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Abstract

Since the first isolation of graphene in 2004 the interest in 2D materials has exponen-
tially grown. Two-dimensional layered materials demonstrate profoundly different
properties when isolated in their mono- or few layer form compared to their bulk
equivalents. While graphene lacks a band gap, and is thus not applicable for many
logic devices, various other 2D materials, which do have a band gap, have been dis-
covered and isolated. An important class of layered materials is the transition metal
dichalcogenides (TMDs). This extended class of materials has generated generated
a lot of attention due to their electronic properties, which range from metallic to
semiconducting, as well as their layer-dependent properties and strong light-matter
interactions. TMDs consists of a transition metal e.g. molybdenum, tungsten or
platinum, sandwiched between two chalcogen atoms; sulfur, selenium or tellurium.

Many of the TMDs have band gaps in a useful optical range of 1 - 2 eV. Further-
more, it is possible to open the band gap from an indirect to direct upon thinning
the material from bulk to monolayer. Along with this, TMDs have also shown other
interesting properties such as strong light-matter interaction and high charge-carrier
mobilities. Further optimisation of the material properties can be realised by cre-
ating heterostructures of different TMDs. Heterostructures of two dissimilar TMDs
result in devices with atomically sharp and clean interfaces in which the band gap
can be aligned.

In this work TMDs are synthesised using a microreactor chemical vapour de-
position (CVD) method in which the metal precursor is brought in close proximity
to the growth substrate. This method increases the reactivity on the surface and
minimises the amount of metal precursor required for the synthesis. The quality
and properties of the synthesised materials in this work were intensively studied by
various characterisation techniques such as Raman spectroscopy, photoluminence
(PL) spectroscopy, X-ray photo-electron spectroscopy and atomic force microscopy.

In the first results chapter of this thesis the chemical vapour deposition synthesis
of WSe2 was optimised through parametric investigation. These parameters include
metal precursors, reaction time, temperature, pressure and gas flow. The parame-
ters influence the formation of WSe2 on the growth substrate as well as the growth
mechanism, nucleation density and lateral size of the flakes. Electrical FET devices
with WSe2 as channel material, made from the optimised synthesis method, demon-
strated p-type charge carrier transport and reasonable mobility. Collaborative work
investigated the influence of environmental effects on the properties of the WSe2
FETs and the synthesised flakes were further used to demonstrate the first vertical
field emission transistor.

Not only the growth parameters but also the morphology of the growth substrate
influences the growth mechanism of the synthesised TMD. An in-depth study on the
effects of different sapphire planes and annealing of sapphire substrates on the growth
of CVD MoS2 flakes showed a wide variation in alignment, growth mechanisms, flake
size and flake thickness on the different sapphire planes. The size and shape of the
terraces on the sapphire planes can hinder or promote the growth of MoS2 and can
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result in the growth of aligned MoS2. The step height between the terraces of the
surface can influence the lateral growth or promote vertical, multi layer growth.
Depending on the application of the MoS2, different properties are required and a
particular substrate can be selected to promote MoS2 growth with these properties.

Finally a direct growth CVD growth method was developed in which a micro-
reactor is used to synthesise TMD heterostructures. This growth method allows the
formation of both lateral and vertical heterostructures as well as sulfide and selenide
heterostructures, offering a large range of possible device architectures. Both double-
step and single-step synthesis of TMD heterostructures were attempted. Double-step
offers more variety in possible combinations of formed heterostructures, however the
crystalline quality of the TMDs and the interface is better when using a single-step
approach. On top of this, single-step synthesis allowed the formation of both lateral
and vertical heterostructures offering a large range of possible device architectures.
The growth of of lateral and vertical heterostructures can be controlled by the con-
centration of the initially grown TMD. The synthesised materials were intensively
studied by Raman and PL spectroscopy, XPS and TOF-SIMS as well as various
AFM modes including peak force tunneling AFM. FET Devices produced from the
synthesised heterostructures show interesting properties such as photoconductivity.
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1 Introduction

In 1965 Gordon Moore predicted that the number of components on an integrated
circuit would double every 2 years.1 This prediction, better known as Moore’s law,
has been correct so far. For years silicon based semiconductor technology has flour-
ished, not only did the number of components on a chip increase, the prices of the
chips went down as well. The problem is that the current silicon based technology
is reaching its limits as the down scaling of devices reaches atomic dimensions. This
makes it incredibly challenging to make components smaller still as dimensions reach
the limit where individual atoms count when downscaling. Thermal issues also be-
come problematic when channel dimensions decrease and there are also issues with
quantum tunneling. In quantum tunneling electrons cross an energy barrier with
a higher energy level than the electrons have, resulting in increasing leaking cur-
rents. For these reasons novel semiconductor materials and architectures are being
investigated.

Already back in 1959 Richard Feynman effectively introduced the concept and
importance of nanotechnology in his lecture "Plenty of Room at the Bottom".2 In
this lecture Feynman explained not just the need to scale down materials laterally
but also to top down materials to decrease the thickness. This lecture motivated
scientists to face the challenges of the nanometer domain and how to overcome these
domains, eventually leading to the formation of materials that were only a single
molecule layer thick, making them the thinnest materials possible. These materials
are referred to as 2 dimensional (2D) materials.

Beyond the pursuit of smaller computer chips there are various applications
which could use novel materials, where the properties are optimised for the applica-
tion. These properties range from the physical properties, such as the mechanical
strength, flexibility or thermal conductivity, to electronic properties, such as the
band gap, mobility and light-matter interaction. All these properties can be ob-
tained by 2D materials and combinations of 2D materials.

The isolation of graphene in 2005 by Novoselov et al, brought 2D materials back
in the spotlight.3 Before, 2D materials were expected to be unstable at single layer
level. This research showed otherwise and therefore heralded a new era of research
into 2D materials. A large variety of different 2D materials are available with a
wide range of properties. Transition metal dichalcogenides (TMDs) are a group
of 2D materials with versatile properties. To obtain TMDs suitable for electronic
applications, highly crystalline materials are preferred. Chemical vapour deposition
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is a synthesis method which can deliver this, though this requires optimisation of
the process, precursors and substrates. Properties of TMDs can be enriched by
combining different TMDs, to form TMD heterojunctions, which are also a perfect
fit for electric junctions due to the small lattice mismatch between TMDs.

In this work the growth of highly qualitative TMDs is performed, to obtain
TMD heterostructures. The synthesised materials are characterised by different
spectroscopic methods, including Raman spectroscopy and photoluminescence spec-
troscopy as well as other characterisation techniques such as atomic force microscopy
and time-of-flight secondary ion mass spectroscopy.

In Part I Introduction, the motivation for the research is first set out followed
by an overview of the dissertation. This is followed by Part II Theoretical Back-
ground. In this part a review of the literature, pertaining to 2D TMDs, is given. In
this review the properties and applications of TMDs are discussed as well as those of
TMD heterostructures. The theoretical background discusses semiconductors and
device structures as well and finally an overview of synthesis methods for TMDs and
their heterostructures is presented.

Following the theoretical background, the experimental details for the CVD syn-
thesis as well as the characterisation methods used in this work are discussed in
Part III Experimental Details. The growth parameters used in the CVD process
are explained in detail and a theoretical and practical description of the characteri-
sation techniques and tools is presented.

The results and discussion chapters can be found in Part IV Results & Dis-
cussion. This part is divided in 3 different chapters. The first results chapter:
Parametric Study on the CVD growth of WSe2 examines the effect of differ-
ent reaction parameters on the CVD growth and crystalline quality of WSe2. These
parameters include: the reaction time, temperature and pressure in the furnace
setup.

Besides reaction other parameters such as the growth substrate can be of influ-
ence on the synthesis reaction. The chapter on Substrate effects on the growth
of MoS2 examines the influence of the substrate and the morphology of the substrate
on the growth mechanism of CVD grown MoS2. This is studied with a compara-
tive study of MoS2 growth on SiO2/Si and contrasting sapphire substrates. The
annealing of the substrates thermodynamically relaxes the surface and improves the
ordering of the surface atoms.

The chapter on Direct synthesis of TMD Heterostructures discusses the
formation of TMD heterostructures by using double and single step synthesis of
TMD heterostructures. The advantages and disadvantages of these methods are
examined. These methods can lead to the formation of both lateral and vertical
heterostructures and shows the electrical properties of the formed materials. Devices
of both individual flakes of varying thicknesses as well as heterostructures have been
produced and tested to better understand the properties and possible applications
of TMD devices.

4



CHAPTER 1. INTRODUCTION

Finally the dissertation ends with Part V Conclusions & Outlook. In this
part an overview of the obtained knowledge and conclusions will be given as well as
possible lines of investigation which could follow as future work on the topic.
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2 2D Materials

Two dimensional materials or layered materials have been known for centuries, as
these materials naturally occur as minerals. There are many 2D materials, though
the best known 2D material is undoubtedly single layer graphite, better known as
graphene. Graphene is a structure made up of single atomic layers of carbon ordered
in a hexagonal lattice. The material was first theoretically described in 1947 by P.
Wallace, who described the structure of a single hexagonal graphite layer and defined
graphene and its conductive properties by use of the band theory of solids.4

For almost 60 years 2D layers were considered to be thermodynamically unstable
and therefore layers of one or few atoms thick film would not be able to exist under
ambient conditions. This was generally assumed until A. Geim and K. Novoselov
isolated few layer graphene in 20045 and narrowed it down to a single layer in
2005.3 The isolation of graphene unleashed an exponential increase in the interest
and research on 2D materials. This research lead to the expansion of the number of
2D layered materials and the isolation and growth of these materials.

2.1 Graphene

Graphene is the most commonly known and popular 2D material as it has ex-
tremely interesting properties. The single layer of graphite is a two-dimensional
carbon allotrope, which has a hexagonal honeycomb lattice structure as shown in
Figure 2.1(a).6

The material is flexible because of elongation of the covalent carbon-carbon
bonds. These covalent bonds are also the cause of the strength of the graphene as
the Young’s modulus goes up to 1 TPa and the tensile strength is about 130 GPa.7,8

Graphene is a unique example of an extremely thin thermal conductor in the range
of 5000 cm2(Vs)−1.9 The mobility can reach values up to 350.000 cm2(Vs)−1 and it
has an optical transparency of 97.7%.10,11

However, as a material graphene has major drawbacks due to the absence of a
band gap. Graphene must first be modified by means of doping before it can be
used in transistor applications. Therefore other 2D materials, such as transition
metal dichalcogenides and hexagonal boron nitride, with their diverse properties,
are gaining more interest.
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Figure 2.1: Ball stick models of (a) graphene, (b) stacking of 3 h-BN layers and (c)
Stacking of 2 black phosphorus layers.

2.2 Hexagonal boron nitride

Boron nitride is found in different crystallographic forms such as amorphous, hexag-
onal and cubic. The most stable crystalline form is the hexagonal boron nitride
(h-BN). Hexagonal boron nitride has a layered structure where the crystal lattice
is similar to that of graphite, as shown in Figure 2.1(b). Also similar to graphite,
h-BN can be thinned down to a monolayer. h-BN is an insulator in its monolayer
form, where it is a semiconductor in bulk. In each h-BN monolayer, or basal plane,
the atoms are bound by covalent bonds, whereas the layers are held together in the
edge plane by weak Van der Waals forces. Similar to graphene the stacking modes
of the sheets can be different, though usually the atoms lay eclipsed from each other
on the layers with boron atoms placed on top of nitrogen atoms and vice versa.

2.3 Black phosphorus

Black phosphorus (BP) or phosphorene consists of a hexagonal lattice of phospho-
rus atoms, forming a quadrangular pyramid structure.12 The single layer of black
phosphorus, the most stable allotrope of phosphorus, has a corrugated or accordion-
like structure as shown in Figure 2.1(c). BP shows a thickness-dependent bandgap
energy from 0.3 eV for bulk BP to 2.0 eV for monolayer BP.13 This large spread in
the bandgap indicates that BP holds a wide light absorption ranged from ultraviolet
(UV) light to near-infrared (NIR) light, making BP a potential candidate for the
optoelectronic applications.14 Other 2D compounds which are similar in structure
to BP are arsenene, antimonene and bismuthene.15

2.4 Transition Metal Dichalcogenides

2.4.1 Physical properties

Transition metal dichalcogenides are a large and varied group of materials, which all
abide to the same formula: MX2. In this formula M is a transition metal from the
4-7 or 9-10 group, as metals from these groups can lead to layered MX2-materials,
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Figure 2.2: (a) Ball stick model of the stacking of 3 individual TMD layers.18 (b)
Illustration of the basal plane and edge plane of a layered TMD material. (c) The 3
different stacking types 1T, 2H and 3R of TMDs.22

and X is a chalcogen (sulfur, selenium or tellurium). For this reason, TMDs are also
often referred to as MX2-materials. At present over 40 different TMDs are known.16

In the monolayer the metal atom is sandwiched with covalent bonds between
two chalcogen layers. The different monolayers are kept together by weak Van der
Waals forces.17,18 (See Figure 2.2(a)) A multilayer TMD crystal can be divided in
2 planes: The basal plane and the edge plane. (As shown in Figure 2.2(b)) The
basal plane can in theory be an infinitely large sheet, as the edge plane is only a
single layer thick. The basal plane has a low chemical reactivity towards atoms
attaching perpendicular to the plane due to a lack of reactive sites. In contrast to
graphene, where the edge plane is reactive due to the presence of dangling bonds,19

the properties of the edge plane are dependent on structure of these edges. The edges
can have a zigzag or armchair structure.20 Zigzag edges in 2H MoS2 are calculated to
be metallic and ferromagnetic, whereas armchair edges are semiconducting and non-
magnetic. The metallic zigzag edges find applications in catalysis, such as hydrogen
evolution reaction.21

MX2 materials crystallise mainly into thin layered sheets. The materials can
crystallise in three different packing structures: the 1T phase with an octahedral
symmetry, the hexagonal close-packed 2H phase and the 3R phase which has rhom-
bohedral symmetry. The most common crystal structure in TMDs is the 2H phase,
which results in an AbA trigonal prismatic structure. The crystal phase determines
the properties of the material, for example the 1T phase of MoS2 is metallic,17 while
the 2H phase of the same material is semiconducting.22–24 (See Figure 2.2(c).)

Another advantage of TMDs is that they have a relatively low thermal con-
ductivity due to the presence of two different atomic species. The two different
species reduce the phonon free path length and thereby reduce the thermal conduc-
tivity.25 This leads to theoretical values of an in-plane thermal conductivity of up
to 18±2 Wm−1K−1 and an out-of-plane thermal conductivity of 4.2±0.4 Wm−1K−1
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for MoS2.25

The mechanical strength of TMDs is extraordinary in terms of Young’s modulus
and tensile strength. The theoretical prediction of the value for the Young’s modulus
of MoS2 is 0.27 TPa23 which is in good agreement with the experimental value for
suspended MoS2 nanosheets, namely 0.33±0.07 TPa.26

2.4.2 Electronic structure

TMDs have either (semi-)metallic or semiconducting properties depending on their
composition and structure.27 (See Table 2.1) The different intrinsic properties can
be explained when the symmetry point group and the filling of d-orbitals in the
transition metal are taken into account as a function of the group number.16 Crystal
field theory (CFT) explains the splitting of the d-orbitals in a high- or low-spin
splitting.

