments where the sample density of states 𝑔𝑠(𝐸) is 

acquired while the potential applied across the sample is varied. Thus, it requires the sample to 

be supported by an insulating substrate, and a gate electrode to apply potential through an 

insulating barrier to the sample. In this way, we can shift the position of the Fermi level of the 

sample relative to its band edges. 

For the gated STS experiments, one needs to obtain a flake of sizeable dimensions (at least tens 

of μm) so that an electrical contact can be made to it. As monolayer flakes of TMDs of this size 
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are difficult to be obtained by mechanical exfoliation (due to the low mechanical strength of 

TMDs compared to graphene) the target was to generate suitably large multi-layer flakes which 

can reach the required lateral dimensions more readily. 

After finding a large piece of WSe2 flake on the SiO2/Si substrate, this needs to be prepared for 

gated STS measurements. The first step is to cut the wafer piece into the size that can fit onto 

the STM sample plate, as shown in Figure 6.6 (a). A small area of the wafer back layer was then 

scraped off with a diamond scriber so that the highly doped Si is exposed and can be contacted 

as back gate. Then, H21D conductive epoxy was used to glue a 50 μm diameter Pd wire on the 

edge of the WSe2 flake (as shown in Figure 6.6 (d)), while another Pd wire was glued on the 

scraped area on the back. Afterwards, a piece of sapphire was cut in the same size as the wafer 

and placed under the wafer to isolate it from the STM sample plate, which is grounded by 

contacted with STM. Another small piece of sapphire was cut to an appropriate size and placed 

on top of the wafer to isolate it from the metal clamp of the STM sample plate which is also 

grounded. The Pd wire contacted to the flake was then well twined on the stud of the metal clamp 

so that the WSe2 flake will be grounded. The Pd wire contacted on the back of the wafer was 

glued using H21D epoxy to a contact pad on the sample plate which allowed the gate voltage to 

be applied. The electrical circuit obtained is shown in Figure 6.6 (a). 

Prior to placing the sample inside the Low Temperature chamber of the STM, for imaging and 

spectroscopy the sample needs to be annealed under UHV conditions at 200 °C overnight in the 

preparation chamber. This removes the absorbed water, ad-layer, and physical impurities on the 

WSe2 surface due to sample fabrication and exposure to air. 
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Figure 6.6 (a) Schematic of the setup for gated STS. The electrical circuit shows the various electrodes 

involved: ① is the STM tip, ② connects the WSe2 flake to ground, while ③ applies a variable potential 

through a gate to adjust the Fermi level of the WSe2 flake relative to the edges of its bands. (b) STM sample 

plate with WSe2/SiO2/Si sample mounted between two sapphire pieces and wirebonded from the gate to 

the Si and from the flake to the grounded sample plate. (c) Zoomed image showing epoxy contact on Pd wire. 

As well as Pd wire contacting the gate. (d) Optical microscope image of WSe2 flake contacted by epoxy; the 

small inset is a telescope image of the STM tip landed on the flake. 

 

6.2.3 STS of WSe2 at variable gate voltage. Control of Fermi level position 

6.2.3.1 Gated STS: controlled synchronization of STS with the back gate 

As has been introduced in section 6.1, STS can obtain the whole energy spectrum 𝑔𝑠  of an 

unknown sample during imaging. In order to achieve this, the feedback loop normally used 

should be switched off otherwise the tip will follow the variation trend of the tip bias (and even 

crush into the surface). However, due to thermal drift of the tip in the z-direction, the feedback 

should not be off for more than about two minutes. 

The bias ramping profile on the tip during STS is shown in Figure 6.7. The first step is to switch 

off the feedback loop. Then the tip is kept a constant distance above the surface, with the bias 
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gradually being ramped over the STS bias range in regular bias steps (that last a time T-raster) 

between T2 and T3 (as shown in Figure 6.7). The tunneling current will be acquired 

simultaneously. Then, from T4 onwards, the feedback loop is re-enabled.. 

In order to obtain STS with a gate voltage a ramping profile for the gating voltage should be 

synchronised with the tip bias voltage ramp (shown in Figure 6.7), as shown in Figure 6.8. This 

was achieved through custom software. According to this profile, the gate voltage starts to ramp 

up after the feedback loop is off. The gate voltage ramps up gradually until T2 and is then held 

until T3. Then the gate voltage is ramped down to zero before T4, when the feedback loop of the 

STM is re-enabled. 

 

Figure 6.7 Schematic diagram of the tip bias voltage during STS, with delay and acquisition tims being shown. 

