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Abstract

The ever-increasing demand for emerging technologies requires advancements in
semiconductor devices beyond what is hitherto envisaged. Two-dimensional (2D)
semiconductors have recently gained considerable attention for field-effect transis-
tor technologies. However, there are various challenges regarding the growth of 2D
semiconductors and the optimisation of their channel properties.

Specifically, the growth of 2D semiconductors by chemical vapour deposition (CVD)
can result in bilayer patches and twisted layered structures, leading to the formation
of homojunctions. These homojunctions may exhibit non-uniform charge transport
due to various growth-related defects. Therefore, it is imperative to investigate
charge transport across such homojunctions in 2D semiconductor field-effect tran-
sistor devices.

In this thesis, charge transport across monolayer-bilayer homojunctions in twisted
2D WSa-homostructures is demonstrated. Devices were fabricated from WSo flakes
containing monolayer-bilayer junctions with twist angles of 0° and 60°. Transport
measurements conducted at room temperature revealed rectifying behaviour across
monolayer-bilayer WSo-homojunctions. This rectifying behaviour is attributed to
the different band gaps and work functions of monolayer WSo and bilayer WSs.
Additionally, it is likely that intrinsic defects around the nucleation site, originating
from the CVD growth, increased the doping concentration in the bilayer region.
Together, these factors affect the charge transport across the homojunctions and
result in the observed diodic behaviour.

These findings contribute to a deeper understanding of the physics of 2D semi-
conductor devices, thereby highlighting the pivotal role of these devices in shaping
future technological developments.

Keywords: Transport measurements, Charge transport, Twistronics, WSo, CVD,
2D TMD FET.
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Introduction

The rapid increase of smartphones, laptops, tablets, and similar devices serves as
a hallmark of our technological achievement in recent decades. These devices have
been seamlessly integrated into our daily lives and completely reshaped the way we
communicate and interact with the world. A cornerstone of such innovations is the
field-effect transistor (FET). Advancements in semiconducting technology, materi-
als science, and fabrication techniques have been essential to downscale the size of
transistors, in order to increase their capacity.

This downscaling is described by Moore’s law, which predicts that the amount of
transistors on a microchip doubles every two years, resulting in an increase in com-
putation power [1]. It has held true for over half a century, enabling continuous
development of electronic devices. Although transistor channel lengths have cur-
rently reached the nanoscale, attempts to further downscale the channel are met
with challenges collectively termed short-channel effects (SCEs) [2]. Due to SCEs,
devices demonstrate larger leakage currents, resulting in increased heat dissipation
and ensuing energy losses [3].

Therefore, the research community has needed to expand its understanding and look
for ways of combating these challenges. One such way is the use of two-dimensional
(2D) materials [4, 5]. Graphene, transition metal dichalcogenides (TMDs), phospho-
rene, silicene and other 2D materials all possess ultrathin atomic structures. This
unique characteristic confines charge carriers within a single layer and has been
utilised in 2D transistors. The confinement of charge carriers to one layer effectively
eliminates leakage currents, meaning that 2D transistors can be considered immune
to SCEs present in conventional transistors [6]. This opens up for the possibility
of continued downscaling of transistors, ultimately increasing capacity without any
SCEs.

Regarding 2D materials, 2D TMDs, such as MoSgo, WSes and WSs, are of partic-
ular interest due to having a desirable bandgap, planar structures lacking dangling
bonds, as well as mobilities comparable to Si [7—11]. Thus far, MoSy has received
the most attention among 2D TMDs, with the first monolayer MoS9o demonstrating
an impressive lon/lopp of 108, mobility values of approx. 200 cm? V1 g1 (al-
though this was revised downwards [12]) as well as a subthreshold swing (SS) close
to the theoretical value of 60 mV dec! [5, 13]. This showcase of potential sparked
an interest in conducting further research on 2D TMD transistors.
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In addition to the inherent properties of 2D TMDs, emerging research has explored
twistronics, which involves stacking layers of 2D materials with a twist angle be-
tween them [14]. Manipulating the relative orientation or twist angle between two
or more layers induces a lattice mismatch, resulting in the formation of an interfer-
ence pattern known as a moiré superlattice [15]. The presence of this superlattice
has been found to significantly alter the electronic band structure of the stacked
layers. Thus, by stacking layers with a twist angle, it becomes possible to tune the
electronic properties of the structure and enhance its performance [11, 16-19].

The possibility of leveraging this to develop high-performance devices, in line with
the historical trend of Moore’s law, has recently sparked significant research interest
[14, 20]. A critical aspect of this exploration involves understanding the impact
of twist angles on the transport properties and behaviour of 2D TMD structures.
However, several challenges accompany this pursuit. For instance, defects arising
from the fabrication process may severely impact device performance and behaviour.

Addressing these challenges requires careful attention to the fabrication process to
ensure good quality of the structure. Up until now, exfoliation has been widely
used for fabricating TMDs [13, 21-23]. In contrast, chemical vapour deposition
(CVD) has recently emerged as a promising alternative to obtain high-quality 2D
TMD structures [24-26]. Although, the CVD growth of TMDs necessitates transfer-
ring the material from the growth substrate to a target substrate after fabrication.
During this process, various extrinsic defects and contaminants from the external en-
vironment can affect device performance [27, 28]. Furthermore, during CVD growth,
bilayer regions might naturally form at the nucleation site, resulting in a homojunc-
tion. Different intrinsic defects can occur during this process, potentially affecting
the doping polarities of the different regions [29, 30]. Therefore, investigating the
charge transport across CVD-grown homojunctions is of particular interest.

Thereby, this research aims to provide a foundation for further advancements in the
field of nanoelectronics, by pursuing the following objectives: i) Fabricating angle-
dependent 2D homostructures of CVD-grown WSg, ii) Measuring the transport
properties of the structure, and iii) Investigating charge transport across homojunc-
tions. By addressing these aims, this master’s thesis contributes to an increased
understanding of the physics of angle-dependent 2D TMD homostructures and their
electronic properties.

This thesis is structured accordingly: Chapter 2 provides an overview of the FET,
explores 2D semiconductors, and delves into the field of twistronics, as well as the
mechanisms of charge transport across homojunctions. Chapter 3 briefly explains
the fabrication and measurement processes, with Chapter 4 presenting the results of
transport measurements of WSg-homostructures performed at room temperature.
The results are followed by a summary and conclusions in Chapter 5. Lastly, de-
tailed descriptions of the fabrication and measurement processes are provided in
Appendices A and B respectively.
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Theory

The physics of angle-dependent homostructures has recently gained considerable
attention. Understanding its significance and potential for future applications re-
quires a historical perspective on the field and its predecessors. This section aims to
provide a foundational understanding of charge transport across homojunctions and
twistronics. It will also explore the current state of the art upon which this thesis
will build. First, the basic structure of a conventional enhancement-type Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET) is presented, together with
key parameters of performance. Subsequently, short-channel effects associated with
the downscaling of modern MOSFET technology are explained. Thereafter, two-
dimensional (2D) semiconductors are introduced, with an emphasis on transition
metal dichalcogenides (TMDs) and their desirable properties as well as challenges.
Additionally, the field of twistronics is presented. An exploration of how properties
change with a twist angle is provided alongside the current state of the art. Lastly,
this section brings up charge transport across homojunctions, explaining how these
junctions are formed during chemical vapour deposition (CVD) growth, as well as
how various defects can impact charge transport across different layer regions.

2.1 Field-Effect Transistor

A conventional MOSFET, illustrated in Figure 2.1, consists of three terminals:
source, drain, and gate [9, 31]. The gate terminal is isolated from the other two
by an insulating layer. The source- and drain electrodes are highly doped with the
same dopant type, while the body of the transistor has the opposite dopant type.
Applying a voltage, denoted as Vg, to the gate terminal, generates an electric field
that attracts minority carriers in the body. Eventually, these will accumulate at the
interface between the body and the insulator, forming a channel between the source
and the drain. A current, Ip, will start to flow along this channel when a voltage,
denoted Vg, is applied across the source- and drain terminals.
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Figure 2.1: A schematic illustrating the structure of a conventional enhancement-
type MOSFET.