To demonstrate the crystal field splitting WSe2 is used as an example. Tungsten
is a group 6 element and therefore has 4 d-electrons ([Xe] 4f14 5d4 6s2) and is
surrounded by a D3h coordination environment.16 (See Figure 2.3(a) and (b)) In
WSe2 tungsten has a d2 conformation as 2 d-electrons of tungsten react to form
σ-bonds with 2 selenium atoms.

Another interesting electronic property of TMDs is the tuneable band gap. Dur-
ing the thinning of the number of layers from bulk to monolayer, the bandgap
increases and transitions from indirect to direct in some TMDs such as MoS2 and
WS2. This shift originates from quantum confinement effects, effects due the spatial
confinement of electron–hole pairs, present in mono- and few layers of TMDs and
the loss of crystal symmetry.31,32 The change in the band structure is depicted in
Figure 2.3(c).

The direct bandgap in monolayer material allows for applications such as tran-
sistors, photodetectors and electroluminescent devices. As the direct band gap
increases the quantum efficiency, thereby converting more electrons which can be
harvested for use in solar cells.33 The direct band gap in TMD monolayers pro-
vides a major advantage over graphene as these monolayers can be implemented in

Material Type Band gap
monolayer

Band gap
bulk

Mobility
(theoretical)

Graphene semi-metallic N/A. N/A. 200,000 cm2(Vs)−1

MoS2 semi-conducting 1.8 eV 1.2 eV 340 cm2(Vs)−1

WS2 semi-conducting 2.1 eV 1.4 eV 1103 cm2(Vs)−1

MoSe2 semi-conducting 1.5 eV 1.1 eV 240 cm2(Vs)−1

WSe2 semi-conducting 1.7 eV 1.4 eV 705 cm2(Vs)−1

PtSe2 semi-conducting 1.2 eV 0.21 eV 4000 cm2(Vs)−1

BP semi-conducting 2.0 eV 0.3 eV 10,000 cm2(Vs)−1.
h-BN insulating 5.4-6.0 eV 5.6-6.0 eV N.A.

Table 2.1: Overview of different 2D materials and their properties. Adapted from
Das et al,28 Wang et al,29 and Ling et al.30
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Figure 2.3: (a) Filling of d-orbitals located within the bandgap of bonding (σ) and
anti-bonding states (σ*) in group 6 TMDs.16 (b) Shift in electronic band structure
of MoS2 from bulk to monolayer.31

transistor devices without the need for doping.

2.4.3 Applications

TMDs are of interest due to their anisotropic electronic and mechanical properties,
bond-free interfaces, layer dependent properties and exceptionally large surface-area-
to-volume ratios. 2D TMDs have also a large variety in different material properties
and potential applications, depending on the choice of metal and chalcogen.17,34–36

Field effect transistors

Most monolayer TMDs are semiconductors, with bandgaps similar to that of silicon.
The band gaps of the TMDs can often be tuned by changing their layer number,
making them strong candidates for applications in nanoelectronics.37 The monolayer
nature of TMDs allows superior gate control of the channel. This property can be
used to reduce the power consumption of current integrated circuits and potentially
in architectures such as tunnelling field-effect transistors (TFETs). In 2011 top-
gated MoS2 FETs with moderate mobilities ∼60-70 cm2 (Vs)−1, large on/off ratios
(∼108), and low sub-threshold swings were shown at room temperature.18. The
addition of a top gate dielectric to a TMD device allows superior gate control, thus
enabling small off-currents and large switching ratios.38,39.

TMDs are also very attractive for use in flexible electronics due to their stability.
A number of works have demonstrated high performance MoS2 field-effect transistors
(FETs) on flexible substrates.40,41

(Opto-)electronics

TMDs have also shown promise in the field of opto-electronics. Due to their tun-
able bandgap, strong light matter interaction and viability for use in atomic het-
erostructures. TMDs have found applications in photodetectors, photovoltaics, and
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light-emitting devices. They have been implemented in photodetectors with low dark
currents, high responsivity and fast switching speeds over a wide spectral range.42–44

As many TMDs are direct bandgap semiconductors in their monolayer form, with
high photoluminescence efficiency, they are well suited for use in LEDs.45 In photo-
voltaics TMDs show promising results under both laser radiation as well as visible
light, there have also been applications of TMDs in flexible photovoltaic devices.46,47

Modifying TMDs, through chemical functionalisation, doping or plasma treat-
ments, further broadens their range of potential applications. These treatments have
been investigated in the context of (opto-)electronic devices though it is important
to note that any modification to the TMD device can have a large impact on the
electrical properties of the device.

Other applications

Other possible applications of TMDs are resistive switching,48 energy storage, sens-
ing49 and catalysis.50 Resistive switching has been observed in various TMDs and
other 2D materials and these memristors are among others of interest for potential
use in memory technology and neuromorphic computing.51–53 The atomically lay-
ered structure, large specific surface area and electrochemical properties are features
which make 2D TMDs attractive for energy storage.54,55

TMDs have also been successfully implemented as sensors for bio-molecules.56,57

As gas sensors, TMDs have been shown to be competitive with the state of the
art for certain analytes.58,59 These materials have also shown promising catalytic
behaviour for water splitting and CO2 photoreduction.60,61 For applications such as
sensing and catalysis chemical functionalisation is especially relevant. 2D materials
are particularly suited to functionalisation due to their exceptionally large surface-
area-to-volume ratio.
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3 Semiconductors

3.1 Band structures

In solids, orbitals of individual atoms overlap creating energy bands with different
energies and electron fillings. Three different types of materials can be distinguished
by their band structures: conductors, semiconductors and insulators. In a conductor,
or metal, there is a free flow between the valence band (VB), the last band filled
with electrons, and the conduction band (CB), the first empty band, as these bands
overlap. The overlapping bands mean that the Fermi level (EF ), the top energy level
electrons can reach at 0 K, falls within an energy band. The opposite is valid for
insulators. Insulators have no available energy states as there is a large band gap
between the VB and CB which cannot be overcome by electrons and is therefore
referred to as a forbidden gap. The last type of material is the semiconductor. In a
semiconductor a band gap is present, though this gap is small enough that electrons
can bridge this gap when excited, creating available energy states. For an overview
of the band structures of the different materials see Figure 3.1.

Figure 3.1: Band structure of solids. Band structures of a metal, insulator and
semiconductor respectively

3.2 Mobility

A very important characteristic of a semiconducting material is its carrier mobility
(µ). The carrier mobility refers to the electron mobility or the hole mobility, in
the absence of electrons. Mobility can be viewed as the ease with which a carrier
can move through the material under an applied field. µ is a material constant
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which relates directly to the movement of carriers to the applied field. When an
electric field (E) is applied across a material, electrons (or holes) are accelerated to
an average velocity, called the drift velocity (vd). These charge carrier concentrations
are influenced by intrinsic properties as well as doping. In a vacuum, an applied
field will accelerate the electron in the electric field. However, scattering from ions,
crystal defects or phonons or other impurities slows down the carrier. The mobility
is given by Equation 3.1:

vd = µE (3.1)

In ambipolar materials both electrons and holes contribute to the conductivity of
the material, therefore both the electron mobility (µe) and hole mobility (µh) should
be taken into account. This leads to the total conductivity given by:

σ = e(nµe + pµh) (3.2)

In this equation e is the elementary charge, n is the number density of electrons, and
p is the number density of holes. As µ is directly related to vd, which in its turn is
heavily dependent on scattering events, controlling the different types of scattering
is a possible way of investigating µ in a material. Many measurements use a cryostat
to measure µ as a function of the temperature.

3.3 Doping

Doping is the process of introducing a minuscule amount of foreign atoms in the
crystal lattice of a semiconductor to produce a p- or n-type semiconductor, which
influences the conductivity of the semiconductor.

In p-type doping an impurity, which has an electron deficiency in comparison to
the intrinsic semiconductor, is introduced. This deficiency causes additional holes
in the band gap, creating an acceptor level, which allows excitation of valence band
electrons, thereby lowering the Fermi-level. These excitations leave mobile holes in
the valence band.

In an n-type doped semiconductor an impurity which has an additional valence
electron compared to the intrinsic semiconductor is introduced. This additive creates
an extra electron energy band, or donor level, just below the CB, which decreases
the band gap and improves the conductivity of the semiconductor. In Figure 3.2
both the band structures of n-type and p-type semiconductors are shown.

3.4 pn-Junctions

A pn-junction is an interface between a region with electrons as carrier, a n-type
semiconductor, and a region filled with holes as carrier, a p-type semiconductor. In
Figure 3.3 the band diagram for a typical pn-junction is shown. When no voltage
is applied to the system the Fermi-level must be equal throughout the system. This
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Figure 3.2: Band structures of n- and p-type doped semiconductors

results in a depletion region of the charge carriers at the interface between the
different regions of the p-n junction.

When a forward bias is applied to the system, the p-type material is biased
positively with respect to the n-type. This reduces the built-in potential at the
junction and thereby lowers the barrier to the charge carrier conduction. As the
barrier is lowered, an increased amount of charge carriers on both sides gain enough
energy to cross, causing an exponential increase in the current. If the junction
is reverse biased, the built-in potential increases, meaning very little current flows
through the system, only a low level of drift current. This current is present until the
break-down voltage of the junction is reached, where the material does not conduct
any more.

Figure 3.3: Energy band diagram of a pn-junction. The energy of the valence band
maximum (EV ) and conduction band minimum (EC) and the Fermi level (EF ) are
plotted as a function of the position.

3.5 FET

A field effect transistor (FET) is a type of transistor where the flow of the current
is modulated through the transistor. A FET consists of a channel of n- or p-doped
semiconductor material through which the current can flow and the gate allows or
blocks the flow of electrons between the source and the drain.62 The devices have
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three terminals: source, gate, and drain and are unipolar transistors as they are a
single-carrier-type device.

FET is a collection of different types of transistor devices such as junction field-
effect transistor (JFET), metal oxide semiconductor field effect transistor (MOS-
FET), metal semiconductor field effect transistor (MESFET) and a tunneling field
effect transistor (TFET).

3.5.1 MOSFET

A metal oxide semiconductor field-effect transistor is based on the modulation of
charge concentrations generated by a metal oxide semiconductor (MOS) capaci-
tance.63 This includes two terminals, a source and drain, which are each connected
to separate highly doped regions. These regions are typically denoted by ’N+’ or
’P+’ depending on the type of doping. The two regions are separated by a slightly
doped region of the opposite type, referred to as the body. The body is denoted,
’N’ of ’P’, for the type of doping. The active region constitutes a MOS capacitance
with a third electrode, the gate, which is located above the body and insulated from
all other regions by an oxide layer.

There are broadly speaking 2 kinds of MOSFETs: nMOSFET and pMOSFET
depending on the doping of the device. In a nMOSFET the source and drain are
’N+’ regions, while the body of the device is a ’P’ region. When a positive gate-
source voltage is applied an n-channel is formed at the surface of the ’P’ region, just
below the oxide layer, by depleting the body region of holes. The channel extends
between the source and drain, but the current is only conducted through the channel
when the gate voltage is high enough to attract electrons from the source and the
drain. When zero or negative current is applied between the gate and source the
channel disappears and the current cannot flow between the source and drain.

In contrast to the nMOSFET in the pMOSFET the source and drain are ’P+’
regions and the body is a ’N’ region. When a negative gate-source voltage, a positive
source-gate, is applied it creates a p-channel at the surface of the ’N’ region, just
below the oxide layer, by depleting the body region of electrons. The current is only
conducted through the channel when the gate voltage is low enough to attract holes
from the source region into the channel. When a near-zero or positive voltage is
applied between the gate and body, the channel disappears and there is no current
flow between the source and drain.

3.6 Heterostructures

A heterojunction or heterostructure is the interface between two regions, or layers,
of dissimilar crystalline materials. This can mean a lateral interface, where the
regions are in the same basal plane or horizontally stacked, or a vertical interface,
in which case the regions are stacked in a vertical manner. A last possible interface
is an alloy, in which the different materials have blended. The different interfaces or
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heterostructures can be seen in Figure 3.4)

In semiconductor devices heterostructures are widely used to create p-n junc-
tions from different materials or to create quantum wells by stacking materials with
different bandgaps.64 Heterostructures provide higher band-to-band tunnelling cur-
rent as the distance from the conduction band to the valence band is smaller than
in a homogeneous structure, reducing the field strength required for high currents
and are therefore fundamental building blocks for electronic devices.65 Currently
group III-V semiconductors such as GaSb/InAs66, InAs/InSb67 and InP/InGaAs68

are used for heterojunctions.

2D materials are also applicable for the formation of heterostructures. In 2010
the first 2D heterojunctions of graphene and h-BN were reported.69 Heterojunctions
of 2D materials have an advantage over bulk materials as 2D materials do not
have dangling bonds on the basal plane and are kept together with weak Van der
Waals forces. Therefore overcoming limitations due to lattice match mismatch in
vertically stacked heterostructures, as is often the problem in 3D heterostructures.
2D heterostructures also create clean atomically sharp interfaces. These structures
are fundamentally different and more flexible than traditional III-V heterostructures.
Due to the high photon excited carrier generation and collection efficiency, TMD
heterojunction based photodetectors exhibit high photoresponsivity and increased
response speed.42

3.6.1 Heterojunction types

Heterojunctions can be classified into 3 different types. type I, a straddling gap
junction, type II, a staggered gap junction, and type III, a broken gap junction. The
different types are shown in Figure 3.5. Due to the variation in the gaps between
the different types, these all have different applications. Type I has applications in
opto-electronic devices such as light emitting diodes (LEDs), where type II is used
for photovoltaic devices and type III finds applications in field effect transistors.

In a type I, straddling gap, junction the bandgap of the smaller gap material is
completely contained in the bandgap of larger gap material. Resulting in EV1 <EV2

while EC1 >EC2 . Type I heterojunctions result in ultrafast recombination between
electrons and holes, making the junction suitable for opto-electronic applications.
Examples of 2D material heterojunctions where type-I alignments can be formed are

Figure 3.4: The three different types of heterostructure interfaces. (a) A vertical
interface or vertical stack, (b) A horizontal or lateral stacking of the materials and
(c) Alloying of the materials at the interface shown in green.
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WSe2/BP and MoSeTe-Te/Ca(OH)2.70–72

In a type II band gap alignment, the conduction band and valence band of the
second semiconductor are both lower than the conduction and valence bands of the
first semiconductor. In this staggered gap, the band gap of the second semiconduc-
tor is not restricted to being smaller than the first semiconductor as is the case for
the type I alignment. So EV1 >EV2 while EC1 >EC2 . The type II aligned hetero-
junctions can easily promote electron and hole-carrier transfer and separation at the
interface, which enhance the efficiency of photovoltaic solar cells.73 Combinations of
the most commonly synthesized TMDs (MoS2, WS2, MoSe2 and WSe2) form type
II heterojunctions.

