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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 WS2-homostructures is demonstrated. Devices were fabricated from WS2 flakes
containing monolayer-bilayer junctions with twist angles of 0◦ and 60◦. Transport
measurements conducted at room temperature revealed rectifying behaviour across
monolayer-bilayer WS2-homojunctions. This rectifying behaviour is attributed to
the different band gaps and work functions of monolayer WS2 and bilayer WS2.
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, WS2, CVD,
2D TMD FET.
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1
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 MoS2, WSe2 and WS2, 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, MoS2 has received
the most attention among 2D TMDs, with the first monolayer MoS2 demonstrating
an impressive ION/IOFF of 108, mobility values of approx. 200 cm2 V-1 s-1 (al-
though this was revised downwards [12]) as well as a subthreshold swing (SS) close
to the theoretical value of 60 mV dec-1 [5, 13]. This showcase of potential sparked
an interest in conducting further research on 2D TMD transistors.
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1. Introduction

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 signi�cantly 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 signi�cant 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 a�ect device performance [27, 28]. Furthermore, during CVD growth,
bilayer regions might naturally form at the nucleation site, resulting in a homojunc-
tion. Di�erent intrinsic defects can occur during this process, potentially a�ecting
the doping polarities of the di�erent 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
�eld of nanoelectronics, by pursuing the following objectives: i) Fabricating angle-
dependent 2D homostructures of CVD-grown WS2, 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 �eld of twistronics, as well as the
mechanisms of charge transport across homojunctions. Chapter 3 brie�y explains
the fabrication and measurement processes, with Chapter 4 presenting the results of
transport measurements of WS2-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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2
Theory

The physics of angle-dependent homostructures has recently gained considerable
attention. Understanding its signi�cance and potential for future applications re-
quires a historical perspective on the �eld 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-E�ect Transistor (MOSFET) is presented, together with
key parameters of performance. Subsequently, short-channel e�ects 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 �eld 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 di�erent layer regions.

2.1 Field-E�ect 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 �eld
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, ID, will start to �ow along this channel when a voltage,
denoted Vds, is applied across the source- and drain terminals.
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2. Theory

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 ID over a range of Vds sweeps for di�erent Vg. Transfer
characteristics are obtained by instead sweeping Vg at various Vds while measuring
ID. Here, Vg is increased until a speci�c threshold voltage, Vth , 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.

Figure 2.2: Ideal I-V characteristics of a MOSFET plotted in a linear scale.a) Out-
put characteristics. Current increases linearly with Vds for a speci�c Vg. Increasing
the value of Vg results in an increasing �ow of ID. b) Transfer characteristics. Vg
is increased until Vth is reached. The transistor then turns on and current starts to
�ow. Increasing Vds also increases ID at a speci�c Vg.

Several key parameters re�ect 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 �eld-e�ect mobility, µFE , is
a commonly used form of mobility and is calculated using the formula:

µFE =
Lch � gm

Wch � Cox � Vds
(2.1)

where Lch is the channel length, gm is the transconductance, Wch is the channel
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2. Theory

width, and Cox is the capacitance of the oxide. The latter is calculated using the
formula:

Cox =
er � e0

tox
(2.2)

whereer is the relative permittivity of the oxide, e0 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 o�-states [33]. More speci�cally, 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 ID 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:

SS =

 
@(log10ID)

Vg

!
-1 (2.3)

ION/I OFF is a ratio relating currents in the on- and o�-states and indicates the
modulation ability of V g [33]. ION is determined as the highest current value of
the transfer characteristics plotted in a logarithmic scale, while IOFF is acquired by
the mean value of the noise �oor of the curve. Together, these currents give the
ION/I OFF . Lastly, V th 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 Vth .

2.1.2 Short-Channel E�ects

The performance of MOSFETs is signi�cantly a�ected by short-channel e�ects (SCEs)
[3, 9, 35, 36]. The di�erent 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 di�use 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 �eld 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 in�u-
ence the behaviour of the channel, alongside the gate [35, 37]. Consequently, SCEs
begin to manifest. Charge carriers are then a�ected not only by the �eld-e�ect 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, Vth , of the device decreases, while
subthreshold slopes increase, leading to larger currents when the transistor is in
its o�-state. Additionally, SCEs intensify surface scattering e�ects, 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. Theory

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 MX2, 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
MOSFETs 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 una�ected 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 MoS2 [5, 51]. However, WS2 has attracted recent attention due to exhibiting
desirable electronic properties, including the demonstration of higher mobility val-
ues than any other TMD including MoS2 [52�56]. It is therefore compelling to
investigate WS2 and its electronic properties for transistor applications.

2.2.1 2D TMD-Based FET

In a 2D TMD-based FET, depicted in Figure 2.3c), the TMD serves as the channel.
To induce a �eld-e�ect, 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 Vds will then establish a current
�ow between the drain and the source, similar to conventional MOSFETs.

6



2. Theory

Figure 2.3: Atomic structure and orientation of a WS2 monolayer (ML) alongside
a 2D FET with WS2 as the channel material. a) Side view of a WS2 ML. b)
Top view of a WS2 ML. c) Illustration of a 2D TMD-based FET with the channel
material being WS2. The �gure is not to scale.

2.2.1.1 Transfer Process

When fabricating 2D FETs using CVD-grown TMD samples, the material �rst 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, ID, ION/I OFF and mobility, thereby

7



2. Theory

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,Fb, is determined by
subtracting the electron a�nity, q of the semiconductor from the work function,Fm
of the metal. This is called the Schottky-Mott rule and is shown here for electrons:

eFb = eFm � eq (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 RC [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 RC [50, 62, 63, 67�70]. In other words, several factors
a�ect 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].

Figure 2.4: The interface between a metal and a 2D semiconductor after contact
has been made. Before contact, eFm > eq. 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, eFb, is formed, symbolising the barrier that charge carriers need
to overcome. In this scenario, eFm is only slightly higher than eq, resulting in a
relatively small eFb compared to a metal with a high eFm. 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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