2.1.1 Characteristics and Parameters of Performance

The performance and behaviour of a MOSFET can be understood through its I-V
characteristics, namely output and transfer characteristics [32, 33]. Output charac-
teristics involve measuring Iy over a range of Vg sweeps for different Vg. Transfer
characteristics are obtained by instead sweeping Vg at various V44 while measuring
Ip. Here, Vg is increased until a specific threshold voltage, Vi, is reached, after
which the transistor turns on and starts to conduct current. The two ideal I-V
curves are illustrated in Figure 2.2.

a) b)

V>V,
8 &4 300 VdsS > Vds4
Vo> Vg

Vg3 > ng Vds4 > VdsS
Vo >V 200

40

20

Ip © = Vu>Vu I Vass > Vasa
20 100 Vd52 > Vdsl
Vdsl
-40 Vin
o /
5 4 3 -2 -1 0 1 2 3 4 5 0 1 2 3 4 5
Vds Vg

Figure 2.2: Ideal [-V characteristics of a MOSFET plotted in a linear scale. a) Out-
put characteristics. Current increases linearly with V4 for a specific V. Increasing
the value of Vg results in an increasing flow of Iy. b) Transfer characteristics. Vg
is increased until Vi, is reached. The transistor then turns on and current starts to
flow. Increasing V44 also increases I at a specific Vg.

Several key parameters reflect the performance of the MOSFET, most of which
can be acquired through the I-V characteristics above [33]. A parameter of great
importance is the carrier mobility of the channel. The field-effect mobility, npg, is
a commonly used form of mobility and is calculated using the formula:

Lep - 8m
LFRE = 2.1
FE = W Cox Voo (2.1)

where Lg, is the channel length, g, is the transconductance, W, is the channel

4



2. Theory

width, and Cyy is the capacitance of the oxide. The latter is calculated using the

formula: & - €0
-
COX -

(2.2)

tox
where ¢, is the relative permittivity of the oxide, gq is the permittivity of free space
and tox is the thickness of the oxide [34].

Additionally, subthreshold swing (SS) relates to how fast the transistor switches
between the on- and off-states [33]. More specifically, it represents the amount of
voltage required to increase the current by one order of magnitude during the turn-on
process. SS is obtained through the logarithmic scale of the transfer characteristics.
By taking the derivative of Ip with respect to Vg followed by the inverse of this
value, the minimum SS is acquired. Thereby, SS can be expressed using the following
formula:

([ 9(logyolp) -
SS = <Vg> 1 (2.3)

Ion/lopr is a ratio relating currents in the on- and off-states and indicates the
modulation ability of Vg [33]. Ign is determined as the highest current value of
the transfer characteristics plotted in a logarithmic scale, while Igpp is acquired by
the mean value of the noise floor of the curve. Together, these currents give the
Ion/lopp. Lastly, Vip is the minimum amount of voltage required to turn on the
transistor and can be extracted by identifying the tangent to the linear region of the
transfer characteristics. The intersection of this tangent with the X-axis gives Viy,.

2.1.2 Short-Channel Effects

The performance of MOSFETSs is significantly affected by short-channel effects (SCEs)
[3, 9, 35, 36]. The different doping polarities between the source and drain, com-

pared to the body, create a pn-junction. For instance, in a MOSFET with a p-type

substrate, where holes are the majority carriers and electrons are minority carriers, a

pn-junction forms between the p-type substrate and the heavily doped n-type drain-

and source electrodes. As electrons diffuse across the junction and recombine with

holes, positive and negative ions are generated on the n- and p-sides, respectively.

This leads to the formation of a depletion region, where no mobile charges exist due

to the induced electric field in this region.

When scaling down the MOSFET to the point where the channel length becomes
comparable to the widths of the depletion regions, these regions will begin to influ-
ence the behaviour of the channel, alongside the gate [35, 37]. Consequently, SCEs
begin to manifest. Charge carriers are then affected not only by the field-effect of
the gate but also by that of the depletion region at the drain terminal. As a result of
this reduced gate control, the threshold voltage, Vi, of the device decreases, while
subthreshold slopes increase, leading to larger currents when the transistor is in
its off-state. Additionally, SCEs intensify surface scattering effects, which degrades
carrier mobility [35]. Moreover, tunnelling between the source and drain occurs,
leading to increased leakage currents and higher power dissipation [38].
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2.2 Two-Dimensional Semiconductors

To enable continued shrinking of transistor sizes, the research community turned to
two-dimensional (2D) semiconductors, with transition metal dichalcogenides (TMDs)
gaining particular interest [39-41]. 2D TMDs are compounds represented by the
chemical formula MX9, where M denotes a transition metal element such as tungsten
(W) or molybdenum (Mo), and X represents a chalcogen atom such as sulphur (S) or
selenium (Se). These materials consist of atomic layers bonded together through co-
valent forces, while van der Waals interactions enable the stacking of multiple layers
to form hetero- and homostructures [42]. Given the challenges faced by traditional
MOSFETSs due to SCEs, resulting in degraded mobilities and increased tunnelling
and leakage currents, 2D TMDs have been deemed suitable as potential solutions
for enhancing transistor performance [36].

The atomic thickness and pristine surface, free from dangling bonds, inherent in
these materials, prevent charge carriers from tunnelling and scattering [3, 5, 6, 43—
50]. Hence, they remain unaffected by SCEs, enabling the downscaling of channel
lengths and widths, all while maintaining a high carrier mobility and keeping leakage
currents at a minimum. Research within the TMD family has almost solely focused
on MoSs [5, 51]. However, WSg has attracted recent attention due to exhibiting
desirable electronic properties, including the demonstration of higher mobility val-
ues than any other TMD including MoSg [52-56]. It is therefore compelling to
investigate WS9 and its electronic properties for transistor applications.

2.2.1 2D TMD-Based FET

In a 2D TMD-based FET, depicted in Figure 2.3¢c), the TMD serves as the channel.
To induce a field-effect, a back-gate can be employed to drive charge carriers along
the TMD channel. A highly doped body then acts as a gate. By applying Vg the
conductivity of the channel increases [50]. Applying V45 will then establish a current
flow between the drain and the source, similar to conventional MOSFETS.
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Source WS, channel

\

Oxide & e _ eﬁ‘d‘h‘d‘i "« @

Gate

Figure 2.3: Atomic structure and orientation of a WSo monolayer (ML) alongside
a 2D FET with WSs as the channel material. a) Side view of a WSo ML. b)
Top view of a WSy ML. ¢) Illustration of a 2D TMD-based FET with the channel

material being WSo. The figure is not to scale.

2.2.1.1 Transfer Process

When fabricating 2D FETs using CVD-grown TMD samples, the material first needs
to be transferred to a target substrate, as the high temperatures of the growth pro-
cess heavily disrupt the quality of the growth substrate [27, 28]. A wet transfer
method is often employed for its speed and ease in transferring CVD-grown sam-
ples [57-60]. However, this method can easily introduce unwanted impurities such
as bubbles, wrinkles, polymer residue, water molecules, and other contaminants.
These extrinsic defects can degrade overall device performance, emphasising the
importance of being aware of them.