Finally in a type III, broken gap, alignment the band gaps partially overlap be-
tween the valence band of the first semiconductor and the conduction band of the
second semiconductor. EV1>EV2 while EC1 >EC2 and EV1 <EC2 . The conduction
band electron states on the n-type material are more or less aligned with valence
band hole states on the p-type material. Due to this overlap the junction has a
negative resistance and facilitates a high electron tunneling efficiency. For 2D het-
erojunctions this has been shown for various stacks such as BP/SnSe2, WTe2/MoS2
and SnSe2/MoTe2.74–76

3.6.2 Vertical heterostructures

Previously the different kinds of heterostructures were introduced. A vertical het-
erostructure has a Van der Waals stacking, as the different TMD layers are kept
together by the Van der Waals forces between the individual layers. This stacking
should result in a straightforward combination of the different TMDs. Emergent
properties can arise in vertical heterostructures depending on the stacking order of
the 2D materials.77,78

An example of this is the stacking of MoS2 and WS2 when the TMDs are stacked
with MoS2 on the bottom and WS2 on top, a MoS2/WS2 stack, the stack shows a
higher level of catalytic activity, compared to the reversed WS2/MoS2 stacks.79

The formed heterostack is a type II junction, in this junction the spatial separation
of photogenerated electron–hole pairs is enhanced. The stacking of the materials

Figure 3.5: The three different types of heterojunctions, Type I, a straddling gap,
type II, a staggered gap and type III, a broken gap junction.

20



CHAPTER 3. SEMICONDUCTORS

is possible due to the small lattice mismatch and the weak Van der Waals forces
between the layers diminishes the effect of any mismatch, also aiding the stacking.

3.6.3 Lateral heterostructures

TMDs are perfect building blocks for heterostructures as the interlayer Van der
Waals forces should result in an easy combination of the different TMDs. This com-
bined with the small lattice mismatches between different TMDs results in a perfect
material to make both lateral and vertical heterostructures. Lateral MoS2/WS2
structures can result into localized photoluminescence enhancement as well as the
formation of intrinsic p–n junctions,80 though MoS2/WS2 lateral structures more
often find applications in photonics.81–83 Where lateral structures containing both p-
and n-type TMDs, such as MoSe2/WSe2, find more applications in pn-junctions.84
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4 Synthesis of TMDs

4.1 Synthesis

Several methods for the synthesis of TMD materials are known. The different meth-
ods all yield materials with different quality specifications, therefore the synthesis
method defines the applications of the material. In this section the most commonly
used synthesis methods will be discussed. In general these methods can be sub-
divided into two categories: top-down and bottom-up methods. Top-down methods
start from bulk (or multilayer) material and attempt to isolate mono-layer (or few
layer) material by application of external energy. In contrast, bottom-up methods
can be defined as methods which start from (atomically) small building blocks and
attempt to synthesize the 2D material from these blocks.

4.1.1 Mechanical exfoliation

Mechanical exfoliation, or the Scotch tape method, is the oldest and best known
method to produce 2D materials and has so far produced the best quality 2D mate-
rials. This method is a top-down method and was first described for the isolation of
2D materials by Novoselov and Geim for the isolation of graphene monolayers but
the method can also be applied for the isolation of monolayer TMDs.5 The TMD
layers, which are held together by weak Van der Waals forces, are exfoliated using
adhesive tape. The weak Van der Waals forces are broken by the mechanical force,
creating a thinning of the number of layers. Repetition of this process results in a
reduced number of layers until a monolayer is isolated.

A large drawback of this method is the limited flake size. The size of monolayer
flakes that are obtained by this technique are in the order of 1–50 µm on SiO2/Si.28,85

Larger flakes have been exfoliated on metal substrates, though the applications of
TMDs on metal substrates is limited.86 Another disadvantage of mechanical exfoli-
ation is the inability to control the size and location of the material on the surface.
These drawbacks cause the method to be unsuitable for use in electronic applica-
tions. Nevertheless, the quality of mechanically-exfoliated material is outstanding
and is often used in research as a benchmark for other production methods.
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4.1.2 Liquid phase exfoliation

As the name would suggest liquid phase exfoliation (LPE) is an exfoliation method
in which the exfoliation occurs with the bulk material dispersed in a liquid. This
method is more scalable and has a higher yield than mechanical exfoliation. Liquid-
exfoliation methods are especially suited for applications where individual flakes are
not required and few layer TMDs suffice. For example in energy storage, catalysis
or solar cells. This method is also suitable for mass production of thin TMDs.

The most commonly used solvents for liquid phase exfoliation are N-methyl-2-
pyrrolidone (NMP), dimethyl formamide (DMF) and tetrahydrofuran (THF).87–89

Different techniques for liquid exfoliation of 2D materials are available. Most LPE
techniques are based on sonication of the multilayer material but other techniques
(especially for graphene90) are based on thermal shock detachment of the monolay-
ers.91

Direct sonication techniques rely on the solvent or surfactant to overcome the
cohesive energy between the adjacent layers; therefore the surface energies of the sol-
vents must be similar to those of the material as to minimise the enthalpy of mixing
(∆Hmix).88,92 A large issue with this method is that sonication can lead to tearing
of the individual layers and results in a large variation in layer thickness. Therefore
control of the sonication parameters and centrifugation parameters is essential to
yield large and thin TMD layers.92

In thermal shock techniques the exfoliation mechanisms are based on vapor-
ization of ions intercalated in between the monolayers. When the ions vapor-
ize, the monolayers are forced apart. An example of ion intercalation is lithium-
intercalation.93,94

4.1.3 Atomic layer deposition

Atomic layer deposition (ALD) is a vapour deposition method where a minimum
of two vapour phase precursors sequentially react at the surface in a self-limiting
manner. The ALD principle was first demonstrated in 1989 by Tuomo Suntola.95

who used ALD for the synthesis of zinc sulfide (ZnS). Currently ALD is generally
used for the synthesis of thin layer insulators such as Al2O3 and HfO2.96–98

A basic ALD cycle consists of a saturating pulse of precursor A, an evacuation by
purging of the reactor, a saturating pulse of precursor B and subsequent evacuation
of the reactor. This cycling is repeated until the desired amount of material is
deposited. ALD has been successfully applied in the deposition of many materials
including MoS2 and WS2.99–101

A large advantage of ALD is that the reactions occur at relatively low temper-
atures, compared to other vapour deposition methods, and leads to atomically thin
layers. Unfortunately achieving self-limiting ALD deposition sequences is very diffi-
cult due to the wide range of parameters which must be optimised, often leading to
rough surfaces with small grain sizes.
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4.1.4 Thermally assisted conversion

In thermally assisted conversion (TAC), or thermally assisted chalcogenisation, a
layer of transition metal is deposited on the surface by a physical vapour deposition
(PVD) method, such as sputtering or evaporation. The metal layer is subsequently
converted to a TMD by heating it in a furnace under a chalcogen-containing vapour
flow.

The TAC process can result in the production of large-scale polycrystalline TMD
that has a few- to multilayer thickness with grain sizes in the order of 10-100
nm.102 The TAC growth method is a straightforward technique to prepare large-
area films.103 TAC growth is mainly used for the synthesis of sulfur-based TMDs,
which has as a general formula for the reaction:

M(s) + 2S(g)→MoS2(s) (4.1)

This reaction can already occur at 550 °C and has been demonstrated to result in
large-area MoS2 .103–105 Instead of using the metal, the metal oxide can also be used
as a precursor (e.g. MoO3 for MoS2). When the metal oxide is used the sulfurization
of the substrate already occurs at 650 °C.106 The reaction mechanism differs from
the sulfurization of the metal film as the sulfur vapour first reacts with the oxide to
form a sulfoxide and a metal sub-oxide, see Equation 4.2. After which the sub-oxide
reacts with the sulfur to form the TMD, shown in Equation 4.3.106

MoO3(s) + S(g)→MoO3−x(s) + SOx(g) (4.2)

MoO3−x(s) + 3S(g)→MoS2(s) + SO3−x(g) (4.3)

For the formation of selenium TMDs the process is slightly more difficult as the
chemical reactivity of selenium (Se) is much lower compared to that of most sulfide
TMDs as the oxidation state needs to be reduced to +IV. However, the formation
of WS2 also requires a reducing agent for surface activation, as there is insufficient
reduction of WO3 during growth. Therefore a reducing agent is necessary for the
sub-oxide formation of selenide TMDs and WS2.107,108 Hydrogen (H2) gas is most
commonly used as a reducing agent for this purpose, which leads to the following
total reaction109:

WO3(s) + 3Se(g) +H2(g)→WSe2(s) +H2O(g) + SeO2(g) (4.4)

A further decrease of the reaction temperature is possible through the use of
chalcogen plasma or the use of halides to decrease the energy barrier.110 Synthesis
of (single crystalline) monolayers is very difficult using the TAC approach. The
resulting film also has a very high polycrystallinity due to the granularity of the
starting material, which makes the material interesting for applications in which a
large surface area is required such a catalysis.58,111
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Figure 4.1: Representation of the different processes which can take place on a sur-
face during CVD deposition: 1) Adsorption, 2) Surface diffusion, 3) Desorption, 4)
Edge diffusion, 5) Transformation from mono- to bi-layer island, 6) Dimer formation,
7) Dimer decay, 8) Step-down hopping, 9) Step-up jump. Adapted from Dhanaraj
et al.114

4.1.5 Chemical vapor deposition

Chemical vapour deposition (CVD) is a process whereby a thin solid film is deposited
onto a substrate through chemical reactions of the gaseous species in the reaction
chamber.112 The technique combines reactions in the vapour phase of the chamber
with surface reactions at the substrate.113 For the synthesis reagent gases are simul-
taneously introduced into the chamber. CVD can be incorporated in a industrial
production flow, though high growth temperatures offer a challenge for integration
with current silicon technologies as only processes below 450 °C are compatible with
Si technology. Still the high throughput and material quality obtained by CVD
make it a promising method for production of large-area 2D materials.

Many processes are involved in CVD such as: Transport of precursor molecules
to the surface where they adsorb, diffuse and react and the incorporation of reacted
precursor molecules into the crystal lattice and removal of by-products.114 These
processes are depicted in Figure 4.1. We cannot directly influence these processes.
Therefore, controllable parameters must be defined and adjusted. CVD processes
can be classified based on these adjustable parameters. For instance: Temperature,
pressure, energy source and deposition time.112 Usually only one of the parameters
is used for the abbreviation of the specific CVD method, e.g. PECVD for plasma
enhanced CVD, but unfortunately a CVD process is defined by every change in each
parameter. In practice the choice of parameters is often based on practical consid-
erations and defining one parameter will decide and influence other parameters.

The different CVD methods lead to different materials with different purposes.
There is the synthesis of flat single crystal monolayers,115 to full multi crystalline cov-
erage synthesis of MoS2 across sapphire116,117 or electrically compatible substrates
like SiO2/Si.118

CVD processes for TMDs

As mentioned above depending on the reaction parameters different CVD processes
can be identified. Optimisation of these parameters will result to the growth of
TMDs. The surface processes are dependent on the CVD precursors and reaction
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Figure 4.2: Depiction of the different growth modes. (a) Volmer-Weber island for-
mation growth, (b) Frank-Van der Merwe layer-by-layer growth and (c) Stranski-
Krastanov monolayer with island growth.

parameters and can be tuned to enable targeted synthesis for desired applications.
Ranging from extended uniform thickness films over a sample, large few layer crys-
talline material with varying thickness or very high quality isolated single crystals
for fundamental studies.119

Growth modes

In chemical vapour deposition three primary growth modes can be distinguished
for the growth of thin film layers: Volmer-Weber growth,120 Frank-Van der Merwe
growth121 and Stranski-Krastanov growth.122 (See Figure 4.2) The optimal growth
regime is the Frank-Van der Merwe growth mode as this growth mode results in
a layer-by-layer growth, though Volmer-Weber and Stranski-Krastanov growth are
more common.

In Stranski-Krastanov growth mode a monolayer is grown until full coverage of
the monolayer is achieved after which the growth continues as island growth on top
of the monolayer, while the Volmer-Weber growth mode is a full island growth mode
where different multilayer islands are formed. In this mode layered individual islands
with different thicknesses are formed. The different islands can stitch together and
form a large layer if they come into contact. The growth of islands of CVD TMDs
is limited by surface diffusion of adatoms or the diffusion of atoms in the vapour
phase.123

When different island domains interconnect the fusion of the domains is de-
pendent on the orientation of the different islands. If the domains have the same
rotational alignment the domains will coalesce into a single crystal, though more
often there is a mismatch in the orientation of the different domains resulting in the
formation of grain boundaries.115

Nucleation

In general the reaction of a gaseous reagent will lead to precipitation of the reagent
on the surface. On this surface the molecules adsorb to the substrate, migrate on
the surface and aggregate, forming a crystal nucleus. This process is defined by the
surface mobility of the adsorbed species/atoms (adatoms) and competitive processes,
like desorption.114
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Figure 4.3: Possible reaction mechanism of TMD growth. (a) Phase diagram and
reaction taking place during CVD process. (b) Illustration of the metal nucleus
cluster formation followed by TMD growth.Adapted with permission from Cain et
al. Copyright 2016 American Chemical Society127

Nucleation can be influenced by different processes. Pre-treatment of surfaces is
a process that can facilitate nucleation. When enhancing the wettability by use of
surface treatment the free energy required for nucleation is diminished. A possible
way to improve the wettability is to increase the hydrophilicity of the surface. SiO2

can be made more hydrophilic by an oxygen plasma treatment.124 Another surface
treatment that enhances the wettability of the surface is the deposition of graphene-
like aromatic molecules such as perylenes.106,125

In contrast to improving the growth by use of the cleaned oxygen treated sub-
strates, nucleation of TMDs can be improved by adding step edges. Nucleation
is preferred at step edges due to the reduced energy barrier at the edges accord-
ing to Najmaei et al.126 By creating step edges, for example by use of lithographic
processes, growth could be controlled and optimised to obtain large-area coverage.

For the CVD growth of TMDs the knowledge of the nucleation is very limited
and therefore mainly based on speculation. STEM images taken by Cain et al.127

indicate that the nucleation centre of CVD flakes is formed by a 10-30 nm core/shell
structure consisting of a partially sulfurised or selenised molybdenum trioxide core
(MoO3−x(S,Se)y) which is wrapped in a fullerene like shell of the corresponding
TMD. Based on this observation a nucleation and growth mechanism was proposed
(See Figure 4.3). According to this mechanism evaporation of molybdenum oxide in
a chalcogen poor environment leads to the formation of condensed MoO3−x(S,Se)y
clusters on the surface which react further to monolayer Mo(S,Se)2 in a moderate
chalcogen atmosphere to MoO3−x(S,Se)y monolayers. When the temperature, and
chalcogen concentration further increases the transformation of the TMD will be
completed, resulting in a fullerene core/shell structure nucleation centre.127
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Defects

Defects are common features in CVD grown TMDs, especially in monolayers. One
of the most common defect in TMDs are chalcogen vacancies. MoS2 often have
a substantial amount of sulfur vacancies giving them a S:Mo ratio of <2.10.128

Other defects are grain boundaries formed between flakes, when the flakes merge to
form a larger domain while having a different orientation. Controlling the growth
parameters can reduce the presence of grain boundaries by aligned growth of flakes
by use of a crystalline substrate, such as sapphire, or by lowering the nucleation,
thereby ensuring the growth of less individual domains.116,129 To date large uniform
CVD films of TMDs are still polycrystalline, consisting of many different domains
with grain boundaries. Chalcogen vacancies in TMD materials have effect on the
scattering, the stability and charge traps in the material, where grain boundaries
are detrimental to properties such as carrier mobility.126

4.2 CVD Growth of Heterostructures

TMD heterostructures are constructed by vertical stacking or lateral stitching of
TMDs. This synthesis can be done by methods such as mechanical exfoliation, TAC
and CVD. For the scope of this thesis only CVD synthesis methods will be discussed.