 

  

Figure 6.8 Schematic diagram of the ramp profile of the back-gate voltage. 
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6.2.3.2 Gated STS results and analysis 

In order to explore the electronic structure of WSe2, STS was first conducted without a gate 

voltage to obtain the 
𝑑𝐼

𝑑𝑉
 and the I(V) spectra. According to section 6.1, 

𝑑𝐼

𝑑𝑉
 is proportional to 

𝑔𝑠(𝑉) of the sample. The setpoint parameters for these measurements were Vbias = 1.8 V, I = 14 

pA and VG = 0. Figure 6.9 shows the tunneling 
𝑑𝐼

𝑑𝑉
  and I(V) spectra for the WSe2 flake over the 

applied bias range of -1 V < Vbias < +2 V. It can be seen that, the WSe2 appears to show a ~ 1.2 

eV gap feature above the Fermi energy, located at 0 V bias. The gap feature (bandgap) is not 

centered at the Fermi energy, located at Vbias = 0 V, indicating that a small density of charge 

might be trapped at the semiconductor/dielectric interface. 

 

Figure 6.9 (a) Tunneling dI/dV spectrum For VG = 0; (b) Corresponding I-V spectrum for VG = 0. 

 

We now explain the distribution of potential differences in the circuit from Figure 6.6 (a). 

Though the WSe2 flake is grounded, the electrostatic potential on the WSe2 flake, Vflake, is not 

zero, only its electrochemical potential is zero, i.e.:  

Vflake + μflake = 0                                                         (6.5) 

where μflake, the chemical potential of the flake, dictates the density of carriers within the flake.   
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In addition, because WSe2 is a semiconductor (i.e. has a low density of free carriers), bringing 

the STM biased tip close to the WSe2 flake causes band bending within the WSe2 surface close 

to the tip. In general, the back-gate is used to alter the carrier density within the semiconductor 

(i.e. to shift its Fermi level position relative to the semiconductor band edges). This is true also 

in our case, but this dependency is now changed by the band-bending effect caused by the STM 

tip. In order to correctly describe the movement of the Fermi level under the influence of the 

gate voltage, the Poisson equation needs to be solved across the tip-WSe2-SiO2-gate electrode 

system, where the potential differences between tip-sample, and then, between sample-to-gate 

change as a function of the tip voltage for a fixed gate voltage. This type of calculation will be 

undertaken in the future. 

In the low gate voltage range, applying a gate voltage only affects the band bending in the 

negative tip bias range (Figure 6.10). While, in higher gate voltage range, at negative gate bias 

values, the whole spectrum is shifted by the gate voltage (Figure 6.11). 

 

Figure 6.10 Tunneling I-V spectrum with Low gate voltage spanning from -1V to 1V. 
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Figure 6.11 Tunneling I-V spectrum with increasing gate voltage from -2V to -7V. 

 

The Fermi level could be shifted within the band gap by about 0.5 eV (Figure 6.12). These 

experiments are preliminary but indicate that technically we can now implement a gated STS 

experiment. The interest of this technique is to allow the Fermi level position to be tuned so that 

it can be placed between the spin polarized energy level of monolayer WSe2 (able to sustain 

giant spin-orbit splitting, as described in Chapter 1), or that of a biased bi- or few-layer flake. In 

this way, spin-polarized transport could be induced in conjunction with a spin-polarised injecting 

substrate/interface. 

 

Figure 6.12 The gate voltage shfts the Fermi levelwithin the system relative to the WSe2 band edges. 
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CHAPTER 7 

CONCLUSION AND OUTLOOK 

Conclusions 

This thesis presents work on growth and local probing of selected 2D Transition Metal 

Dichalcogenides (TMDs) of great interest for future IT technologies. Specifically, it focusses on 

WS2 and WSe2, which are TMDs with giant spin-orbit splitting of interest for spintronics; and 

ReS2, a TMD with low structural symmetry leading to anisotropic electronic and optical 

properties.  

Original contributions can be divided into three distinct parts: (i) exploration of multiple bottom-

up routes for the growth of various nanophases of WS2, with a focus on Chemical Vapour 

Deposition (CVD) processes; (ii) investigation of anisotropic transport in ReS2 using local 

scanning probes to access information difficult or impossible to obtain using traditional, top-

down device configurations; and (iii) investigations of WSe2 in a double gate configuration 

inside a Scanning Tunneling Microscope, in which the material’s inversion symmetry is broken 

by the application of an electric field.  

A facile, single route towards several polymorphs of WS2 has been uncovered, capable of 

yielding in one single stream few-layer nanotubes; a pure WS2, 1D-2D nanomesh hybrid, with 

unprecedented 2D crystallite size and semiconducting character; and in-plane mono- and few-

layer 2D domains. Such a universal route for the growth of virtually all possible phases of WS2 

is expected to create great interest for both growth-related research and applications alike. In our 

process, the 2D, in-plane WS2 domains grow via “self-seeding and feeding” from precursor sub-

oxide nanowires, which is a process that avoids the contaminations associated with externally-

introduced seeding materials, but, most importantly, can open routes towards achieving 

positional control of TMD domain growth, and hence facilitate their patterning. Though not 

demonstrated so far, it may also be a route towards increased uniformity and continuity of WS2 

films, or a route towards creating hybrid films, that combine WS2 with another TMD. 