2.2.1.2 Contact Resistance

Despite the advantage of possessing a pristine surface free from dangling bonds, 2D
TMDs also face challenges in forming a good interface with metal contacts [61-63].
This limitation restricts parameters such as SS, Ip, Ion/Iopr and mobility, thereby

7
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also hindering overall device performance [64-67]. It is therefore crucial to assess
the quality of the contact, by characterising the contact resistance, Rc, and the
Schottky barrier height [50]. The Schottky barrier height, ®y, is determined by
subtracting the electron affinity, y of the semiconductor from the work function, ®y,
of the metal. This is called the Schottky-Mott rule and is shown here for electrons:

edp = edpy —ey (2.4)

2.2.1.2.1 Metal-Semiconductor Interface at the 2D Scale In the interface
between a metal and a 2D TMD semiconductor, various factors come into play, as
seen in Figure 2.4. Solely considering the work function of the contact metal is
therefore not enough. Due to the pristine surface of 2D TMDs, establishing con-
tacts with metals often relies on a van der Waals gap. This creates an additional
tunnel barrier, which increases R¢ [62, 63]. To form stronger bonds, disruption of
the 2D surface is necessary, leading to the introduction of defects, represented by
gap states in the interface of the materials [50]. Consequently, Fermi level pinning
occurs, further increasing R [50, 62, 63, 67-70]. In other words, several factors
affect the quality of a metal-2D TMD contact, and it is necessary to consider more
factors beyond the metal work function [62, 67, 71-74].

yy Vacuum level

€x
ed,,
v EC
B B P
e(l)bi
o e Y e Ep
S Defect states
E
/ C
|

\ Tunnel barrier [vdW gap]

Figure 2.4: The interface between a metal and a 2D semiconductor after contact
has been made. Before contact, e®y, > ey. When the metal and semiconductor are
placed in contact with each other, electrons are transferred from the metal to the
semiconductor, causing band bending in the semiconductor, as the Fermi levels align.
A Schottky barrier, e®y), is formed, symbolising the barrier that charge carriers need
to overcome. In this scenario, e®y, is only slightly higher than ey, resulting in a
relatively small e®;, compared to a metal with a high e®y,. Due to the vdW gap
between the metal and semiconductor, a tunnel barrier is created. Defect states in
the interface, caused by the disruption of the 2D surface, are also present.
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It is worth noting that calculating the Rc and Schottky barrier height requires the
use of various methods and measurement techniques, which falls outside the scope
of this thesis. Nonetheless, it is important to recognise that these parameters can
significantly hinder device performance, which is important to understand when
measuring and characterising the performance of 2D devices.

2.3 Twistronics

In a crystalline material, a periodic potential is created by its crystal structure. As
electrons move through this potential, the electronic band structure of the material is
formed [75]. Moreover, the repeating arrangement of atoms in the crystal structure
is referred to as the atomic lattice. When stacking two or more materials, it can be
done in two ways: AA-stacking, where the lattice constants perfectly align, or with
a deliberate lattice mismatch [15]. These two ways are illustrated in Figure 2.5.
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Figure 2.5: Different stacking orientations of 2D homostructures. a) AA-stacking

with perfect lattice alignment. b) Stacking with a twist angle, ®, between the layers,
forming a moiré pattern.

For the latter case, the periodic potential is altered and a moiré pattern is formed
[76]. This moiré pattern is the result of the interference between the periodicities of
the respective stacked layers and introduces an additional periodicity which changes
the band structure [77, 78]. Additionally, the interaction between the layers varies
depending on their alignment along different lattice sites [79]. Certain regions of the
stacked layers may exhibit stronger interlayer interactions than others, due to how
the layers are aligned. As a result, the transfer of electrons between the layers is
altered, leading to variations in the electronic properties of the material [75, 80-92].
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This has promoted the field of twistronics to gain significant traction as of late [17,
93]. The forming of angle-dependent vdW-structures has proven to be a good way of
tuning the properties of the structure and introducing different phenomena. Twist-
dependent superconductivity and insulating behaviour were discovered in twisted
bilayer graphene, occurring at a magic angle of ~ 1.1° [79, 91, 92]. Subsequently,
much attention has been directed at 2D TMDs, which possess a broader spectrum
of twist angles, highlighting the superior tunability of these materials [14, 75, 94].

Up until now, previous work has mostly revolved around exfoliated samples. While
exfoliation is an established fabrication technique ensuring good quality material,
[95, 96], it is hindered by low yield and small flake sizes, limiting scalable produc-
tion of 2D materials [22, 97]. Recent advancements have shown that employing
CVD serves as a solid alternative to exfoliation, promoting high yield and industrial
compatibility and allowing for the fabrication of high-quality 2D TMD heterostruc-
tures [24-26, 98]. Moreover, prior research on twisted 2D TMD structures has had
a significant emphasis on optics [99-103] and correlated electron physics [78, 94,
104-106]. Conducting transport measurements using CVD-grown TMD-flakes is
therefore important to also investigate the electronic transport of these materials.

2.4 Charge Transport Across Homojunctions

During CVD growth of TMDs, natural bilayer (BL) regions might grow from the
nucleation site, forming a homojunction between two different layer regions, as seen
in Figure 2.6. Previously, such homojunctions have been reported in both graphene
and 2D semiconductor materials [107, 108].

ML BL ML

e — e —
IEECCLCLCCCCCCCCEE
_ e//uzelﬂ_uilyeﬁi::iutylyu;!ym(ula;(y(uu/ww

€ —
EXLLLLLLLLLLLLLLLLLELLLELLCLCCCE LT

e Www e W w W W e WL W W L WY LY Y L e LW YWY e e

Figure 2.6: Illustration of charge transport across a ML-BL-ML homojunction,
with electron movement between the TMD layers being shown.

These homojunctions can form with different twist angles and stacking orientations
of the ML and BL regions. Due to being more energetically favourable, A A-stacking,
where the layers are perfectly aligned, and AB-stacking, where the BL region is
twisted 60° relative to the ML, are more common for the growth of the BL [109-
117]. Despite the potential of CVD-grown TMDs, defects can easily form during
the growth process and disrupt the quality of the sample [29, 30]. These defects are
intrinsic in nature, originating from the processes involved in growing the sample.

Different defects can affect the doping polarities of the regions at the homojunction.
Generally, the thinner ML region is more susceptible to defects, potentially result-

10
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ing in a higher doping concentration of this region [118, 119]. In some instances,
however, BL regions may contain more intrinsic defects, leading to a higher doping
concentration of these regions.

Previous studies have employed Raman spectroscopy to investigate defects in a
CVD-grown ML WSey flake with naturally grown BL regions [120]. Raman was
conducted to characterise a BL region located at the centre of the flake, as well as
BL regions situated at the edges of the flake. It was observed that the Raman in-
tensity of the Egy peak was lower for the BL region at the centre compared to those
at the edges. A lower intensity of this peak is typically associated with a higher
amount of defects, which, in this case, can be attributed to more intrinsic defects
originating from the nucleation site at the centre. Moreover, photoluminescence
(PL) has previously been used to investigate defects, as crystal defects are found to
also weaken the intensity of PL emission [121-123].

Effectively, these factors can potentially influence charge transport across homo-
junctions, representing an important aspect in the exploration of twisted 2D TMD
devices. Thus, in utilising the concepts presented in this section, this thesis aims
to widen the knowledge base of 2D TMD homostructures and how their electronic
properties and behaviour are affected by a twist angle.
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Experimental

The experimental part of this thesis consisted of two processes: device fabrication
and measurements. Twisted WSo-homostructures were fabricated using various mi-
crofabrication techniques. Measurements were then performed to characterise the
devices and investigate their behaviour. This chapter gives an overview of the ex-
perimental procedures, the results of which are presented in Chapter 4. For a more
detailed version of the fabrication, see Appendix A. Similarly, the measurement
process is explained more thoroughly in Appendix B.

3.1 Device Fabrication

Layers of CVD-grown WSg were transferred onto a Si/SiO9 substrate using a wet
transfer process, in an attempt to stack layers with a twist angle. A schematic
illustration for this is depicted in Figure 3.1. Subsequently, the Si/SiO2 substrate
now containing twisted WSo-homostructures was spin coated and patterned using
electron beam lithography (EBL). Thereafter, development and etching were per-
formed to reveal desirable areas and allow for contact placement. An additional
spin coating process ensued, followed by a second iteration of EBL, with contact ar-
eas being exposed through development of the chip. Metal contacts of Ti/Au were
deposited using electron beam evaporation, after which lift-off was performed to
remove deposited metals from everywhere apart from the contact areas themselves.
This procedure thus ensured that only the contact regions remained covered with
Ti/Au. Finally, the chip underwent annealing to improve its crystallinity, reduce de-
fects and enhance electronic properties as well as the WSa-electrode interface [124].
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New Si/SiO,
Resist CVD-grown substrate
WS DI-water
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Figure 3.1: Wet transfer process used to transfer WSo to a target substrate. A
growth substrate of Si/SiOg coated with CVD-grown WSo flakes and a layer of
resist was submerged in a beaker of DI-water. This immersion caused the material
to delaminate and float towards the surface. Subsequently, the target substrate was
submerged in the same beaker and raised upwards to collect the detached material.
The assembled structure was then put on a hot plate for drying. Once dried, acetone
was used to remove the layer of resist from the substrate, isolating the WSo. Lastly,
the substrate was rinsed with IPA to remove any residue.