To synthesise these 2D heterostructures by CVD two synthesis approaches can be
distinguished: direct and indirect synthesis. In direct growth the heterostructure is
directly synthesized during the fabrication of the materials, while indirect fabrication
requires an extra step after the synthesis of the materials. This extra step is usually
transfer of one of the materials on the other to form a stack.

The main challenge in heterostructure synthesis is to achieve controllable growth
of the heterostructures. The formation of alloy regions as well as unwanted nucle-
ation influence the properties of the heterostructure. Another important factor for
vertical TMD stacks is interlayer coupling, which indicates the interaction between
the layers.

4.2.1 Indirect synthesis

Indirect synthesis is a straightforward way to create heterostructures. TMDs are
individually synthesised by CVD after which the TMDs are transferred on top of
each other to create a heterostructure. This transfer process is similar to mechani-
cal exfoliation. The first TMD heterostructures were created via this approach by
exfoliating and stacking of various TMDs. Often this method is still used to form
heterostacks by stacking mechanically exfoliated TMDs materials34,130,131, though
stacks from LPE TMDs have been shown in literature as well.132 CVD grown TMDs
can also be stacked with this approach.133

This method allows for the combination a large variation of different TMDs and
other 2D materials.131 Individual materials can be selected and stacked on top of
each other to form vertical heterostructures. This in contrast to other methods
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where the possibility to form heterostructures also depends on material properties
and tool limitations. Heterostructures formed by means of transfer are likely to
introduce impurities or strain at the interface between layers, leading to reductions
in the interactions between the layers.134 Another large disadvantage of this method
is that, similar to mechanical exfoliation, the stacking is a labor and time intensive
process and is therefore mainly suitable for proof of concept purposes.

4.2.2 Direct synthesis

Direct synthesis of heterostructures does not require a transfer of the TMDs, which
minimises the chance of foreign contamination originating from the transfer such
as polymer and solvent residues. In direct synthesis a difference between two ap-
proaches can be made: single or double step approach. The double step approach
requires two (or more) subsequent furnace runs to be performed to form the different
TMDs, where the single step approach only requires a single furnace run to form
the heterostructures. In the double step approach the sample is taken out of the
vacuum atmosphere in between the different synthesis steps, therefore exposing it
to oxidants and other contaminants, where there is no disruption of the vacuum
in the single step synthesis. The double step synthesis does offer advantages do to
better control over individual growth parameters and larger possible combinations
of TMDs.

4.2.3 Double step synthesis

In double step synthesis multiple synthesis process steps are required to form the
different TMDs, as each TMD is formed by an individual synthesis process. Different
combinations of TMDs can be synthesized as heterostructures with few limitations
from the precursors or from tool constraints, therefore this method can lead to a
large variation of different heterostructures since different furnace set ups can be
used for the distinct synthesis runs. Parameters are adjusted for the growth of each
individual TMD and are not influenced by conflicting growth parameters for the
other TMD.

Both vertical and lateral MoS2/WS2 heterostructures can be synthesised by this
method as demonstrated by Yoo et al who controlled the in-plane and out-plane
growth by controlling the purity of the initially grown TMD layer.135 The growth of
NbS2/WS2 is both lateral and vertical direction has also been shown to be dependent
on the reaction parameters.136

This growth approach allows for patterning of the initially grown material, there-
fore allowing directed growth of the second material. The double step growth method
is a more flexible process, compared to the single step approach, though this is often
achieved at the expense of interface quality.
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4.2.4 Single step synthesis

In the single step synthesis a single furnace run is performed to create the het-
erostructure. This requires the reaction parameters to be optimised for both TMDs
and more process control is needed to form the preferred heterostructures. Often
the choice of TMDs is limited by the tool, as cross contamination of the furnace is
possible. The advantage of the single-step synthesis is the minimization of oxidation
and the formation of defects at the interface as the system vacuum remains intact
during the whole process, though the control over the growth is limited.80

Single step formation of heterostructures can be achieved by mixing the different
metal precursors,137 individual introduction of the different precursors,138 or changes
in the temperature regime.79 This methods can result in selective growth of materials
to form heterostructures. The formation of both vertical and lateral heterostructures
have been shown, possible reasons for the selective growth of this is due to the control
of nucleation sites.135 These can be controlled the temperature or due to the choice
of carrier gases.80,139
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5 Experimental details

5.1 Materials & Methods

5.1.1 Growth substrates

The CVD growth of 2D materials requires a growth substrate as the 2D films cannot
exist freestanding. The growth substrate can influence the growth mechanism and
the quality of the material. Epitaxial or directed growth of thin films is possible on
highly crystalline substrates where there is only a small lattice mismatch between
the substrate and the synthesized material.140 Epitaxial growth has the advantage
that it can lead to highly crystalline substrates with large grain sizes. Another
important aspect of a growth substrate is the compatibility of the substrate with
the desired application of the material.

In this work, the main interest is in the use of TMDs for electronic applications,
therefore a semiconducting or insulating material would be optimal. As the TMDs
are grown by a CVD process, the growth substrate should also have a high thermal
stability. Finally, the substrate must be a commercially available material.

Silicon dioxide

Thermally grown silicon dioxide (SiO2) on Si can be considered as a suitable test
substrate. Silicon is a dielectric and therefore suitable for use in electronics. Due
to the refractive index of 300 nm SiO2, there is a phase shift of the interference
color and material opacity of TMDs on the surface. This makes the materials easily
identifiable on the SiO2 surface and the layer thickness can be calculated by the
difference in contrast between the layers.141 Another advantage of SiO2 is its wide
availability. Silicon (Si) is grown by the standard Czochralski process (CZ)142 and
the top layer of the substrate is oxidised to SiO2 after growth.

For the oxidation, two different processes are available: Wet oxidation and rapid
thermal oxidation (RTO). Wet oxidation is a hydrothermal reaction. The Si wafer
is oxidised in water with oxygen as oxidiser. An advantage of this oxidation method
is the fast growth rate of the oxide layer due to the use of water. The wet oxide
films exhibit a lower dielectric strength and higher porosity to impurity penetration
(or doping) in comparison with RTO oxide layers.

In RTO, the wafer is heated in a furnace where the temperature is ramped up
to 1000 °C in a few seconds. After oxidation the wafer is slowly cooled down to
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prevent dislocations and wafer breakage due to thermal shock. The higher dielectric
strength and lesser impurity penetration of SiO2 prepared by RTO results in RTO
being the preferred oxidation method for use in electrical applications.

The growth substrates used in this work are 500 µm thick Si samples with a top
layer of 300 nm SiO2 obtained by RTO. The sample size varies from ∼0.5x0.5cm −
∼1x1 cm to ensure the sample fits in the furnace.

The Si substrates are cleaned before every CVD run by rinsing the substrates
firstly in high-performance liquid chromatography (HPLC) acetone followed by HPLC
isopropanol (IPA) after which the samples are dried with nitrogen gas (N2). This
procedure will remove most of the large contaminants on the surface. More thor-
ough cleaning procedures for SiO2 are the Radio Corporation of America (RCA)
clean procedure, to remove all particles, organic contaminants and solvents on the
surface or a hydrogen fluoride (HF) treatment, to etch away the SiO2 on the surface
resulting in Si with only a thin native SiO2 layer.

Sapphire

A different growth substrate that can be used for the CVD growth of TMDs is alu-
mina (Al2O3). In particular, sapphire, which is mono-crystalline α-Al2O3, can result
in an improved crystallinity and epitaxial growth on the surface.143,144 Sapphire is a
single crystalline material known for its chemical and thermal stability, and is used
for the epitaxial growth of a wide range of materials especially on C- and R-plane
sapphire.145,146

Besides being a suitable growth substrate, sapphire also has applications in op-
tics147 and chemical catalysis.148 The stability of sapphire contrasts with commonly
used SiO2/Si substrates, which have a more limited thermal range and provide an
amorphous surface for growth, resulting in randomly aligned material growth. Ac-
cording to Dumcenco et al.116 CVD growth of MoS2 on C-plane (0001) sapphire
results in large area epitaxial growth of MoS2 , a result of the coalescence of aligned
MoS2 flakes. Crystalline surfaces naturally feature steps, whose configurations de-
pend on the planar orientation of the surface and can act to further order growth
on.

Beyond the frequently used C-plane (0001) sapphire other common low-index
sapphire planes are R-plane (11̄02), A-plane (112̄0) and M-plane (101̄0). R-plane
sapphire is used in high-speed integrated circuits and growth of III-V materials,149,150

whereas A-plane is employed for the production of hybrid microcircuits.145 All planes
have different properties depending on their facets, resulting in different growth
mechanisms occurring on the surface.

36



CHAPTER 5. EXPERIMENTAL DETAILS

5.1.2 Precursors

Transition metals

In literature, different metal precursors are mentioned ranging from metal to metal
oxides and metalorganic precursors.151,152 The choice of the metal precursor depends
on the required TMD, chalcogen precursor, preferred phase of the precursor (gaseous,
solid) and contamination of the surface due to the precursor. In the processes
detailed herein, the focus will be on W and Mo TMDs, therefore the metal precursors
must contain W or Mo.

The precursors all need to be solid and contamination to the surface should be
kept to a minimum. Certain precursors such as hexacarbonyl precursors (M(CO)6)
are known to result in TMD growth with CVD. The hexacarbonyls stabilise a zero
oxidation state of the metal, are stable in air and decompose at low temperatures.153

Unfortunately carbonyl groups cause large carbon contamination of the surface.154

To ensure good control over the amount of transition metal released during the
CVD process the metal precursor was deposited on a SiO2/Si seed substrate by
sputtering or drop casting, depending on the used precursor. For an overview of the
precursors see Table 5.1.

To sputter the different metal on the seed substrate, a Gatan 682 Precision
Etching and Coating System (PECS) was used. During sputtering, the surface
of a metal target is bombarded with argon (Ar) ions, leading to the ejection of
target material and onto the substrate. The film deposition rate and thickness were
monitored with a quartz crystal microbalance (QCM).

For the metal sputtering of the seed substrates, the substrate was first cleaned
(for cleaning procedure see subsection 5.1.1) after which the seed substrate was
placed in the sputtering tool and the metal was deposited. The layer thickness of
the seed layer was 20 nm on average and additional patterning to the seed layer was
done by the use of hard masks.

Oxidation following metal deposition can be beneficial for the precursor as ox-
idation lowers the energy barrier for the metal to react with the chalcogen. To
oxidize the obtained metal layers, the sputtered metal film was placed upon a hot-
plate at 500 °C. The temperature was first ramped up to 500 °C in 10 min. followed

Metal Precursor Deposition mode

Tungsten

Tungsten oxide (WOx)
Tungsten oxide dots

Tunsten hexachloride (WCl6)
Exfoliated WO3 flakes

Sputtering+oxidation

Drop casting

Molybdenum Molybdenum oxide (MOx)
Exfoliated MO3 flakes

Sputtering+oxidation
Drop casting

Platinum Platinum
Platinum tetrachloride (PtCl4)

Sputtering
Drop casting

Table 5.1: Overview of the different metal TMD precursors and deposition method.
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by annealing for 30 min. Finally the hotplate was cooled down overnight to room
temperature (TR).

Another deposition method for the metal precursors is drop casting. In drop
casting a solid precursor, dispersed or dissolved in a solvent, is deposited on a heated
substrate. After the solvent is evaporated a thin solid precursor layer remains on the
surface. For the processes described here, a Si seed substrate is placed on a hotplate
at 120-180 °C and after ∼5 min. an amount of 30-60 µL precursor dispersed in
solvent (for example IPA, acetone or ethanol) is deposited on the surface.

Chalcogens

For the CVD synthesis of TMDs at least two precursors are necessary; one containing
the metal, the other containing the chalcogen. The choice in chalcogen precursors is
usually quite straightforward and in most cases, either H2S/H2Se or the vaporized
chalcogen is used.

For sulfur, there are studies reporting the use of more exotic (and more reactive)
precursors like 1,2-ethanedithiol or 2-methylpropanethiol, to enable depositions at
lower temperatures.155 Sulfur is sometimes favoured over H2S as it is less toxic.
However, sulfur is a solid at room temperature (melting point of 115 °C) and has
to be vaporized in order to deliver it to the reactor. Gaseous precursors are more
controllable compared to the evaporation of a solid and thus ensure a higher repro-
ducibility of the results.

When using selenium as chalcogen, solid selenium is often preferred above gaseous
H2Se, as H2Se has a very high toxicity. There are some studies where H2Se is used
as precursor despite its high toxicity.151,156 Another selenium precursor that is used
is dimethyl selenide ((CH3)2Se, DMSe).154

To minimise the health risk caused by the selenium for the selenium TMDS, a
solid selenium precursor was chosen and for further protection a sealed ventilation
box is placed over the furnace to prevent Se contamination from entering the lab
atmosphere. The selenide precursor is selenide pellets, size <5 mm, ≥99.99% purity
from Aldrich.

5.1.3 CVD process

Both furnaces used for the CVD growth of the TMDs are tube furnaces with 2
heating zones, a high-temperature zone downstream and a low-temperature zone
upstream. In the furnace, the chalcogen precursor is placed upstream in the low
temperature zone. Approximately 15–20 cm downstream from the chalcogen precur-
sor in the high temperature zone the metal precursors are located, with the growth
substrate placed face down on top of the metal precursor. For a schematic image of
the furnace see Figure 5.1. The melting temperature of the chalcogens is well below
the reaction temperature and using a lower-temperature for the evaporation of the
chalcogen prevents excessive amounts of chalcogen in the furnace.
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Figure 5.1: Schematic image of the furnace setup. On the left is the upstream
low temperature zone of the furnace where the chalcogen precursor is evaporated,
whereas on the right the downstream high temperature zone is shown. In the outline,
the microreactor is shown in more detail. The bottom substrate is the seed layer,
which contains the metal precursor whereas the top substrate is the growth substrate.

Separate furnaces were used for growing the sulfide and selenide TMDs to pre-
vent cross-contamination. Both furnaces have a similar setup. The main difference
between the different furnace setups is the chalcogen heating element. In the sulfur
furnace this heater was an array of halogen lamps, see Figure 5.2(a), whereas a sec-
ond furnace was in place for the selenium setup to heat up the selenium source as
shown in Figure 5.2. More detailed information on the furnace setups can be found
in Appendix B.