The investigation of these growth processes also allowed the demonstration of a long-time 

hypothesized mechanism via sub-oxide (WO3-x) intermediate as the path to 2D domain growth; 

and reveal the important role WO2.9/WO2.92, sub-oxide Magnéli phases play in our universal 
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growth route. Understanding the reaction path (here, in the W-O-S space) is an emerging 

approach towards precisely controlling the nucleation, growth and morphology of 2D domains 

and films of TMDs. 

The second major aspect of this work is the demonstration of anisotropic transport with sharp 

angular dependence and modulated angular dependence in experiments with unprecedented 

angular resolution in ReS2. This was enabled by the use of multiple local scanning probes as part 

of a Multiple Probe-AFM system. The possibility of having observed the effect of strain on 

enhancing the anisotropy of ReS2, or having created enhancing conduction channels by structural 

modifications have been raised by these local measurements. Furthermore, novel surface 

potential mapping under current injection experiments were performed for the first time, 

revealing a resulting electric field distribution that is strongly influenced by the existence of a 

low conductance/mobility axis in ReS2. All these results have been analysed in conjunction with 

finite-element analysis simulations, which qualitatively support the findings. Moreover, the 

simulations reveal trends for controlling the anisotropic effect via a range of parameters. 

Together, experiments and simulations show that great care needs to be taken when designing 

device layouts on such materials with anisotropic transport properties: the layout of electrodes 

and the finite geometry of the ReS2 layers can affect the magnitude of the anisotropic effect and 

the resulting current and field line distributions.  

Finally, a WSe2-based device configuration involving two gates, a fixed back-gate realized 

across a SiO2 thin film on a Si wafer, and a mobile one, in the form of an STM tip acting across 

a tunneling junction was realized. The configuration used a multi-layer WSe2 flake. 

Measurements as a function of both back-gate and tunneling junction voltages reveal that the 

Fermi level of WSe2 can be shifted relative to its bandgap edges, a requirement needed for 

achieving spin-polarized transport in these 2D systems with giant spin-orbit splitting. These 

experiments are at the preliminary stage, but show the capability of creating a structure that is 

designed to apply a variable electric field across the WSe2 film to break its inversion symmetry 

(and, consequently induce spin polarization of electronic levels), as well as control its carrier 

density. 

 

Further Work 

Extensions of the work presented in this thesis can concentrate on the following aspects:  
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 “Self-seeding and feeding” from precursor sub-oxide nanowires could be potentially 

harnessed by controlling nanowire growth via substrate engineering, thereby allowing 

for the positional control of WS2 domain growth; while the limited feed-stock of material 

would limit the resulting domain size and facilitate patterning. For example, when 

sapphire, a substrate frequently used in TMD growth, with unstable orientations is 

annealed at high temperature, it spontaneously becomes periodically faceted. 

Specifically, the mis-cut C plane (0001) (2° toward [11̅00]) facets into L-shaped 

nanosteps; while the M plane (1010̅) facets into V-shaped nanogrooves. It has been 

demonstrated that various types of nanowires (e.g. of ZnO, GaAs, or GaN) etc.) could be 

grown with a good degree of alignment on both these facets. Furthermore, tungsten oxide 

nanorods have been reported to epitaxially grow on mica using a simple vapor-solid 

growth process. The in-situ growth of a variety of in-plane or vertical hetereostructures 

with other TMDs can also be envisaged. 

 The novel WS2 1D-2D hybrid nanomesh achieved in this work has extended 2D 

crystallites and semiconducting character. It would be important to explore its potential 

for applications, such as fast photodetectors, gas sensors, excellent hydrogen evolution 

reaction (HER) performance, Li-ion battery anodes; or even investigate whether the 

nanomesh exhibits magnetic order (such as ferromagnetism) that was found to be 

associated with the existence of extended defects at the edges of crystallites. 

 In respect to ReS2, it is important to explore the whole space of anisotropy in mobility 

available. Here we have performed measurements at a fixed carrier concentration, while 

it is known that the anisotropy in mobility depends on the type of majority carriers 

(whether electrons or holes) and their concentration; as well as on the presence of degrees 

of strain. Such parameters would need to be explored to extend the current 

injection/surface potential imaging experiments.  

 Local modulation of transport anisotropy in low-symmetry TMDs or other similar 2D 

materials can also be controllably designed, to create new device functionality. An 

implementation of anisotropy in the drift-diffusion equation needs to be achieved for a 

full description of transport; this might require modifications to the COMSOL 

Semiconductor module, or implementation via an entirely custom solver. 