One of the successfully fabricated devices is seen in Figure 3.2.
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Figure 3.2: Twisted WSa-based FET. a) Image of a successfully fabricated device
taken with an optical microscope. The dashed red triangle indicates the BL region
grown on top of a ML region. b) Schematic representing the structure of a twisted
WSo FET. ML- and BL regions of WS9 are twisted relative to each other at an
angle, ®, and placed on a Si/SiOy substrate containing a thin layer of gold at the
bottom, with Ti/Au contacts being deposited onto the homostructure. c¢) Cross-
section illustration of a twisted WSo FET.

3.2 Device Measurements

After a successful fabrication, the chip was securely placed in a chip holder. Devices
designated for measurements were first bonded using a wire bonding machine. Thin
wires were connected between the contacts of the devices and terminals located
on the chip holder. The chip was then placed in a microstat under high vacuum.
Thereafter, Labview software was utilised to perform various measurements. First,
a small voltage was applied between each of the contacts to ensure that they were
working properly. Subsequently, I-V characteristics were investigated. Both output-
and transfer characteristics were acquired. For the former, Iy was measured over a
Vs range of -5 V to 5 V or -10 V to 10 V depending on which device was measured,
while Vg was varied between -70 V and 70 V. Transfer characteristics were obtained
by measuring Ip across a sweep range of Vg between -70 V and 70 V, with Vg
varying between -5 V and 5 V. The procedure was repeated for every device on the
chip that was measured. All measurements were performed at room temperature.

3.2.1 Measurement Analysis

Upon having measured the fabricated devices, results were analysed using OriginLab
software. Data saved from each measurement set was processed, and the software
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was used to plot graphs and visualise the behaviour of the devices. Through anal-
ysis of the I-V curves, various parameters were extracted to accurately characterise
device performance.

Vi1, was obtained by identifying the tangent along the linear region of the transfer
characteristics at maximum V. This process was performed manually in OriginLab,
with the linear region and tangent placement visually estimated. Vi was found at
the point where the tangent intersects the X-axis.

Ion and Igpp were both determined from the transfer characteristics plotted in a
logarithmic scale and at maximum V44. Ign corresponds to the highest value of the
curve, while OriginLab was used to calculate the mean value of the noise floor of
the curve to obtain Iopp. The appropriate region for mean value calculation was
again determined through visual estimation.

The SS parameter was derived by first noting which Vg corresponded to the mini-
mum SS in the transfer characteristics plotted in a logarithmic scale. Subsequently,
the derivative of the logarithmic values of I at maximum V44 was calculated using
OriginLab. The inverse of these values was then taken and placed in a column.
Lastly, the value of Iy at the previously noted Vg, was noted as the minimum SS.

The npg was obtained using equation 2.1. L., and W, of each device configuration
were measured on an optical image inserted in AutoCAD software. Additionally,
Cox was calculated using equation 2.2. The transconductance, gy, was derived by
plotting Vg with the derivative of Ip, followed by calculating the mean value of the
linear region of the curve. This allowed for the npg of the investigated devices to
be calculated.
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Results

In this master’s thesis, twisted 2D TMD homostructures were fabricated using CVD-
grown WSs. Transport measurements were then conducted to investigate angle-
dependent physics and charge transport across homojunctions. Herein, the results
of these measurements are presented. The three devices that were fabricated are first
shown. Subsequently, I-V curves are demonstrated in linear and logarithmic scales
for the three devices. Lastly, a comparison is made between the devices, discussing
their overall behaviour and performance.

4.1 Transport Measurements of CVD-Grown
WSs-Homostructures at Room Temperature

Transport measurements are important to study the electronic characteristics of
a device, with output- and transfer characteristics being two common I-V curves
to investigate performance [50, 125]. Such measurements were performed on the
fabricated devices of CVD-grown WSs. Figure 4.1 illustrates the three devices that
were measured, along with schematics detailing contact placements and clarifications
of the distinction between different layer regions, such as monolayer (ML), bilayer
(BL) or multilayer (Multi).
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Figure 4.1: The three devices, their contact placements and different layer regions.
a) The CVD-grown multilayer WS flake used for fabrication of the device without a
twist angle. The contact area, represented by the white rectangle, contains the same
amount of layers. b) Optical image of the device and its contacts. ¢) An illustration
of the fabricated device. The gold stripes symbolise the Ti/Au contacts. d) The
flake used for fabricating the 0°-device, with the white rectangular shape indicating
the contact area, and the dashed red triangle highlighting the 0°-BL region. e) An
image of the 0°-device taken with an optical microscope. f) Clarification of contact
placements and different layer regions of the 0°-device. g) The WSy flake used for
fabrication of the 60°-device, with the white rectangle again indicating the contact
area of the device, while the red triangle highlights the 60°-BL region. h) An optical
image of the 60°-device. i) An illustration of contact placements and distinctions
between different layer regions of the 60°-device.
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The three devices encompass different layer regions and twist angles. Devices 7
and 5 are BL flakes with angles of 0° and 60° respectively, while device 14 consists
of several layers without a twist angle. No junction is present in this device, as
the contact area is comprised of the same amount of layers everywhere. As such,
this device acts as a reference. In contrast, devices 7 and 5 both feature ML-BL
junctions. Ti/Au contacts were deposited along both ML- and BL regions, allowing
for multiple different measurement configurations across these regions.

4.1.1 I-V Characteristics

I-V characteristics of the three devices were obtained for different measurement
configurations and sets of contacts, thus ensuring a thorough understanding of the
behaviour of the devices. For every set of measurements performed, output- and
transfer characteristics were measured and their respective curves were plotted.

Regardless of the device or measurement configuration, Vg was consistently set to
vary between -70 V and 70 V in steps of 10 V when obtaining both output- and
transfer characteristics. However, the range of V44 underwent minor adjustments,
specifically for obtaining the output characteristics. In some measurement sets, V44
ranged from -5 V to 5 V, while in others, it varied from -10 V to 10 V. Additionally,
due to the relatively low voltage levels of these intervals, the step size of V44 also
varied and was not always 1 V, particularly as V44 approached 0 V. Consequently,
Vg was swept for several values of Vg4 close to 0 V.

Upon measuring, the output- and transfer characteristics were initially plotted in
a linear scale to illustrate the behaviour of the devices. Subsequently, the same
plots were visualised in a logarithmic scale to provide further insight into device
performance. Plotting the transfer characteristics in a logarithmic scale indicates
how the transistor operates in the subthreshold region with more accuracy than the
linear scale. Similarly, the logarithmic version of the output curve can reveal more
detailed information, especially in the low-current region, as small changes become
more apparent in a logarithmic scale. In some instances, curves corresponding to
certain voltages were excluded from the plot due to substantial noise.

4.1.1.1 No Twist Angle (Device 14)

It is appropriate to first analyse device 14 and observe the behaviour of a device with
the same amount of layers and without a twist angle. Unfortunately, performance
was found to be lacking, as the device displayed low current levels and undesirable
I-V characteristics. In total, four sets of measurements were conducted on the
device. Of these four, the one with the most acceptable current levels and I-V
characteristics was chosen for further analysis. It is depicted in Figure 4.2, where
the two [-V characteristics are plotted in both linear and logarithmic scales.
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Figure 4.2: I-V characteristics of the device without a twist angle. a) Optical
image of the device. b) An illustration of the device and its contacts. The two
contacts between which the measurement was performed are highlighted. ¢) Output
characteristics in a linear scale. Vgq ranges from -5 V to 5 V for every Vg, which
ranges from -70 V to 70 V in steps of 10 V. d) Output characteristics for positive
values of Vg. Plotted in a logarithmic scale. e) Transfer characteristics in a linear
scale, with Vg ranging from -5 V to 5 V and Vg from -70 V to 70 V. f) Transfer
characteristics plotted in a logarithmic scale and for positive values of V.

The linear output characteristics in Fig. 4.2c¢) display a rather symmetric behaviour,
indicating a uniform charge transport. Since the device has the same number of lay-
ers everywhere, this is expected. This uniformity is also observed in the output
characteristics plotted in a logarithmic scale in Fig. 4.2d), where current levels
are similar for both negative and positive values of V4. Various slope changes are
also observed in the same plot, which are believed to be due to the effect of two
simultaneous transport mechanisms. Considering that the device does not possess
any junctions or different layer regions, these changes are most likely caused by the
contacts. Atoms from the contacts may diffuse into the channel, resulting in these
slope changes. Residue and other factors originating from the wet transfer process
might also contribute to this effect.