Figure 5.2: Pictures of the different TMD CVD furnaces. (a) the sulfur furnace and
(b) the selenium furnace.

5.2 Characterisation methods

5.2.1 Optical microscopy

The simplest way to characterise transferred graphene or any other material is optical
microscopy. Optical microscopy is simple, convenient and produces fast results. The
technique was discovered back in the 17th century by Antoni van Leeuwenhoek157

and is still one of the most commonly used characterisation methods to date. In
this method, a sample is placed under a lens (or lenses) and illuminated. The
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lenses magnify the image making inspection of the sample possible. When the
TMD is placed on SiO2, it results in a contrast making the TMD visible under the
microscope, therefore optical microscopy can be used as a cheap and fast way to
determine whether and whereabouts TMDs are present on the substrate. Optical
microscopy can also be used as an indication for the number of layers present on
the substrate.141 The contrast increases with the number of layers. Defects in the
material can also be visualised under the microscope when they are pronounced. A
disadvantage of this characterisation method is that not every TMD gives a good
visible contrast and it is difficult to discern grain boundaries. Optical microscopy
is limited to the diffraction limit of light. To calculate the diffraction limit the
following equation applies:

d =
λ

2n sin (θ)
(5.1)

In the equation d is the diffraction limit, λ the wavelength of the incoming light, n
the refractive index and θ is the angle of incidence. This leads to a detection limit
of about 0.5-0.2 µm.

5.2.2 Raman spectroscopy

Raman spectroscopy is a characterisation method used to observe vibrational, rota-
tional and other modes in a system. These modes give information on the geometry
of the molecule. Raman spectroscopy relies on inelastic scattering, or Raman scat-
tering, of monochromatic light. When the light interacts with the surface, most light
is reflected elastically, but for every 107 photons there is one photon that scatters
inelastically by interacting with the molecular or lattice vibrations in the sample.
These vibrations will be visible in either Raman or infrared (IR) spectroscopy de-
pending on the symmetry of the molecule/lattice. If the dipole moment of a molecule
is changed by the vibration, it will be IR active, while a change in the polarisability
of the molecule results in a Raman signal. The intensity of the Raman scattering is
proportional to the change in polarisability change

If the light is scattered elastically, as is the case for Rayleigh scattering, the
incident light comes in with the same oscillation frequency, ω0, as the scattered light.
For Raman scattering, there is a shift in the frequency of the light, which corresponds
to the vibrational frequency of the molecule, ωq, giving a total frequency of ω0±ωq.
The ω0 − ωq shifts correspond to Stokes scattering, while ω0 + ωq corresponds to
Anti-Stokes scattering. In Stokes scattering, the photon excites the molecule to a
virtual energy state, when the energy relaxes back thereby emitting a photon with
a smaller energy than the incident photon.

Raman spectroscopy requires monochromatic light which is obtained from a laser.
The wavelength of the light can range from the near infrared (IR) to the near
ultraviolet (UV). The laser light will interact with the molecular vibrations, phonons
and other excitations in the system of the molecule. These interactions result in
an intensity shift of the energy of the laser photons, leading to a spectrum. The
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change in energy due to the scattering is characteristic of the chemical bonds in
the material.158 Raman is a prominent method for TMD characterisation, owing
to its ability to identify the structure and phase, detect defects and differentiate
between mono-, bi- and multilayers as well as the fact that it is a non-destructive
characterisation method.

Classical Raman theory

Most Raman effects can be described by classical Raman theory. In classical Raman
theory, molecules are described as a cluster of atoms performing only harmonic
vibrations and the incident light is described as a wave and molecular rotations are
neglected in this approximation. The incident light results in a oscillating electric
field, ~E, which induces a dipole moment in the system.159 As defined by:

~µ = α̃ ~E (5.2)

With ~µ the molecular dipole moment and α̃ the polarisability, which describes how
much the electron density is perturbed by the electric field.
The electric field is characterised by its vector amplitude, ( ~E0), and oscillation fre-
quency:

~E = ~E0 cos (ω0t) (5.3)

The polarisability is influenced by nuclear motion, as the geometry of the nucleus
always changes in order to minimise the energy of the system. The change in polar-
isability can be described using a Taylor series expansion:

α = α(Q) = α0 +
N∑
q=1

[(
∂α

∂q

)
q0

q +
1

2

(
∂2α

∂q∂q′

)
q0q′0

− q − q′ +Q
(
q3
)]

(5.4)

In this formula where the polarisation has expanded around the equilibrium nuclear
geometry, Q0, and Q represents the sum of all individual normal modes q. For each
coordinate q, oscillations with frequency, ωq can be excited. Given by the following
formula:

q = q0 cos (ωqt) (5.5)

Combining Equation 5.4 and Equation 5.5 results in:

µ(t) = α(Q) ∗ E = α(Q)E0 cos (ω0t) =

[
α0 +

(
∂α

∂q

)
q0

q0 cos (ωqt)

]
E0 cos (ω0t)

(5.6)
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Equation Equation 5.6 can be rewritten as:

µ(t) = α0E0 cos (ω0t) +
1

2

(
∂α

∂q

)
q0

q0E0 cos [(ω0 − ωq)t]

+
1

2

(
∂α

∂q

)
q0

q0E0 cos [(ω0 + ωq)t]

(5.7)

In Equation 5.7 the first term oscillates with the same frequency as the incident
radiation and is therefore responsible for all elastic (Rayleigh) scattering. The second
term describes the light which is red-shifted compared to the incident light. The
source of this light is Stokes scattering which contains information about the system
via its ωq dependence. The last term is due to Anti-Stokes scattering, where the
light is blue-shifted in respect to the incident radiation. This scattering is the mirror
image of the Stokes scattering but has a strongly decreased intensity due to a lower
population of thermally excited vibrational states as described by the Boltzmann
factor.160

The different kinds of scattering are visualized in a schematic Raman spectrum
in Figure 5.3. The frequency shift of the light depends on the bonds and symmetry
in the material, displaying a characteristic peak for each Raman active vibration
mode resulting in a unique fingerprint for a compound.

Figure 5.3: Overview of different kinds of scattering in the Raman spectrum.158

Quantum mechanical Raman theory

Quantum mechanical Raman theory explains the resonant Raman scattering. Ac-
cording to quantum mechanical theory, radiation is emitted when a downwards tran-
sition between two discrete energy levels occur. In Raman spectroscopy, electrons
are excited to a virtual excited state when the photon hits the system. To obtain
a Raman effect, a change in energy level after relaxation of the electron is required.
For Stokes scattering, the electron relaxes to an energy state higher than the ini-
tial state, emitting a photon with less energy than the incident photon. When the
electron relaxes to a lower energy state, emitting a photon whose energy is higher
than the initial photon, Anti-Stokes scattering occurs, as shown in Figure 5.4. To
conserve the energy in the system a shift in the frequency of the photon occurs.
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Figure 5.4: Graphic representation of the quantum energy transitions to a virtual
energy state and relaxation of the electron for Rayleigh, Stokes and Anti-Stokes
scattering.

Selection rules

The different modes in a system can be determined by finding the symmetry group
of the system. If the symmetry group is known, a character table can be determined,
which gives the different symmetry modes in the system. For example the character
table for CO2, a triatomic linear molecule with symmetry group D∞h, is given in
Table in Appendix C.

To ascertain whether a mode is Raman active, selection rules are used. The
selection rules can be explained as follows: The equation for µ(t) shows that the
inelastic scattered light depends on (∂α/∂q)q0 term which describes the electronic
polarisability at the equilibrium position along the normal coordinate of q. This
means the polarisability must change along the coordinates of the molecule and the
equilibrium position to have a Raman active mode. In a centrosymmetric molecule,
a vibrational mode may be either Raman or IR active but not both according to the
mutual exclusion principle. Raman and IR are therefore considered as complemen-
tary techniques.

To demonstrate the selection rules, different vibration modes for CO2 are shown
in Figure 5.5. In the first vibration mode, a symmetric stretch, the polarisabil-
ity increases with the increase in internuclear distance, (∂α/∂q)q0 6= 0, meaning
that the mode is Raman active. The stretching of the bonds does not change the
dipole moment as the dipole moment remains constant on the normal coordinate,
(∂µ/∂q)q0 = 0, making the mode IR inactive. If the anti-symmetric stretching is
considered, a change in dipole sign occurs when the system passes the equilibrium
position, therefore (∂µ/∂q)q0 6= 0 and the vibration mode is IR active. The polaris-
ability changes during the stretching, however this change is symmetric around the
equilibrium position and therefore (∂α/∂q)q0 = 0. As a result, this vibration mode
is Raman inactive.
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Figure 5.5: Schematic overview of vibrations in a triatomic linear molecule. (a)
Symmetric stretching and (b) anti-symmetric stretching. Adapted from Dieing et
al.159

TMDs

The Raman spectroscopy of TMDs shows that individual trilayers typically have
trigonal prismatic (H) or octahedral (T) structures, often in the following stacking
orders: 1T, 2H and 3R, of which 2H is the most common stacking for MoS2 and
WSe2 and will be used for the explanation of Raman characterisation of TMDs. In
bulk the compounds have symmetry group D6h, with space group P63/mmc, and
a unit cell consisting of 2 layers of MoS2, 6 atoms. The Raman active modes for
this symmetry group are A1g, 2E2g and E1g, where the 2E2g are separated in E1

2g

and E2
2g. The symmetry group changes for few layers to D3h for odd layer numbers

with Raman active modes A′
1, E

′′ and 2E′ . Even layer numbers have the symmetry
group D3d, where the active Raman modes are 3A1g and 3Eg.161,162 In Appendix C
the character tables for the point symmetry groups are displayed from which the
Raman modes of 2H MoS2 can be derived.

In the Raman spectra of bulk 2H TMDs, two peaks are almost always clearly
visible: the in-plane E1

2g mode, which arises from in-plane vibrations of both metal
and chalcogen atoms, and the out-of-plane A1g mode, which occurs due to out-of-
plane vibrations of chalcogen atoms. In Figure 5.6.163 these modes as well as the
other active and inactive Raman modes are shown. The E1

2g and A1g modes should
be referred to as E′ and A′

1 in monolayer and odd-layers and Eg and A1g in even
layers. To avoid confusion the modes will from this point onwards be referred to as
the bulk modes E1

2g and A1g regardless of layer thickness.

Figure 5.6: Overview of the active and inactive Raman modes in TMDs. Adapted
from Tonndorf et al.163

44



CHAPTER 5. EXPERIMENTAL DETAILS

The E1
2g and A1g peaks are generally used for the characterisation of TMDs. The

peaks indicate the presence of the material, whereas intensity, position and width
of the peaks give information on the quality and number of layers. For example
in MoS2, a shift in frequency is observed with increasing layer number due to sup-
pressing atomic vibrations for increasing layer number. As a result, an increase in
the number of layers of MoS2 from monolayer to bulk results in the E1

2g-peak red-
shifting to lower wavenumbers, while the A1g-peak blue-shifts to higher wavenumbers
as shown in Figure 5.7. The A1g peak blue-shifts due to the higher restoring force
on top, where the E1

2g peak stiffens with increasing layer number and therefore red-
shifts.164 The distance between the peaks can therefore be used to identify the layer
thickness of MoS2.

The peak width of both the E1
2g and A1g peak increases when increasing disorder,

or the presence of defects on the surface.165 This increase in width depends on the
the degree of disorder, or defect density. The A1g mode shows a strong doping
dependence; the phonon frequency decreases and line width broadens for electron
doping, where there is less influence on the E1

2g mode.166 This in contrast to strain,
where the E1

2g mode shifts to lower wavelengths under the influence of strain and
eventually splits up in two modes, though there is only a slight shift of the A1g mode
to lower wavelengths.167,168 Other factors which can influence the Raman spectrum
include substrate, temperature, dopants, grain boundaries, dielectric environment,
strain, and pressure.166,169–174

Figure 5.7: (a) Raman spectrum of 1-5-layer MoS2. (b) Low-frequency MoS2 Raman
spectra of SMs and LBMs. Adapted from O’Brien et al.175

Apart from the E1
2g-peak and the A1g-peak, TMDs also have interlayer vibra-

tions. The peaks of these vibrations are located in the low-frequency region of the
Raman spectrum (<50 cm−1) and contain useful information.175,176 At low Raman
shifts ∼<50 rel cm−1 a narrowband filter set that is optimally aligned to detect
Raman lines extremely close to the Rayleigh lineray at 0 cm−1 as there is intense
scattering in that area. As special equipment is needed for this, low frequency
Raman modes are often absent in literature studies of MoS2.

The modes corresponding to the low frequency Raman peaks are shear modes
and layer-breathing modes which occur due to relative motion of the planes to the
atomic layers. In monolayer MoS2 these peaks are absent due to the lack of these
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interactions. These low-frequency modes give information on the number of layers
and the stacking of the material as demonstrated for MoS2 in Figure 5.7.175,176 The
layer breathing and shear mode for MoS2 are shown in Figure 5.8.

Figure 5.8: Overview of the layer breathing mode (LBM) and shearing mode (SM)
of MoS2 in low frequency Raman spectroscopy.

Tool specifications

The Raman spectroscope used is the Witec Alpha 300R spectrometer with an ex-
citation wavelength of 532 nm. For the Raman spectra a spectral grating of 1800
lines/mm and a 100× microscope objective (0.95 N.A) with the spot size was ∼0.3
µm were used. Laser power was kept <100 µW to avoid laser damage on the surface.
For low frequency Raman measurements the system was fitted with a Rayshield cou-
pler. The system is capable of Raman mapping using piezo motors and can take
several thousand spectra over an extended area. The majority of Raman maps col-
lected were spectra over a 25x25 µm area with an integration time of 0.02 s. The
acquired data was analysed using Witec Project 4.0 software.

5.2.3 Photoluminescence spectroscopy

Photoluminescence (PL) is a phenomenon in which energy provided by photons
is absorbed by a material, followed by the emission of light. When the material is
excited by a laser light with an energy higher than the (expected) band gap, electrons
fill the conduction band and form holes in the valence band. The electrons and
holes, generated by the excitation, will undergo energy and momentum relaxation,
firstly there will be a non-radiative relaxation, wherein the excited state loses energy
through phonons and Coulomb scattering, settling near the bottom of the conduction
band, reaching the band gap minimum, after which they will recombine under the
emission of photons. These photons can be measured and used to determine the size
of the band gap. Therefore photoluminescence spectroscopy is a direct method for
measuring the band gap in TMDs.

In TMDs a peak shift is associated with the decreasing layer number as the band
structure changes with layer number. This is because in bulk material, electronic
states near the Γ point of the Brillouin zone and the point of the indirect band gap
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Figure 5.9: Schematic of the photoelectric effect.

come from a linear combination of d-orbitals on the transition metal atoms and anti-
bonding pz-orbitals on chalcogen atoms. These states are involved in the indirect
transition therefore have a strong inter-layer coupling and depend significantly on
the number of layers present. The conduction band states at the Brillouin zone
K-point are a combination of localised d-orbitals on the metal atoms, which have
an intrinsic absence of inter-layer coupling due to their location in the middle of
the layer. The change in band structure also causes the PL intensity to increase
exponentially at the monolayer, while it is practically absent for bulk TMDs.