 Finally, a theoretical model for WSe2 layers under a dual gating action (i.e. back-gate, 

substrate controlled, and top-gate, using an STM tip) needs to be implemented to fully 

understand the behaviour of this device structure and reveal potential regimes of spin 

polarization. Furthermore, these configurations need to be extended to WSe2 of varied 

thickness, down to the bi-layer: the effect of the externally applied field will be different 
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for layers of different thickness. Eventually, such structures would need to be coupled 

with a substrate material that would allow spin injection into them in order to take 

advantage of the potential spin-polarization available.  

  



145 

 

APPENDIX 

CONDUCTANCE MODELLING 

A.1 General Implementation 

Electrical conduction in ReS2 was modelled using the AC/DC Module of COMSOL 

Multiphysics 5.3a. Exploratory simulations were run using the 2D solver to improve 

convergence and reduce execution time. Geometric models were meshed using the “Extremely 

fine” preset, to ensure capture of any features arising from the anisotropic conduction. 

The geometry of real flakes measured in the multiprobe experiments was captured by tracing 

photographs, exporting the outline to the DXF interchange format and importing into COMSOL, 

followed by scaling to the actual, measured dimensions. 

 

The COMSOL AC/DC module solves the (normally linear) equation: 

𝐽 = 𝜎�⃗�  

where 𝐽  is the current density, �⃗�  is the field, and 𝜎 is the conductivity. In an isotropic material 𝜎 

is a scalar quantity, but the COMSOL AC/DC Module allows anisotropic, Ohmic conduction to 

be modelled by specifying 𝜎 as a tensor, in this case a 3 x 3 matrix. 
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In order to model the strongly orientation-dependent conduction in ReS2 the constant 

conductivity was replaced by a field-dependent one: 

𝐽 = 𝜎(�⃗� )�⃗�  

𝜎(�⃗� ) was implemented as the product of a constant conductivity 𝜎𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 and a mobility factor 

dependent on orientation in the XY plane. In COMSOL this mobility factor was described by an 

interpolation function based on calculated mobility values in ref. [1]. The most conductive, b, 

axis was defined to be at an angle of 0°, with the least conductive, a, axis at +𝜋/3. Mobility 

factors were taken as 0.3 along the a axis, 3 along the b axis, and 1 in the direction perpendicular 

to the a axis (at −𝜋/6). Values were interpolated using piecewise cubic curves to ensure a 

smoothly varying function, as shown below: 

 

 

This interpolation function was defined over the range −2𝜋 to +2𝜋 to ensure that an appropriate 

value would be returned for any expected input. 

Finally, a function was required to map from the electric field vector to its orientation in the x-y 

plane. This operation is normally carried out by the arctan2() function which takes the y and x 

components of a vector as input, and returns its orientation, 𝜃, relative to the x axis: 

𝜃 = arctan2(𝐸𝑦, 𝐸𝑥) 

This is defined over the entire x-y plane, except at the origin. However, since the COMSOL 

solver initialises its solution to zero field across this mesh this means that arctan2() cannot be 

directly used to determine the field orientation. Instead we define a “safe” version of the function: 
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arctan2′(𝐸𝑦, 𝐸𝑥) = {
0, 𝐸𝑦 = 𝐸𝑥 = 0

arctan2(𝐸𝑦, 𝐸𝑥), elsewhere
 

This is an appropriate solution since if the electric field vector is zero then the current density 

vector is also zero, irrespective of the value of conductivity. 

Consequently, the final expression for the conductivity was: 

𝜎 = 𝜎𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ∙ mobility (arctan2′(𝐸𝑦, 𝐸𝑥)) 

The COMSOL solver was configured to use the “Automatic highly nonlinear (Newton)” method 

with its default settings, terminating on the default relative tolerance of 0.001. Although 

arctan2′() is not continuous across the x-y plane (jumping between +𝜋 and −𝜋 as a one crosses 

the negative x axis) the output of the mobility function is “well-behaved” and the solver 

converged to a solution well-within 1000 iterations, and in most cases in less than 100 iterations. 

Contact resistance effects were modelled by combining the material-based simulation, above, 

with a traditional “schematic” linear electrical circuit simulation. The conceptual model is: 

0.1 V

Z
Material

GND1

Rcontact

5 MΩ
Rcontact

5 MΩ

 

In COMSOL this is implemented as two linked simulations: an AC/DC Currents simulation that 

models the material (as above), and a Circuits simulation that models the traditional circuit 

elements. The two are linked through using Circuit terminal connectors in the material 

simulation, and the External I vs. U element in the circuit simulation: 
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0.1 V

GND1

Rcontact

5 MΩ
Rcontact

5 MΩ

A

External 
I vs. U

External
I vs. U

GND2

 

 

A.2 Simulation for Flake 2 

Meshing (again using the “Extremely fine” preset) for Flake 2 is shown below. 
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