Moreover, Fig. 4.2d) demonstrates slight shifts of the individual curves in the plot,
as they do not originate from the same position. These shifts are markedly larger in
the transfer characteristics plotted in a logarithmic scale in Fig. 4.2f). Pinpointing
the exact reason for this is challenging, as various factors can contribute. One ma-
jor factor is believed to be trapped charges at the oxide-channel interface. This is
supported by the fact that the shifts are more pronounced in Fig. 4.2f), where Vg
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is a determining factor.

Using equation 2.1, the npg of the channel is obtained. The transconductance, gy,
is calculated to be 3.38 - 1078 F/cm while the Ly, and W, are 0.63 pm and 5 pm
respectively. Coy is calculated through equation 2.2 to a value of 1.21 - 1078 F/cm.
As all devices were fabricated on the same Si/SiO9, this value is valid for all devices
and will hereafter be used for all mobility calculations. The obtained pgg is 0.007
cm?/V-s. Furhtermore, Vi, is 46.9 V. Iy is noted to be 0.08 pA, while Igpp is 6.4
.10 pA, resulting in an Ion/Iopp of 10%. The SS parameter of the device is 2.17
V/dec.

4.1.1.2 0° Twist Angle (Device 7)

After observing the behaviour of the device without a twist angle, it is interesting to
analyse the two twisted devices in order to investigate any twist-dependent effects
as well as charge transport across the different layer regions. Device 7 possesses a
BL region with a 0° twist angle and the contact area of this device spans across
a ML-BL-ML region. Various contact configurations were measured to properly
characterise the device. Figure 4.3 illustrates a set of measurements between the
first ML-BL junction, with output- and transfer characteristics plotted.
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Figure 4.3: I-V characteristics of the 0°-device, with measurements performed
over the first ML-BL junction. a) Optical image of the 0°-device. b) Illustration of
layer regions and contact placements of the device, with the two contacts used for
measurements over the first ML-BL junction being highlighted. c¢) Output charac-
teristics in a linear scale, with Vg4 ranging from -5 V to 5 V and Vg from -70 V to
70 V. d) Output characteristics, plotted in a logarithmic scale and for values of Vg
between 10 V and 70 V. e) Linear transfer characteristics. Vg ranges from -5 V to
5V and Vg from -70 V to 70 V. f) Transfer characteristics plotted in a logarithmic
scale.

The output characteristics presented in Fig. 4.3c) demonstrate a clear asymmetry,
with current levels being elevated for positive values of V44 compared to negative
values. Unlike Fig. 4.2¢), which exhibits uniform charge transport, this asymmetry
indicates rectifying behaviour across the ML-BL junction. This is further evident in
Fig. 4.3d), where a higher current is noted for positive voltages. Furthermore, shifts
in the curves are again observed in the same plot. Additionally, in the logarithmic
version of the transfer characteristics shown in Fig. 4.3f), instead of the curves
collectively contributing to one valley, two valleys can be seen. The reason for this
is difficult to pinpoint but it is believed to occur due to residue from the wet transfer.

Due to the triangular shape of the bilayer region, the contact area was adjusted
accordingly. As a result, the channel width of device 7 is not constant. Instead,
different channel widths, corresponding to the two contact placements of the mea-
surement set, are considered and an average W, of 2.7 um is acquired. L, is
2.6 pm. With g, calculated to be 1.95 - 10 F/cm, a ppg of 0.03 cm?/V-s is ob-
tained. Vyy, is noted to be 37.6 V. Additionally, Ion and Igpp is 0.07 pA and 1.04
- 107 pA respectively, and an Ion/IopF of 103 is acquired. Finally, SS is 3.28 V/dec.
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After measuring over the first ML-BL junction, measurements were then performed
over the second junction, to further investigate the charge transport across different
layer regions.
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Figure 4.4: I-V characteristics of the second junction of the 0°-device. a) Optical
image of the device. b) Schematic of layer regions and contact placements, clarifying
that measurements were performed over the second ML-BL junction. ¢) Output
characteristics plotted in a linear scale. The sweep range is from -5 V to 5 V for V44
and -70 V to 70 V for Vg. d) Output characteristics in a logarithmic scale plotted
for positive Vg. e) Transfer characteristics plotted in a linear scale. Vg is swept
from -70 V to 70 V for V4 values between -5 V and 5 V. f) Transfer characteristics
plotted in a logarithmic scale and for negative values of V .
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The asymmetry of the output characteristics observed in Fig. 4.4c) points to a
similar phenomenon noted in Fig. 4.3c), with a clear rectifying behaviour being
observed. This time the device displays a substantial negative current and a low
positive current, which is reflected by the larger negative current values in the out-
put characteristics plotted in a logarithmic scale in Fig. 4.4d). Further analysis of
the non-uniformity of the charge transport over the two junctions is illustrated in
Figure 4.5.

As in the previous case, the channel width across the two contacts is not constant.
The average W}, of this measurement set is 2.35 pm, while L.y, is 1.86 pm. With a
gm of 5 - 1011 F/em, this results in a ppg of 0.0007 cm? /V-s. Moreover, SS is noted
to be 8.6 V/dec, Iox 0.002 pA, Iopp 1.6 - 104 pA and a rather low Igy/Iopp of
10! is obtained. Vi, is noted to be 23.8 V.
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Figure 4.5: Comparison of charge transport across homojunctions. a) Illustration
of how measurements were performed over the first junction. b) Output character-
istics of the first junction, with reverse bias (RB) and forward bias (FB) marked. c)
[lustration of measurements being performed over the second junction. d) Output
characteristics corresponding to the second junction. e) Band structure before and
after alignment, with the dashed grey rectangle emphasising the homojunction. f)
[lustration of charge transport over a ML-BL. homojunction. The BL region is be-
lieved to contain more defects, with red circles showcasing sulphur vacancies.

As indicated in Fig. 4.5a), plus was connected to the ML and minus to the BL,
causing electrons to flow from BL to ML. This resulted in a positive current at for-
ward bias. Conversely, when measuring over the second junction, as illustrated in
Fig. 4.5¢c), plus was instead connected to BL and minus to ML. Electron flow was
then established from ML to BL and resulted in a large negative current at forward
bias. Thus, rectifying behaviour is observed in the device, which is illustrated by
the band structure in Fig. 4.5e). Band gaps and work functions of ML WSy and
BL WSy were obtained from previous literature, [126-128], and the band structure
before and after contact are visualised in Fig. 4.5e). As the Fermi levels align,
electrons flow from the ML to BL, causing the ML bands to bend upward. The BL
bands bend down, symbolising the increased electron concentration at the interface.

It is evident that the different band gaps and work functions of ML WS9 and BL
WSs cause rectifying behaviour to emerge and potential barriers to form in the junc-
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tion. This behaviour can be enhanced if the band gaps and work functions differ
further between the two regions, indicating that these factors significantly affect the
rectifying behaviour across the homojunctions. Moreover, the contact between the
metal and the semiconductor differs, as contacts are deposited on two different layer
regions in the device. Thus, this could lead to different Schottky barrier heights and
different R for the respective regions in the device.

Additionally, from the I-V curves, it appears that the two layer regions have different
doping polarities, with the BL possessing a higher doping concentration than the
ML, consistent with previous works [120]. The increased doping concentration in the
BL region is most likely due to intrinsic defects. It is possible that defects, such as
sulphur vacancies, are introduced near the nucleation site during the CVD growth,
as illustrated in Fig. 4.5f). These vacancies effectively contribute to an increasing
concentration of free electrons, leading to a higher doping concentration in the BL
region near the nucleation site. Consequently, this results in the formation of an
n-nT junction between the ML and BL regions. Together, the different band gaps
and work functions, as well as these intrinsic defects, collectively contribute to the
rectifying behaviour in the device.