The PL spectra of TMDs are very sensitive to changes in the structure and envi-
ronment. The crystal quality of the surface has influenc on the intensity, peak posi-
tion and the FWHM of the PL peak.177 Similar to Raman, the PL is also sensitive
to temperature,178,179 strain,172,180,181 defects,182,183 substrate,170 and dopants.184

The setup used for PL spectroscopy is the same setup as used for Raman spec-
troscopy, the Witec Alpha 300R system with a 532 nm excitation laser. The settings
are similar to the Raman measurements, though the grating was set to 600 lines/mm.

5.2.4 X-ray photoelectron spectroscopy

XPS is a surface sensitive, spectroscopic technique which allows the identification of
elements present in the sample, along with their chemical state. The principle of XPS
is based on the photoelectric effect, which is the emission of electrons from a sample
that has been illuminated by electromagnetic radiation with a photon energy above
a specific threshold.185 In an XPS system the sample is predominantly irradiated
by monochromatic X-rays in a vacuum. The X-rays interact with the sample and
cause emission of electrons by the photoelectric effect as shown in Figure 5.9. The
kinetic energy of the emitted electrons is given by the following equation:186

Eb = h̄ωi − (Ek + φ) (5.8)

In this equation Eb is the binding energy of the atomic orbital from which the
electron is emitted, h̄ωi is the energy of the incident photon, Ek is the photoelectron’s
kinetic energy after emission and φ is the work function of the spectrometer. The
work function of the spectrometer and the energy of the incident light are known
and set at a fixed value, allowing the determination of the binding energy of the
emitted electron by measuring the electron kinetic energy.
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X-rays with an energy high enough to enable the emission of core-level electrons
from the sample are used. The spectra obtained from these X-rays contain peaks of
which intensities and positions are characteristic for an element. The position, or
binding energy, of a peak is a result of the energy of a particular atomic orbital as well
as the chemical environment of the atom. Depending on the bonding environment
of an atom, the core-level electrons will be screened to a greater or lesser extent
resulting in a change in Eb when they are emitted. This enables determination of
the exact bonding configuration and chemical state of an atom, giving complete
chemical identification of the sample.

The inelastic mean free path of the emitted electrons is on the order of a few
nanometres meaning that XPS is a very surface sensitive technique, making it ideally
suited to the study of 2D and layered materials. In this work XPS was used to verify
the chemical purity of grown materials and examine their stability and oxidation
state.

XPS measurements were performed by mr.Conor Cullen. The XPS spectra
were taken with a PHI VersaProbe III instrument equipped with a micro-focused,
monochromatic Al Kα source (1486.6 eV) and a dual beam charge neutralisation
located in the Universität der Bundeswehr in Neubiberg, Germany. Core level spec-
tra were recorded with a spot size of 100 µm and a pass energy of 26 eV using
PHI SmartSoft VersaProbe software and processed with PHI MultiPak 9.8. Binding
energies were referenced to the adventitious carbon signal at 284.8 eV. After subtrac-
tion of a Shirley type background, the spectra were fitted with Gaussian–Lorentzian
peak shapes.

All analysis was performed using CasaXPS software. Spectral components were
fitted using a Shirley background subtraction and appropriate line shapes. Relative
atomic percentages were calculated using the relative sensitivity factors provided by
the tool manufacturers.

5.2.5 Atomic force microscopy

The atomic force microscope (AFM) was developed in 1986 by Quate, Gerber and
Binnig.187 AFM is a very high resolution scanning probe method and one of the
foremost tools for imaging and measuring, and materials at nanoscale. It is mainly
used to image surfaces, such as the topography of the surface atomic layer and also
to measure forces. This information is gathered by exploring the specimen surface
with a sharp tip on the end of a cantilever. Piezoelectric elements facilitate precise
movements enabling high resolution scanning. Electric potentials of samples can
also be measured using conducting cantilevers.

In AFM the tip is brought close to or in contact with a surface after which it is
rastered across the sample area. The interaction forces between it and the surface are
measured through the deflection or change in oscillation of the cantilever on which
the tip is mounted, as shown in Figure 5.10. When the tip comes near the surface,
this results in attractive and repulsive forces on the tip as described by the Lennard
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Figure 5.10: Schematic overview of the AFM setup.

Jones potential.188 These forces lead to a net deflection of the cantilever which is
measured by the reflection of a laser beam focused on the cantilever. This laser
reflection is captured by 4 photodiodes. The intensities measured at the different
photodiodes can be converted into a topographical surface map. The forces measured
are from a combination of different sources, such as van der Waals interactions,
electrostatic, short-range chemical forces and magnetic interactions. AFM is a very
versatile technique which can be used in air, vacuum or liquid and in a static contact
mode or tapping modes, it can be used to manipulate the surface and AFM can
also be a non-destructive characterisation technique. Different information can be
obtained from quantum nanomechanical AFM modes such as adhesion, deformation
and dissipation. Through the use of special AFM tips it can also provide magnetic,
adhesion and electrical information.

Conductive AFM

Conductive atomic force microscopy (c-AFM) is an AFM mode where both the
topology and conductivity of the material surface are measured simultaneously. It
can be used to study the electrical properties of materials at the nanoscale. The
method shares some similarities with scanning tunnelling microscopy (STM), though
c-AFM has an advantage over STM as it uses a conductive cantilever instead of a
sharp metallic wire and a tunneling gap does not need to be maintained. In addition
to this the topography and current are measured independently. The conductivity
is obtained by measuring the electric current between a metal coated conductive
AFM tip and sample for an applied voltage bias. When the a voltage is applied,
current typically flows through the tip and the conducting sample, as shown in
Figure 5.11(a). Thereby producing producing constant voltage maps of current
with nanometer spatial resolutions which can construct a conductive surface profile
of the sample.

The conducting probe in c-AFM has a thin electrically conducting coating, com-
mon conducting coatings are platinum, gold, tungsten and conductive diamond.
Standard c-AFM is in contact mode, though newer c-AFM techniques, such as Peak
Force tunnelling AFM (PF-TUNA) allows for conductive tunnelling measurements
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Figure 5.11: (a) Schematic image of a c-AFM setup. (b) graph showing the current,
Z-position of the tip and applied force on the surface in function of the time during
a single PF-TUNA tapping cycle. Images are adapted from Bruker.

in tapping mode. PF-TUNA is an off-resonance mode, in this mode the cantilever
works at a frequency much lower than its resonant frequency. By controlling the
peak force, the maximum interaction force, in each point on the sample, the tip
surface interaction is optimized and the topography of the sample can be obtained.
Due to the quasi-static process of the cantilever, the tip-sample interaction force can
be measured and controlled precisely in each pixel at real time.189

A PF-TUNA tapping cycle is shown in Figure 5.11(b). During the cycle the
tunnelling current is measured form A to E, the contact current is measured from
point B to D and the Peak Force current is measured at C when the tip is in contact
with the sample.

Tool specifications

The AFM measurements in this work was performed on a Bruker Multimode 8 with
ScanAsyst Air AFM probes and NANOSENSORS Tapping Mode AFM Probes. The
applied scan rate was typically 1 Hz. Peak force tapping mode was used to obtain the
topography. PF-TUNA was performed (using PF-TUNA Pt/Ir tips from Bruker).
Edge contact for the samples were made with conductive silver paint.

5.2.6 TOF-SIMS

Time of flight secondary ion mass spectrometry (TOF-SIMS) is a characterisation
method used to obtain molecule-specific chemical information from surfaces with a
molecular layer surface sensitivity. In this method, the surface is bombarded by high-
energy ions from a primary ion beam. This bombardment causes the emission of
secondary ions, both atomic and molecular ions, which are ejected from the sample.
This produces a cloud of particles, part of which are ionized. Mass resolutions of
ejected particles with atomic mass units >18,000 can be achieved. The ionized
particles of one polarity are accelerated into a reflection type time-of-flight mass
spectrometer. The particles move through a tube to arrive at an ion detection and
counting system. As the ions all depart from the sample at the same time and are
subject to the same accelerating voltage, the lighter ones arrive at the detection
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system before the heavier ones, determining the mass/charge distribution ratios of
the emitted ions.

The secondary ions are detected by the mass spectrometer. The fraction of
ionized emitted particles is called secondary ion yield and ranges typically between
10−4 to 10−6. The following equation gives the secondary ion yield:

Ims = Ipymα± θη (5.9)

where Ims is the secondary ion current of species m, Ip is the primary particle flux
which is adjusted to ensure analysis is kept within the static regime, ym is the sputter
yield, α± is the probability of positive or negative ionisation, θ is the fractional
concentration of the chemistry giving rise to species m in the surface layer, and η
is the instrument transmission which is crucial to detect and analyze the generated
ions.190

The next pulse of primary ions cannot start until the secondary ions of the first
pulse have cleared the analyzer, thereby preventing mixing of slower heavy ions from
the first pulse being overtaken by lighter, faster, ions from the second pulse. The
interval between the pulses can be used for sputtering and charge neutralisation of
the surface.

Ion images are produced by scanning the primary beam over the sample surface
and recording the number of ions as a function of the position. The images of all the
ions are detected in parallel. The bombarding ions also produce secondary electrons,
which can be detected to obtain secondary electron images. The spatial resolution
of the images depends largely upon the diameter of the pulse of primary ions. The
secondary electron image resolution can be <40 nm.

Since the surface is bombarded with ions, this method is a destructive method.
Therefore it is important to keep the dose of primary ions extremely low, below
1013 ions cm−2, to ensure that during TOF-SIMS characterisation < 1% of the top
surface layer receives an ion impact.190

Tool specifications

A liquid metal ion gun (LMIG) primary ion gun with 69Ga+ at 30 keV, bunched
mode (higher lateral resolution, low mass resolution) was applied for image acqui-
sition in both positive and negative ion polarity (imaging 64x64, flyback) and un-
bunched mode (low lateral resolution, mass resolution >5000) for spectra acquisition
in positive and negative ion polarity.

5.2.7 Contact angle

A contact angle is the angle where a liquid–vapor interface meets a solid surface. The
angle quantifies the wettability of a solid surface by a liquid via Young’s equation.191

cos θ =
γSV − γSL

γLV
+

κ

γLV

1

α
(5.10)
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In this equation θ is the contact angle, with γSV , γSL and γLV being the interfacial
energy for respectively the solid-vapour, solid-liquid and liquid-vapour interface. κ
depicts the line tension, where α is the droplet radius.

A high contact angle indicates a low wettability with the surface, whereas the
wettability increases as the contact angle decreases. When using water as solvent
for the contact angle, the angle indicates the polarity of the material, with a small
contact angle indicating a polar material while a large contact angle corresponds to
an apolar material.

The contact angle of a material with a solvent can be obtained by dropping a
drop of solvent, with a known volume, on the flat and clean surface of the solid
material. When the solvent is dropped a picture of the droplet on the surface is
taken. From this picture the contact angle is obtained by processing the image with
the Contact Angle plugin for ImageJ.

To obtain information on the surface energy of the solid, the Van Oss-Chaudhury-
Good method was used.192 In this method the surface energy is divided the surface
free energy is divided into a disperse part, the Lifshitz-Van der Waal component,
along with a Lewis acid part and a Lewis base part for the acid-base interactions
component.193 Therefore contact angles of the surface are obtained with three dif-
ferent solvents, a neutral disperse liquid, a liquid with known acid parts and a
liquid with known base parts with known surface energies. In this work, water,
dichloromethane and glycerol are used as solvents. The surface energies for the
material for the individual solvents are obtained first:

0.5γsolvent(1 + cos θsolvent) =
√
γdSγsolvent +

√
γ−S γ

+
solvent +

√
γ+S γ

−
solvent (5.11)

In this equation γsolvent is the surface energy of the solvent, θsolvent is the contact
angle of the solvent with the substrate, the γd, γ+ and γ− are respectively the
disperse, acidic and alkaline components of the energy of the solvent, γS , and the
substrate, γsolvent. In the dispersive solvent the equation is reduced to the following:

0.5γsolvent(1 + cos θsolventd) =
√
γdSγsolvent (5.12)

Therefore γdS can be obtained. When using the acidic and alkaline the formulas are
reduced to the following:

0.5γsolvent(1 + cos θsolventa) =
√
γdSγsolvent +

√
γ−S γ

+
solvent (5.13)

and
0.5γsolvent(1 + cos θsolventb) =

√
γdSγsolvent +

√
γ+S γ

−
solvent (5.14)

With these formula γ−S and γ+S can be found, which leads to the surface energy, γS
given by the three different surface energy components:

γS = γdS + 2
√
γ+S γ

−
S (5.15)
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5.2.8 Device fabrication

The TMD devices, made from the TMD flakes grown by CVD, were fabricated by
defining contacts on samples by e-beam lithography (EBL) or Maskless UV lithog-
raphy.

Electron beam lithography

For the EBL process the sample was first covered in a layer of electron-beam sensi-
tive resist, PMMA A6, through spin coating. This resist is a positive resist, therefore
the resist degrades when the resist is exposed to an appropriate dose of electrons,
resulting in a patterning of the surface in the exposed areas. The degraded resist
areas can be removed after exposure with a developer solution (IPA:MIBK 4:1),
after which the contact metal is deposited using sputtering or e-beam evaporation.
Following metal deposition, the polymer layer is removed by a lift-off step in ace-
tone. Since the pattern for each sample is designed based on sample measurements,
EBL offers the advantage of precise, small-scale and unique patterning of irregular
samples. It does however become time-consuming and expensive for processing of
large numbers of devices and is therefore not widely used in industrial processes.

When defining contacts with EBL, the contacts were defined using a Karl Zeiss
Supra microscope. The Ti/Au (5nm / 100nm) metal contacts were then deposited
using e-beam evaporation.

Maskless UV lithography

Maskless UV lithography is an optical lithography method that does not require
the use of a physical lithography mask to define patterns on the substrate. The
maskless litho setup used in this work is the SF-100 Intelligent Micro Patterning
(IMP) tool. The IMP projects a monochrome image on the substrate using Smart
Filter technology.194

This smart filter is a digital micro mirror device (DMD), which are 1024x768
mirrors, corresponding to the pixels in the mask design. These mirrors are individ-
ually controlled by the IMP software. The mirrors can each reflect or not reflect
the light resulting in the monochromatic image on the surface. The pattern made
by the filter can be aligned using the controllable stage of the IMP. When aligned
the sample is exposed with UV-light at the white regions of the projected image. A
schematic overview of this process is shown in Figure 5.12.

When a mask design is selected the smart filter projects this through a visible
light filter, making it possible to align sample under the mask as required. Other
than aligning the sample, other settings such as the exposure time, the size and
angle of the designs and the dark vs. light field projection of the mask can be set.
A screen shot of the software is shown in Figure 5.13.