Subsequently, measurements were performed across the first junction, to investigate
the behaviour precisely at the junction.
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Figure 4.6: I-V characteristics across the ML-BL junction of the 0°-device. a)
Optical image of the 0°-device. b) Schematic illustration of the layer regions and
contacts of the device. Measurements were performed across the ML-BL junction,
as indicated by the two highlighted contacts. ¢) Output characteristics in a linear
scale. Vg ranges from -5 V to 5 V and Vg ranges from -70 V to 70 V. d) Output
characteristics plotted in a logarithmic scale for positive values of Vy. e) Transfer
characteristics plotted in a linear scale and with Vg being swept from -70 V to 70
V for values of V44 between -5 V and 5 V. f) Transfer characteristics plotted in a
logarithmic scale.

While the linear output characteristics in Fig. 4.6¢) display some asymmetry, it is
not as pronounced as the measurements over the two junctions. Also, the output
characteristics plotted in a logarithmic scale in Fig. 4.6d) exhibit clear symmetric
behaviour. It is worth mentioning that it can be rather challenging to fully capture
the behaviour of the junction, especially given the smaller channel length and width
of this measurement configuration. L.y is the distance between the contacts, which
is 1.8 pm, while W, is 1 nm, which is the width of the contacts themselves. gy, is
5.9 - 1019 F/em, and a ppg of 0.02 cm?/V-s is calculated. With an Ioy of 0.026
pA and Iopp of 6.82 - 107 pA, the Ign/Iopr is 103. Vi, is 36.3 V and SS 8.3 V/dec.

A final set of measurements were performed over both junctions and over the whole
BL region.
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Figure 4.7: I-V characteristics of the 0°-device, measured over both ML-BL junc-
tions. a) Optical image of the device. b) Illustration of the 0°-device, with high-
lighted contacts indicating measurements between the two ML regions, over the BL.
region. ¢) Output characteristics in a linear scale. V4 ranges from -5 V to 5 V while
Vg ranges from -70 V to 70 V. d) Output characteristics plotted in a logarithmic
scale and for positive values of Vg. e) Transfer characteristics plotted for voltage
intervals of -70 V to 70 V for Vg and -5 V to 5 V for V4. Plotted in a linear scale.
f) Transfer characteristics plotted in a logarithmic scale and for negative values of
Vs

Similar asymmetric behaviour, as previously observed, is demonstrated in the out-
put characteristics plotted both in linear and logarithmic scales. Fig. 4.7¢) indicates
a higher negative current, which is reflected by elevated current levels at negative
values in Fig. 4.7d). While this further showcases the rectifying behaviour observed
in the 0°-device, it might be difficult to fully capture this behaviour, as measure-
ments are performed over both ML-BL junctions simultaneously.

With a g, of 1 - 1010 F Jem, Loy and W, of 15 pm and 2.7 pm respectively, ppg is
calculated to be 0.009 cm?/V-s. Vy, is noted to be 37.2 V and the SS is 15.9 V /dec.
Lastly, Ioy is 0.004 pA and Igpp is 7.46 - 10 pA, resulting in an Iox/Iopp of 102.

4.1.1.3 60° Twist Angle (Device 5)

Lastly, device 5 with a BL region twisted 60° was analysed. The contact area of this
device spans across a BLL and ML region. Measurements were performed over the
BL-ML junction as well as across the junction. I-V characteristics of measurements
conducted over the BL.-ML junction are illustrated in Figure 4.8.
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Figure 4.8: -V characteristics of the 60°-device, measured over the BL-ML junc-
tion. a) Optical image of the 60°-device. b) Schematic illustration of layer regions
and contact placements of the device, with the two highlighted contacts indicating
that measurements were performed over the BL-ML junction. ¢) Output character-
istics plotted in a linear scale, with V44 ranging from -10 V to 10 V and Vg ranging
from -70 V to 70 V. d) Output characteristics plotted in a logarithmic scale for
values of Vg between 30 V and 70 V. e) Transfer characteristics in a linear scale.
Vg is swept from -70 V to 70 V for Vy4 values between -2 V and 5 V. f) Transfer
characteristics plotted for positive V4 values. Logarithmic scale.

Fig. 4.8c) shows symmetric output characteristics, which does imply uniform charge
transport. Although, the slope changes seen in Fig. 4.8d), particularly at lower volt-
ages, suggest that there might be rectifying behaviour over the junction, as higher
current values are observed for negative voltages compared to positive voltages.
However, these slope changes could also be due to contact atoms diffusing into the
channel, as previously explained. Therefore, while there are some indications of
rectifying behaviour, it is challenging to pinpoint an exact cause for the observed
behaviour, as various factors can play a role.

Moreover, the linear transfer characteristics in Fig. 4.8e) show a non-zero current
at negative V. This indicates that there might be some leakage in the device. Al-
ternatively, it might be due to trapped charges in the interface between the oxide
and the channel.

For this configuration, Ly, is 2.5 pm and W, 2.6 pm. ppg was calculated to be
0.003 cm?/V-s. The obtained Vy, is 42.5 V and the SS 2V /dec. Igy is 0.004 pA
and Iopp is 1.2 - 1004 pA and the Ign/Iopy is 101
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Finally, measurements were performed across the BL-ML junction.
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Figure 4.9: I-V characteristics of the 60°-device, measured across the BL-ML
junction. a) Optical image of the device. b) Schematic illustration of the device,
showing its layer regions and contact placements. Measurements were performed
across the BL-ML junction, as indicated by the two highlighted contacts. ¢) Output
characteristics plotted in a linear scale. The sweep range of Vg is from -10 V to 10
V while Vg ranges from -70 V to 70 V. d) Output characteristics in a logarithmic
scale. Plotted for values of Vg between 10 V and 70 V. e) Transfer characteristics
in a linear scale. Vg ranges from -70 V to 70 V for Vg values between -5 V and 5
V. f) Transfer characteristics plotted in a logarithmic scale and for positive V y.

Overall, Fig. 4.9c) demonstrates symmetric output characteristics, which again indi-
cates a uniform charge transport. The output characteristics plotted in a logarithmic
scale in Fig. 4.9d) show symmetry at some voltages, while slope changes are present
at other voltages. Similarly to the measurements over the BL-ML junction in Fig.
4.8, pinpointing the exact reason for this is challenging. There may be rectifying
behaviour as a result of intrinsic defects from the CVD growth, but considering that
the linear output characteristics display symmetry, it is less obvious to conclude for
this device.

Furthermore, pronounced shifts are visible in Fig. 4.9d), again suggesting trapped
charges at the oxide-channel interface. Additionally, similarly to the configuration
in figure 4.6, L, is determined as the distance between the contacts, while W, is
the width of the contacts. They are found to be 0.87 pm and 0.5 pm respectively.
Further, a ppg of 0.017 ch/V-s is obtained, while Vi, is 39.9 V. The SS is 19.8
V/dec, Ioy 0.018 pA and Igpp 1.18 - 1074 pA. Thus, an Ion/Iopr of 102 is acquired.
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4. Results

4.1.1.4 Comparison

The three measured devices exhibit various defect-induced phenomena, affecting
their performance. Despite generally demonstrating good transistor behaviour, over-
all device performance is lacking. This is evidenced by the extracted parameters and
observations such as slope changes, shifts, and other similar behaviour. Extrinsic
defects, primarily introduced during the wet transfer process, are believed to be the
main cause of such phenomena.

Moreover, the main finding of this thesis is the rectifying behaviour observed across
ML-BL homojunctions. It is most pronounced in the 0°-device, where clear asym-
metric behaviour in both the linear and logarithmic representations of the output
characteristics indicates non-uniform charge transport. In contrast, the 60°-device,
shows less obvious rectifying behaviour, as the linear output characteristics remain
rather symmetric. Asymmetric behaviour is observed in the output characteristics
of this device when plotted in a logarithmic scale, but such behaviour may be caused
by diffusion of contact atoms, similar to the case of the multilayer device which does
not possess a homojunction.

In other words, rectifying behaviour is more noticeable in the 0°-device, while it is
difficult to conclude similar behaviour with certainty in the 60°-device. The rectify-
ing behaviour is mainly attributed to the different band gaps and work functions of
ML WSg and B WSy. Another contributing factor is believed to be defects, with
intrinsic defects from the CVD growth being the likely cause, resulting in different
doping polarities in the two layer regions. All in all, these three factors contribute
to the rectifying behaviour observed in the 0°-device.
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Summary and Conclusions

This master’s thesis aimed to fabricate twisted 2D WSo-homostructures, perform
transport measurements, and investigate charge transport across homojunctions.
Using a wet transfer process, CVD-grown WSy flakes were transferred onto a Si/SiO9
target substrate. Through various microfabrication techniques, devices with dif-
ferent twist angles and homojunctions were fabricated. Transport measurements
were conducted at room temperature and in a high vacuum environment. However,
the performance of the devices was hindered by the presence of extrinsic defects
such as residue, air, and other contaminants, thereby overshadowing possible twist-
dependent performance enhancements. Furthermore, intrinsic defects originating
from the CVD growth, particularly present at the nucleation site, are believed to
have resulted in different doping densities in the ML and BL regions. These defects,
along with different band gaps and work functions of ML WSy and BL WS», led
to the observation of rectifying behaviour across homojunctions. This rectifying be-
haviour is the main finding of this thesis.

To address the observed performance limitations, an alternative approach could
have involved utilising the tear-and-stack method. This method vastly minimises
the unreliability associated with the wet transfer and reduces the likelihood of defect-
induced performance degradation. Simultaneously, it allows for precise stacking of
flakes with a specific twist angle. It is possible that such an approach could have
revealed more apparent twist-dependent effects. Although, it is important to note
that, despite its drawbacks, the wet transfer method offered fast and easy fabri-
cation at an early stage of the project. Using a tear-and-stack method is more
time-consuming and thus, would mean a longer time before measurements could
be conducted. It is therefore suggested that future work in this field can focus on
the tear-and-stack method or other similar approaches to further investigate twist-
dependent transport properties.

Regarding the rectifying behaviour, it is believed that the intrinsic defects from
the CVD growth increased the doping concentration of the BL region. To further
investigate and confirm this assumption, Raman spectroscopy could be utilised to
visualise the sample and examine the presence of defects in the BL region. How-
ever, as this thesis primarily focused on transport measurements rather than optical
characterisation, conducting Raman spectroscopy was deemed beyond the scope of
the study. Alternatively, carrier concentrations could be extracted and a compar-
ison could be made between the ML and BL regions to confirm the observations.
However, this approach requires two contacts deposited over the same layer region.
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5. Summary and Conclusions

Since both the 0°- and 60°-devices only had one contact on the BL region, this ex-
amination is not possible. Instead, it is also suggested for future work. Investigation
of CVD-grown TMDs requires an awareness of these intrinsic defects. By incorpo-
rating multiple contacts on each layer region, combined with Raman spectroscopy,
PL, and other methods, defects can be thoroughly examined and better understood.

Thus, it can be concluded that this thesis has contributed to a deeper understanding
of the physics of 2D TMDs and the influence that defects and other factors can have
on charge transport across homojunctions, which helps widen the knowledge base
of 2D semiconductor devices. This contribution represents a small step forward and
emphasises the importance of continued research in semiconductor technology, in
order to meet the growing demand for technological innovations. As smartphones,
laptops, and other devices continue to proliferate, commitment to further research
allows us to harness the potential of technology for the betterment of humanity.
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A

Fabrication

This appendix offers a more detailed explanation of the fabrication process con-
ducted for this thesis. All of the steps were performed in the Nanofabrication labo-
ratory at Chalmers University of Technology.

A.1 Fabrication of WSs-Homostructures

In this master’s thesis, devices were produced from twisted 2D structures of CVD-
grown WSg, with Ti/Au used as the contact material. The complete fabrication
recipe is presented below, with Figure A.1 illustrating the complete process.

A.1.1 Chip Preparation

A 7 mm x 7 mm Si/SiO2 chip was used in this fabrication. First, the substrate was
cleaned with acetone at 50 °C for &~ 5 minutes followed by room-temperature IPA
for an additional ~ 5 minutes. Subsequently, No was used to dry the substrate. It
was then put under an optical microscope to verify proper cleaning and ensure the
absence of damage or contamination.

A.1.2 Transfer of WSy

The transfer of WSy to the Si/SiOo substrate was achieved using a wet transfer
process. First, the Si/SiOg substrate was cleaned using acetone and IPA, as de-
scribed above. Then, the edges of a substrate coated with CVD-grown WSo were
lightly scratched with a scalpel and placed in a beaker of deionised (DI) water. The
scratches on the substrate allowed for DI-water to flow in between the substrate and
the layer of WSs, causing the latter to detach from the substrate and float to the
surface. The Si/SiO9 substrate was then submerged in the DI-water and carefully
raised towards the surface to collect the material. Thus, the WSo had been placed
on the Si/SiO9 substrate. The substrate was placed on a hot plate to dry as well
as to improve the uniformity of the material. During the transfer process, a layer
of resist covering the WSo was also transferred. To remove this layer, the substrate
was cleaned with acetone and IPA, thereby isolating the WSo. The same procedure
was performed several times in an attempt to stack multiple layers of WSy with an
angle. Due to the random nature of such a transfer, it was difficult to know how
to correctly place the material with a relative orientation. Following each trans-
fer attempt, the substrate was examined under an optical microscope to assess the
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A. Fabrication

success of the transfer. After the third attempt, several multilayer overlaps were
observed and WS9-homostructures had formed with a clear twist angle. Images of
these structures were captured.

A.1.3 Spin Coating

The Si/SiOy substrate containing WSo-homostructures was spin coated with two
positive resists. First, MMA 8.5 EL8 was applied with a spin coating duration of
60 seconds and a rotation speed of 6000 rpm. The substrate was then put on a hot
plate for curing at 135 °C for 10 minutes. Thereafter, ARP 6200 was applied and
spin coated for 60 seconds at 6000 rpm, followed by curing on the hot plate for 10
minutes at 135 °C.

A.1.4 Mask Design

Mask designs were created using AutoCAD software. Images taken of the WSo-
homostructures were properly aligned and regions of interest on the chip for making
devices were identified and marked accordingly. Afterwards, the substrate was pat-
terned using electron beam lithography and developed to dissolve the exposed part
of the resists. During the development, the chip was placed in a small beaker con-
taining Amyl acetate for &~ 45 seconds. Immediately after, it was placed in another
beaker containing MIBK:IPA 1:1 for =~ 1 minute and 15 seconds, followed by drying
with No to ensure complete removal of any residual solvent. Finally, the desired
device structure was defined through CHF3 plasma etching for &~ 40 seconds, after
which the chip was cleaned with acetone and IPA.

Subsequently, a second spin coating process, identical to the prior one, ensued to
allow for contact placement. AutoCAD software was once again utilised to draw
two types of contacts: for high and low currents. The polyline function improved
the otherwise high aspect ratio between these two types. The drawn contacts were
marked with numbers and letters to easily distinguish between different contacts
and devices. A second cycle of EBL was performed to expose the areas where
contacts were to be deposited. Lastly, these exposed areas were dissolved through
development, using the same development process as described above.

A.1.5 Contact Deposition

After development, the chip underwent a physical vapour deposition (PVD) process
in which contact materials were deposited onto the exposed areas. 20 nm of Ti
followed by 80 nm of Au was deposited via electron beam evaporation at a high
vacuum. Following this deposition, lift-off was performed to remove the resists and
deposited metals everywhere else than the designated contact areas. For this, the
chip was placed in acetone and subsequently IPA, through the same procedure as
described previously.
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A.1.6 Low-Temperature Annealing

Annealing has been found to improve the crystallinity of a sample and enhance
electronic properties [124]. A particular advantage of annealing TMDs is the elim-
ination of defects, which will enhance overall device performance. With contacts
deposited, the chip was annealed in an environment of Ho and Ar gas, at 180 °C for
120 minutes.

A.1.7 Second Annealing Procedure

After low-temperature annealing, devices on the chip were measured. Overall, the
results of the measurements demonstrated lacking device performance. In an at-
tempt to improve the crystallinity and electronic properties of the chip, annealing
was performed for a second time, this time at a temperature of 250 °C. The second
annealing procedure lasted 6 hours in a Hy and Ar environment.