Similar to EBL the sample is first covered in a resist. For UV lithography,
this is a photoresist which reacts at the used UV wavelength. In this work the
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Figure 5.12: Block diagram of the IMP maskless lithography system. Detailing all
the steps to produce and expose a mask via the smart filter. This image has been
reproduced from the Intelligent Micro Patterning SF-100 Platform manual.194

used photoresist is a positive photoresist, MICROPOSIT S1813. After exposure the
sample is developed in the developer solution, and afterwards rinsed in DI-water
to remove the traces of developer and degraded resist. The metal deposition and
resist removal was performed in the same manner as the metal deposition and resist
removal for EBL.

Maskless lithography is a straightforward lithography method and has the ease
that masks can be specifically designed for the grown material. The optical mi-
croscope allows for convenient alignment of the sample and the projected mask.
This method has a lower resolution compared to EBL, though it is much faster
for patterning of individual flakes. Maskless lithography does have limitations as
only a small portion of the sample can be exposed at once, therefore standard UV
lithography is better for larger areas and repeated patterns.

In this process samples were first pre-baked, 1 min at 120 °C, after which the
photoresist was spin coated, 3000 rpm for 1 min. After spin coating the sample
was placed at the hotplate for 2 min at 120 °C, to relax the resist coating and to
evaporate the last of the solvent. The samples were exposed at the required positions
to the litho pattern, projected by the smartfilter, for 0.8 s. The wavelength used
for exposure was 434 nm. The samples were developed for 45 s in MICROPOSIT
MF-319 developer. Finally contacts were deposited by e-beam evaporation and the
resist was lifted off by overnight immersion in acetone, followed by an IPA rinse.

5.2.9 Electrical characterisation

In electrical measurements the electrical properties are measured by the use of
different device structures, which lead to different measurements. Different mea-
surement types include two-probe measurement, four-probe measurement, transfer
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Figure 5.13: Screenshot of the IMP software. The design of the mask and the
adjustable variables are shown on the left. The optical microscopy image of the
projection is shown at the right top.194

length measurement (TLM), Hall bar measurement and Van der Pauw measurement.
The characteristics that can be determined with these are output characteristics, re-
sistance, on/off current ratio, subthreshold swing and mobility. In this report only
2- and 4-probe measurements are used and the description in this section is therefore
limited to these methods.

In a two-probe measurement, the device consists out of 2 electrical contacts
which are in contact with the semiconductor material which has a defined channel
length/area. The current is measured in function of the source-drain voltage (Vds),
while the back-gate voltage (Vgs) is modulated. The four-probe measurement is
similar but different contacts are used for the current and voltage, thereby ruling out
the contact resistance in the device. Examples of both a two-probe and a four-probe
device are shown in Figure 5.14. Important electrical properties are the mobility,
on/off current ratio and the subthreshold swing (SS). The mobility characterises
how fast an electron (or hole) can move through a metal or semiconductor when an
electric field is applied, while the on/off ratio indicates the ability of the device to
shut off and the subthreshold swing is the gate voltage required to change the drain
current by one order of magnitude.

The electrical measurements were performed with 2-probe devices. Between two
contacts the resistance is measured during a voltage sweep.195,196 In this way the
drain voltage and drain current are measured. This results in a Ids

Vds
-plot from which

the total resistance (Rtot can be calculated. This plot also indicates whether the
device shows Ohmic or non-Ohmic behaviour. A device has Ohmic behaviour if it
follows Ohm’s law:

R =
V

I
(5.16)

According to Ohm’s law the current flow through the resistor is proportional to the
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Figure 5.14: Illustration of a 2 probe and 4 probe device. (a) shows a 2 probe device
where current is measured in function of the source-drain voltage, thereby giving the
resistance of the device, while (b) shows a 4 probe device in which different contacts
are used for the current and voltage, thereby ruling out the contact resistance in the
device.

voltage, resulting in a linear Ids
Vds

-plot. If the device shows non-Ohmic behaviour the
plot is non-linear. An example of both Ohmic and non-Ohmic behaviour are shown
in Figure 5.15.

When Vgs is varied as well as Vds and the current is plotted on a logarithmic
scale both the on/off current ratio and the subthreshold slope can be determined.
(See Figure 5.16) The subthreshold slope is the slope of the linear region of the Ids

Vgs
-

curve. To obtain the subthreshold swing the reciprocal of the subthreshold slope
is taken as pictured in Figure 5.16(b). Therefore the formula for the subthreshold
swing is:

SS =
1

∂(log Ids)/∂(Vgs − Vth)
(5.17)

The on/off current ratio is the number of orders between the on and off state of the
device. Indicating the ability of the device to shut off. If this ratio is small leakage
current can cause undesired switching of the device, meaning that the device cannot
switch off properly.

The field effect mobility (µFE) can be derived with the following formula:

µFE =
1

Cox

∂Ids
∂Vgs

L

W

1

Vds
(5.18)

In which Cox the oxide capacitance for the area, Ids
Vgs

the transconductance and L
W is

the length over width of the channel area. The channel area, transconductance and

Figure 5.15: Schematic image of the electric transport characteristics of Ohmic
behaviour (full line) and non-Ohmic behaviour (dashed line) in a device.
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Figure 5.16: (a) A schematic Ids
Vgs

-graph for both n-type and p-type materials. (b)
Graph showing how to determine the subthreshold swing of a device.

1
Vds

are specific for the device while Cox depends on the substrate materials. The
formula for Cox is:

Cox = εoεr
1

d
(5.19)

For this formula εo is the permittivity of a vacuum (8.854×10−12 F
m), εr the relative

permittivity for a given dielectric material and d the thickness of the material. For
300 nm thick SiO2 the εr = 3.9, which results in:

Cox = εoεr
1

d
= 11.5

nF

cm2
(5.20)

Tool specifications

The electrical characterisation of the TMD devices was carried out using two sys-
tems, one in vacuum (∼10−6 mbar) and the other in atmospheric conditions. The
system at atmospheric pressure was a Karl Suss probe station connected to a Keith-
ley 2612A source meter, where the vacuum system was a Janis probe station con-
nected to another Keithley system. The voltage was applied through needle-probes,
contacting gold electrodes deposited on the TMD films. The measured current was
gathered and plotted automatically using Labview software to give current-voltage
curves.
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6 Parametric Study on the CVDGrowth
of WSe2

Tungsten diselenide (WSe2) is a semiconducting material in both bulk and mono-
layer form. Bulk WSe2 has an indirect band gap of 1.2 eV which transitions to a
direct band gap of 1.65 eV in the monolayer material.163 The material differs from
other TMDs as it has relatively smaller effective electron and hole masses and is
ambipolar.197 Due to the ambipolar properties of WSe2, the material can be used as
both a n-type or a p-type charge carrier material, depending on the contact mate-
rial.198–201 The formation enthalpy for WSe2 is negative (∆HS ∼-151.4 kJ mol−1),
indicating that the formation of WSe2 is thermodynamically favorable.202

Different synthesis methods have proved to be successful for TMD production.
All of these methods have associated drawbacks, such as a low throughput as is
the case for mechanical exfoliation3,85, small flake sizes, for liquid exfoliation87, or
result in poly-crystalline material, as in case of thermally assisted conversion.102,103

Mechanical exfoliation can be used for test purposes, whereas LPE has applications
in catalysis and TAC in gas sensing.49 When large-area, crystalline monolayers are
required, for example for the use of TMDs in some scalable (opto-) electronics appli-
cations, chemical vapor deposition (CVD) is considered the optimal growth method,
due to the bottom-up approach, high crystallinity, flake size control and control over
the number of layers.203

In CVD, both the nucleation rate and the material thickness can be controlled
through the growth parameters. The fundamental growth parameters in CVD in-
clude: reaction precursors, temperature, reaction time, gas flow and pressure. In
order to improve the growth of large crystalline monolayer WSe2 these parameters
need to be optimised. Some research has been done on the effects of reaction tem-
perature,204,205 precursors154,205 and gas flow206,207 on the CVD growth of WSe2,
where the effect of the reaction time and pressure has been less studied.

In this chapter, the CVD growth of WSe2 in a microreactor is optimised by a
parametric growth study. In the standard CVD process for TMD synthesis the metal
precursor is a gas or a solid heated to the gas phase and is transported through
the reactor to the growth substrate. This contrasts with the microreactor CVD
where the metal precursor is brought in close proximity to the growth substrate, as
previously described by O’Brien et al for MoS2.208 The microreactor CVD furnace
setup is described in subsection 5.1.3
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Due to the close proximity between the metal precursor and the substrate, the
loss of source material during the reaction is minimal, therefore less metal precursor
is needed for growth. As a minimal amount of precursor is required the furnace is less
polluted. This is necessary as multiple selenide TMDs are synthesised in the furnace
setup used in this chapter, and unintentional cross-contamination is to be avoided.
A minimal amount of precursor is also advantagous from a resource efficiency point
of view. The close proximity with the precursor also results in a better reaction
rate as the narrow gap, or micro-cavity, between the metal precursor and growth
substrate improves the reaction rate of the WSe2 as well as resulting in better
reaction control over the nucleation density. Finally the use of a microreactor allows
for the possibility of placing features in defined locations on the growth substrate.208

Increasing the reaction time is expected to result in higher nucleation density
and therefore more surface coverage. During the extended reaction time a greater
quantity of the reactants will have evaporated, resulting in more nucleation on the
surface. The increasing availability of precursors with time leads to a higher concen-
tration of gaseous precursors and so an increased concentration of gaseous precursors
leads to a higher reactivity.209 A higher reactivity can also result in multilayer for-
mation as the deposition rate increases, while the SiO2 surface cannot adsorb all of
the reaction products.

Precursors determine the reaction mechanism and the required energy needed
for the reaction. Not only can precursors determine this, some precursors can pro-
mote nucleation on the surface, such as the use of halide precursors.210 However,
these precursors can also result in contamination of the surface, for example car-
bon contamination when using (CH3)2Se as selenium precursor for the synthesis of
TMDs.154

To overcome the energy barrier for reactions an activation energy is required
to initiate the reaction. Often heat, high temperature, is used as energy source.
Increasing the temperature therefore results in overcoming the energy barrier and a
higher reaction rate. A strongly increased reaction rate can however result in a very
high degree of nucleation, thereby limiting the lateral growth of the flakes. However,
the use of a temperature below the activation temperature, besides when a plasma
source is used, will not result in any TMD formation.

Changing the pressure in the furnace will have numerous effects. Firstly, due to
the increased pressure more atoms/molecules will be present in the reaction tube,
thus a high pressure will result in a higher flux of molecules on the surface and more
collisions between the molecules present in the atmosphere. In theory, a higher pres-
sure should result in more collisions between the different molecules and therefore
result in a higher rate of reaction, but the higher collision rate could also damage
the newly formed material. However, a vacuum environment for the CVD pro-
cess is recommended as this removes additional molecules in the atmosphere which
can contaminate the surface and hinder the reaction. The vacuum in the system
results in a low-pressure regime. Secondly the increase in pressure will lead to a
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higher evaporation temperature of the solid precursor materials. A higher evapo-
ration temperature results in less evaporation and thereby a lower concentration of
reagents in the furnace.

Another parameter is the gas flow in the furnace. A gas flow in the furnace is
required to transport the precursors and possibly products through the tube. When
the gas flow is limited it will not be able to transport the Se efficiently to the metal
precursor as well as the growth substrate. In contrast, when the gas flow is too high
metastable formed nuclei could break down due to the high gas flow or the impact
of the fast precursor particles on the surface.

6.1 Precursors

In section subsection 5.1.2 an overview of different tungsten precursors for the syn-
thesis of WSe2 was given. In this section the results that the different precursors
yielded are shown and discussed. For CVD of TMDs there are two categories of pre-
cursors: organic and inorganic precursors. An organic precursor, such as M(CO)6,
will typically need less activation energy i.e. the precursor requires a lower tempera-
ture in the CVD process due to a lower melting point. A major downside of organic
precursors is carbon contamination. The metal-organic precursor can leave behind
organic residues under certain conditions, which can remain on the substrate when
using a low deposition temperature. This carbon contamination can be minimised
by the use of a pure 100% H2-flow.154,211,212

Inorganic precursors are generally more stable compared to metal-organic pre-
cursors. Thus, the resulting CVD process will have higher activation energy and
require a higher deposition temperature. Examples of inorganic precursors are the
pure metals and metaloxides (MOx). Lowering of the melting temperature of these
can be achieved by additives such as halides.210,213

The state of the precursor and the transport of the precursor to the substrate
are important factors. The precursor can be transported through the furnace to
the growth substrate214 or it can be placed directly under the substrate, by placing
metal powders in the reaction tube or boat, or by depositing the precursor on a seed
substrate, thereby creating a microreactor.208 Before the reaction the precursor can
be in either solid or gaseous state. Due to instrumental limitations, the setup used
in this work can only handle solid precursors, which limits the variety of precursors,
but still results in a choice between powders, pellets and solid seed layers for the W
precursor.208

O’Brien et al.208 showed the successful use of a seed layer to grow TMD flakes.
This growth method results in good transport of the metal source to the substrate
and provides control over the amount of metal precursor used in the reaction. For
these reasons, a solid seed layer was used in the CVD process described here.

Exfoliated WO3 flakes have previously been shown to be a successful precursor
for the creation of WSe2 flakes,208 the exfoliated WO3 therefore appears to be a
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reasonable option as a CVD precursor for CVD growth of WSe2. To deposit the
material on the seed substrate the dissolved solution was drop casted on the surface
at 150 °C, leading to the formation of concentrated WO3 circles on the surface. After
drop casting the seeds were used as a metal precursor for the CVD process.

The use of exfoliated WO3 as precursor resulted in the formation of small ar-
eas with tiny WSe2 flakes, with lateral dimensions of ∼0.5-2 µm on the substrate
according to optical microscopy image, See Figure 6.1(a). To confirm whether the
formed flakes are WSe2 and to inspect the quality of the WSe2 Raman spectroscopy
was performed.

Figure 6.1: Results of CVD growth of WSe2 flakes with exfoliated WO3 as precursor.
(a) Optical microscopy image of sample. Red inset shows area where Raman map.
(b) Raman map of peak intensity at 250 cm−1. (c) Raman spectrum of sample.
Spectrum indicates the presence of WSe2 due to the overlapping E1

2g/A1g peak, the
2 LA(M) peak indicates multilayer WSe2.

The Raman spectrum of WSe2 should shows an overlap of the E1
2g peak and

A1g peak at ∼250 cm−1 for mono and few layer WSe2, when probed with a 532 nm
excitation laser as shown in Figure 6.2) The full width half max (FWHM) gives an
indication of the quality of the material, a small FWHM indicates a low amount of
scattering events and therefore a more crystalline surface. The overlapping Raman
peaks can be instrumentally resolved by increasing the grating to 2400 lines/mm163

but this peak overlap is not of significance for this work. Other than the E1
2g+A1g

peak there is the 2LA(M) peak, a second-order Raman mode due to LA phonons
at the M point in the Brillouin zone, which shows up in the Raman spectrum as a
shoulder of this peak at ∼260 cm−1.