. . EBL
Spin coatin Development
Mask » P & » ! ! ! ! P
design NN N S ——
Spin coating Cleaning Etching
- ¢
design
| fBli | Development Contact deposition

i ™ =

Annealing l
Lift-off

Figure A.1: Illustration of the complete fabrication process. After the mask design,
the substrate was spin coated and exposed with EBL. Development and etching
removed unwanted material before the chip was cleaned and resists were removed.
A second mask design was performed for the contacts before the chip was spin coated
and exposed with EBL for a second time. After development, Ti/Au contacts were
deposited. After lift-off, the substrate was annealed.
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B

Measurements

Herein follows a detailed view of the measurement process. All measurements were
performed in spintronics laboratories at Chalmers.

B.1 Measuring Fabricated Devices of WSo-Homo-
structures with Ti/Au Contacts

In this thesis work, devices of WSo-homostructures with Ti/Au contacts were suc-
cessfully fabricated and measurements were performed. A detailed version of the
steps taken in this process is seen below.

B.1.1 Device Bonding

The Si/SiO9 substrate containing WSa-homostructures with deposited Ti/Au con-
tacts was placed in a chip holder. Silver paste was applied on the surface of this chip
holder, with the chip being placed and gently pressed to ensure secure placement.
Of the fabricated devices on the chip, three were selected for measurements. A wire
bonding machine was then used to bond these three devices. With a 10 pm gold
wire, the machine created electrical connections between them and the terminals on

the chip holder.

B.1.2 Measurement Setup

With devices bonded, the chip was placed in a microstat wherein the high vacuum
environment prevented contamination and interference with the measurements. Lab-
view software was solely utilised to devise different measurement processes, allowing
for various transistor parameters to be measured. To verify that the contacts were
working properly and to get a glimpse of the behaviour of the devices, a series of
basic tests were conducted between each of the contacts and for each device. There-
after, output- and transfer characteristics were measured systematically.

Output characteristics were acquired by measuring Ip at a fixed Vg while varying
Vs between either -5 V and 5 V, or -10 V and -10 V. After measuring these pa-
rameters across the sweep range, Vg was changed, and the same measurement was
conducted once again. Ip was first measured at a Vg of -70 V, after which this
was changed to -60 V, then -50 V all the way to 70 V. Transfer characteristics were
acquired by instead measuring Ip at a fixed V44, while Vg was swept between -70
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B. Measurements

V and 70 V. The interval of V4 was from -5 V to 5 V. In conducting these mea-
surements, a comprehensive view of the parameters of the device could be acquired.

After completing measurements on bonded devices, new devices were selected and
the process was repeated.
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Excluded Measurements

As a result of the overall low performance of the fabricated devices, not all mea-
surements are presented in this research. Those devices which were excluded from
the main part of the thesis are instead presented here. I-V characteristics of some
measurement sets are presented below.

C.0.1 Transport Measurements of CVD-Grown WSs-Homo-
structures at Room Temperature

C.0.1.1 0° Twist Angle (Device 7)

a)

b)

-6 3 0 3 6
Ves (V)

Figure C.1: I-V characteristics of a ML region of the 0°-device. a) Optical image
of the device. b) Illustration of the device. ¢) Output characteristics in a linear
scale. d) Output characteristics in a logarithmic scale. e) Transfer characteristics
in a linear scale. f) Transfer characteristics in a logarithmic scale.
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C. Excluded Measurements

C.0.2 Transport Measurements of CVD-Grown WSs-Homo-
structures After Second Annealing

Due to the overall lack of performance observed after the first set of transport mea-
surements, annealing was performed on the chip for a second time, in an attempt
to improve its performance. The first annealing iteration was conducted at a rela-
tively low temperature of 180 °C for 2 hours. Previous research has indicated that
improvements in the crystallinity of 2D TMD samples are observed at temperatures
of several hundred degrees, suggesting that a temperature of 180 °C may be too
low [129, 130]. Furthermore, in some instances, a double annealing procedure was
performed, which resulted in considerably higher mobility than if annealing was per-
formed once [124, 131].

As a result, the chip was annealed again, this time at 250 °C for a duration of 6
hours. Subsequently, identical measurements as those presented in section 4.1 were
performed for the same devices to investigate whether or not a second annealing
procedure would improve device performance. Unfortunately, a second annealing
had the opposite effect, and device performance worsened even further.

C.0.2.1 No Twist Angle (Device 14)
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Figure C.2: I-V characteristics of the device without a twist angle. a) Optical im-
age of the device. b) Illustration of the device. ¢) Output characteristics in a linear
scale. d) Output characteristics in a logarithmic scale. e) Transfer characteristics
in a linear scale. f) Transfer characteristics in a logarithmic scale.

C.0.2.2 0° Twist Angle (Device 7)
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Figure C.3: I-V characteristics of the 0°-device with measurements performed
over the first ML-BL junction. a) Optical image of the device. b) Illustration of
the device. ¢) Output characteristics in a linear scale. d) Output characteristics
in a logarithmic scale. e) Transfer characteristics in a linear scale. f) Transfer
characteristics in a logarithmic scale.
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Figure C.4: I-V characteristics of the second junction of the 0°-device. a) Optical
image of the device. b) Illustration of the device. ¢) Output characteristics in a
linear scale. d) Output characteristics in a logarithmic scale. e) Transfer charac-
teristics in a linear scale. f) Transfer characteristics in a logarithmic scale.
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Figure C.5: I-V characteristics of the 0°-device, measured over both ML-BL junc-
tions. a) Optical image of the device. b) Illustration of the device. ¢) Output
characteristics in a linear scale. d) Output characteristics in a logarithmic scale. e)

Transfer characteristics in a linear scale. f) Transfer characteristics in a logarithmic
scale.
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Figure C.6: I-V characteristics across the ML-BL junction of the 0°-device. a)
Optical image of the device. b) Illustration of the device. ¢) Output characteristics
in a linear scale. d) Output characteristics in a logarithmic scale. e) Transfer
characteristics in a linear scale. f) Transfer characteristics in a logarithmic scale.

C.0.2.3 60° Twist Angle (Device 5)
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Figure C.7: I-V characteristics of the 60°-device, measured over the ML-BL junc-
tion. a) Optical image of the device. b) Illustration of the device. ¢) Output
characteristics in a linear scale. d) Output characteristics in a logarithmic scale. e)
Transfer characteristics in a linear scale. f) Transfer characteristics in a logarithmic
scale.
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Figure C.8: I-V characteristics of the 60°-device, measured across the ML-BL
junction. a) Optical image of the device. b) Illustration of the device. ¢) Output
characteristics in a linear scale. d) Output characteristics in a logarithmic scale. e)
Transfer characteristics in a linear scale. f) Transfer characteristics in a logarithmic
scale.
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Compilation of Parameters

Herein follows a complete compilation of the extracted parameters.

Figure D.1

presents each measurement configuration alongside a table of the extracted param-

eters for this configuration.

a) b)
On/Off 1*104 On/Off 1*103
. SS 2.17 V/dec SS 3.28 V/dec
- wchanne] 5 um . Wchannel 2.7 um
Lehannel 0.63 pm BL Lehannel 2.6 um
_ Hpg 0.007 Hrg 0.03 cm?/V*s
Multi cm?/V¥s
V, 6V
Vi, 46.9V ML th 37
c) d)
ML Ol‘l/off 1*10! ML On/off 1¥103
N 8.6 V/dec SS 8.3 V/dec
Woehannel 2.35 pm Wt 1pm
Lehannel 1.86 um BL Leannel 1.8 pm
MrE 0.0007 0.02 cm?/V*s
. cmz/v*s —
LiL Vi 23.8V ML Van 36.3V
e) )
- On/Off 1*10! On/Off 1*102
SS 2V/dec SS 19.8 V/dec
BL
wchanne] 2.6 pm Wchannel 0.5 pm
Lehannel 2.5 pm Lehannel 0.87 pm
UrE 0.003 s 0.017
cm?/V¥s ML cm?/Ves
Vin 42.5V Vi 399V

Figure D.1: Paramaters for each of the measurement configuration a) The device
without a twist angle. b) Over the first ML-BL junction of the 0°-device. ¢) Over
the second junction of the 0°-device. d) Across the first ML-BL junction of the
0°-device. e) Over the BL-ML junction of the 60°-device. f) Across the BL-ML
junction of the 60°-device.
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