The Raman intensity map obtained for the WSe2 flakes grown by using exfoli-
ated WO3 is shown in Figure 6.1(b). This map is the intensity map at 250 cm−1,
corresponding to the E1

2g+A1g peak, and clearly shows the flakes, indicating that
the flakes are WSe2. The difference in intensity is due to layer thickness as the peak
is more intense for monolayer WSe2 compared to bi- and few layer WSe2. The aver-
aged Raman spectrum in Figure 6.1(c) confirms the observations from the Raman
map, the spectrum clearly shows the main peak at 250 cm−1, indicating the presence
of WSe2. The 2LA(M) peak is present as well as a shoulder of the E1

2g+A1g peak.

In an attempt to improve the distribution of the WO3-precursor during drop
casting, and thereby the synthesis of WSe2, the temperature at which the WO3

was drop casted was varied. However, there did not appear to be any noticeable
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Figure 6.2: Raman spectra of monolayer, bilayer, few layer and bulk WSe2. Adapted
from Tonndorf et al.163

improvement in the distribution of WO3 on the surface, or the growth of WSe2.
From this it can be concluded that though there are WSe2 flakes formed during
the synthesis with this process the coverage is low and the lateral dimensions of the
flakes are relatively small.

A second possible metal precursor is tungsten hexachloride (WCl6). WCl6 has a
reasonably low melting temperature (Tm) of 275 °C, and has previously been used
for the CVD synthesis of both WS2 and WSe2.205,210 Therefore it is a reasonable
assumption that growth of WSe2 with the micro-reactor CVD process should be
possible. Following the sample preparation described by Thangaraja et al.,210 WCl6
powder was dissolved in ethanol (EtOH) as a 0.05 M solution and drop casted on the
surface. Dissolution of WCl6 in EtOH resulted in a change of colour of the solution
over time (approximately 2-3 days) from yellow to a clear colourless solution. The
colour change is caused by the reaction of WCl6 with the EtOH. When WCl6 comes
in contact with EtOH the ethoxy groups from the EtOH replace the chloride groups
in WCl6.215

WCl6 + nC2H5OH →W (OC2H5)nCl6−n + nHCl (6.1)

The use of the WCl6 precursor in EtOH resulted in minuscule, sub micrometre
sized crystalline shapes on the surface of the growth substrates. (See Figure 6.3(a))
It appeared as if these crystalline species had migrated from the seed layer to the
growth substrate and afterwards partially reacted with the selenium as identical
structures were apparent on the adjacent seed layer. The crystalline material ap-
peared to be WO3 by inspection with optical microscopy, due to the rectangular
features. However the Raman spectra of WSe2 in Figure 6.3 shows a small overlap-
ping A1g/E1

2g peak at ∼250 cm−1, but the spectrum obtained also contained peaks
at wavelengths specific for WS2, the E1

2g peak around ∼350 cm−1 and the A1g peak
at ∼417 cm−1. The presence of WS2 peaks in the spectrum is odd but could possi-
bly be attributed to sulfur contamination from the lab environment. However, none
of the Raman spectroscopy for the other precursors showed a peak at 350 cm−1,
therefore it could be possible that the peak originates from the formed W(OC2 H5),
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due to the reaction of WCl6 with the EtOH.

Figure 6.3: Results of CVD growth of WSe2 flakes with WCl6 dissolved in ethanol as
precursor. (a) Optical microscopy image of sample. (b) Averaged Raman spectrum
from point scans of the surface.

As it was not possible to determine whether the transfer of flakes from the seed
layer to the substrate was due to the formed W(OC2H5)nCl6−n as a result of dissolv-
ing the metal precursor in ethanol, WCl6 was subsequently dissolved in chloroform
instead of ethanol. In chloroform no side products are formed. Concentrations of
0.05 M and 5 mM WCl6 dissolved in chloroform were used for the the CVD growth.
The WCl6 in chloroform was drop casted similar to the previous solution. Small ar-
eas of the surface were covered with barely resolvable crystalline features. The main
part of these features did not show a discernible Raman signal, though a limited
number of WSe2 flakes, 5–10 per cm2, were present on a few samples, as shown in
Figure 6.4. These WSe2 flakes were very limited in size, each being approximately
1 µm in length.

The use of dispersed tungsten precursors was relatively unsuccessful, probably in
part due to the low solubility of WO3 andWCl6,216 and thus the production of poorly
dispersed metal precursors on the seed substrate. Due to the low solubility, and lack
of exfoliation, of WO3 a solid polycrystalline film as a precursor is expected to yield
better results. The large film increases the concentration and homogeneity of the
metal precursor, where a polycrystalline surface increases the available surface area.
Layers of tungsten (10, 15 and 20 nm) were sputtered on SiO2/Si seed substrates,

Figure 6.4: Results of CVD growth of WSe2 flakes with WCl6 dissolved in chloroform
as precursor. (a) Optical microscopy image of sample. Red inset shows area where
Raman map. (b) Raman map of peak intensity at 250 cm−1. (c) Raman spectrum
of sample. Spectrum indicates the presence of WSe2 due to the overlapping E1

2g/A1g

peak, the 2 LA(M) peak indicates multilayer WSe2.
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Figure 6.5: (a) Optical microscopy image of WSe2 growth. (b) Raman intensity
map of surface at ∼250 cm−1 which shows flakes produced by WOx film seed layer,
where (c) shows the PL intensity map at ∼1.6 eV and (d) and (e) show respectively
the Raman spectrum and PL spectrum of the sample

followed by an oxidation step with a programmable hot plate, 60 min at 500 °C in
atmospheric conditions, to create tungsten oxide (WOx) layers. After this oxidation
WSe2 flakes are obtained after CVD on the growth substrates for the 15 and 20 nm
WOx seed layers.

The samples from both 15 and 20 nm WO3 films, resulted in WSe2 flakes present
on the surface, though an increase in the amount of W yielded better results. The
WSe2 grown with 20 nm W (ox) resulted in reasonably large flakes with sizes of 5-50
µm, see Figure 6.5(a). The Raman signal is uniform over the surface as shown in
the Raman map in Figure 6.5(b) and the spectrum shows a clear E1

2g+A1g peak of
WSe2 in Figure 6.5(d). The flakes were also mainly monolayer WSe2, as indicated
by the PL map at 1.6 eV and the PL spectrum, as shown in Figure 6.5(c) and (e).
An issue with these growth parameters is that the flakes are mainly concentrated
near the substrate edges. The size and number of flakes decreases exponentially
from the edge towards the centre of the substrate. A possible theory is that due to
the abundance of the WOx seed layer in the confined volume of the micro reactor
migration of the Se vapour across the surface is restricted, thereby preventing the
formation of WSe2. The Se vapour can only be efficiently transported a few 100 µm
into the sandwiched structure.

Controlling spacing between the seed and substrate layers could possibly allow
greater Se flow within the micro reactors, thereby opening the possibility of im-
proved surface coverage. Another approach is reducing the volume of seed material
by masking during the initial sputtering of the 20 nm W, this was attempted by
producing an array of dots with a diameter of 100 µm, on the seed layer. However,
the use of the dotted array resulted in the formation of relatively few and small
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Figure 6.6: Optical microscopy images of WSe2 growth. (a) Shows flakes produced
by WOx film seed layer, where (b) shows the surface when using both a WOx layer
and WOx dots.

WSe2 flakes within the dots. Moreover, the number of flakes on the surface was lim-
ited to areas on the surface where the WOx dots came into contact with the growth
substrate. In Figure 6.6 optical microscopy images of flakes contained in the dot
area are shown. A slight increase in surface coverage, <5%, was shown within the
deposited dots, most likely due the gasses being able to flow more freely between the
seed layer and the growth substrate, resulting in a better diffusion of the precursors.
This increase in coverage was not of sufficient benefit to warrant the additional effort
required to pattern the seed layers for the focus of this study. However, this method
could be useful when WSe2 flakes in small localised areas are required.

It appears that the use of sputtered W followed by an oxidation step is the
most successful precursor tested. While other precursors, such as WCl6 in EtOH
and exfoliated WO3 flakes in IPA, also result in the growth of WSe2 flakes and
therefore may be considered as appropriate precursors for other setups or other
growth methods such as ALD and will be used in the following sections. Additional
refinements to the seed layer, such as creating spacing between the seed layer and
substrate by adding WO3 dots on the surface, have not as yet had a significant
positive impact on the growth, but other approaches can be attempted, such as
other deposited WOx structures on the seed layer to improve the diffusion of the
gaseous precursors and thereby coverage in the centre of the growth substrate.

6.2 Reaction time

The effect of the duration of the reaction on the CVD growth of WSe2 was investi-
gated by varying the reaction time between 30 and 60 min. using 10 min. intervals.
The sputtered and oxidised W films, as described in the previous section, were used
as metal precursor. Other reaction parameters were kept constant with a forming
gas flow of 150 sccm, a pressure of 1.5 Torr and a reaction temperature of 850 °C.
In Figure 6.7 the optical microscopy images for the growth at the different reaction
times is shown.

Increasing the reaction time results in more WSe2 grow. Possibly due to a greater
density of nuclei on the surface, or do to increased growth of nuclei due to the
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Figure 6.7: This figure shows the influence of the reaction time on the growth
of WSe2. (a-d) are optical microscopy images of the results obtained at different
reaction times. (a) Shows the surface for a 30 min. reaction. (b) 40 min. (c) 50
min. and (d) 60 min.

increased dwell time. The most notable characteristic for the variation in reaction
times is the lack of flakes for the 30 min. reaction samples as shown in Figure 6.7(a).
Only slight traces of tungsten oxide, which have most likely evaporated from the seed
layer, are present on the surface. For increasing reaction times, see Figure 6.7(b-d),
the results show an increase in coverage, due to a higher degree of nucleation. The
WSe2 surface coverage, on a 1x1 cm SiO2 growth substrate, increases from ∼23%

for 40 min. to up to ∼40% for 60 min. reaction. (See Figure 6.8(a))

The flake size at 40, 50 and 60 min. also increases with reaction time as shown
in Figure 6.8(b). The 40 min. reaction results in an average flake size of ∼19.1 µm,
where the flake size further increases to ∼29.1 µm for 50 min. and to ∼40.6 µm
for 60 min. reaction. The length of the bisected triangle was used to measure the
size of the flakes. When investigating the shapes of the WSe2 flakes for the 40 min.
reaction samples, the flakes show clear triangular shapes on the surface, where longer
reaction times result in overlapping flakes with more pronounced grain boundaries
and multilayer growth.

The higher nucleation and growth rate associated with longer reaction time re-
sults in the formation of multilayers, which are present in large amounts on both the
50 and 60 min. growth samples. Multilayer formation can be useful for applications
in for example photodetectors43 and catalysis. Due to the increased nucleation den-
sity the formed flakes start to merge together when the flakes come into contact.
The merging of flakes results in a continuous monolayer when the flakes have the
same orientation, whereas grain boundaries are formed when the orientation of the
flakes is different.

When characterizing the samples by AFM (See Figure 6.8(c) and (d)), it be-
comes apparent that both merging and formation of grain boundaries occurs for the
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Figure 6.8: Statistical data on the WSe2 growth as well as AFM height images of
the surface. The graph in (a) shows the surface coverage. (b) shows a box plot
of the different flake sizes, corresponding to the reaction times. For each reaction
time 50-100 flakes were measured. In (c) and (d) are the AFM images. The grain
boundaries are shown in (c) and flake edges in (d) with height profiles given in the
right corner inset.

grown samples as grain boundaries are present on the surface. However, there are
also continuous areas visible on the surface which do not have a triangular (or a
hexagonal) shape, as is the case for individual WSe2 flakes, where grain boundaries
are absent, indicating the merging of different flakes. The grain boundaries on the
surface can be clearly observed by AFM, due to the height difference of the grains,
where grain boundaries are practically invisible when inspecting the sample with
optical microscopy or Raman spectroscopy. From the AFM measurements the con-
clusion can also be drawn that the thickness of the flakes is ∼1 nm, which is thicker
than the theoretical value of ∼0.7 nm on SiO2/Si.200, but which is consistent with
other AFM measurements of monolayer WSe2 flakes.175

Increasing the reaction time leads to larger flakes and higher surface coverage.
The increase also results in multilayer growth of WSe2. For a high coverage a
higher reaction time, such as 50 or 60 min., is beneficial, when monolayer growth is
preferred a reaction time of 40 min. can be considered optimal as this time results
in reasonable sized flakes which are predominantly monolayer.

6.3 Temperature

Increasing the reaction temperature can stimulate the reactivity, the energy from
the heat enables the formation of WSe2 as it helps reaching the required activation
energy. The melting point of WO3 is 1473 °C at 1 atmosphere (atm), however the
melting point is reduced with decreasing pressure as shown in Figure 6.9(a).217 In
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literature the reaction temperature for WSe2 CVD growth is typically in the range
of 850 - 1050 °C.36,154

Temperatures used in these experiments ranged from 750 – 900 °C. CVD growth
of WSe2 only successfully occurred when the reaction temperature was 850 °C or
higher for the primary ramp of the temperature. Huang et al.36 suggested that a
higher temperature in the high-temperature heating zone followed by a sub-cooling
step to the reaction temperature before the introduction of the selenium vapour in
the furnace will cause a reduction of the WO3 by the forming gas.

WO3 +H2 →WO3−x +H2O (6.2)

The reduced WO3−x is supposed to result in more nucleation which creates higher
surface coverage and larger flake sizes. In theory this would suggest that having a
lower intermediary temperature before ramping up to the reaction temperature or
constant temperature would negatively influence the reaction, therefore a compari-
son between a constant reaction temperature of 850 °C, as shown in Figure 6.9(b)
is compared to a reaction where the temperature is first ramped up to a higher
temperature and then lowered down to the reaction temperature, which can be seen
in Figure 6.9(c). The difference in the temperature stages does not lead to a differ-
ence in coverage, however the grain size increases when the temperature is initially
ramped up. The grain size increases to about 3x the size when T1=950 °C.

Figure 6.9: (a) Graph showing the melting temperature of WO3 under different
pressures,217 (b) shows an optical microscopy image of a sample where the run
temperature was kept constant at 850 °C. (c) Shows an optical microscopy image of
a sample in a run with T1 = 950 °C and then lowered to T2 = 850 °C.

Both temperature ranges result in the formation of WSe2 and result in a similar
surface coverage. For FET applications a larger grainsize is better as this decreases
electron scattering at grain boundaries, however for catalytic applications a higher
density of grain boundaries is preferred. Therefore, both temperature ranges can
be used for different applications. If the grain size does not make a large difference
a reaction temperature of 850 °C would be preferable as this is more economical,
however if large grain boundaries are required it would be better to initially ramp
the temperature of the CVD process up to 950 °C.
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Figure 6.10: Influence of the pressure on the CVD growth of WSe2. In (a), (b) and
(c) optical microscopy images are shown for respective pressures of 1, 4 and 6 Torr.
(d) Shows the Raman spectra for WSe2 grown at those pressures.

6.4 Pressure

Under atmospheric pressure particles can move freely over the surface and parti-
cles other than the precursors will be present on the surface. A lower pressure, or
vacuum, will remove the non-precursor particles which can influence the reaction or
contaminate the surface. Decreasing the pressure however also leads to a more static
environment in which the particles have a lower velocity, lesser movement over the
surface, and are less reactive.

To obtain an optimised pressure for the growth of large area monolayer WSe2
different pressures were tested ranging from 1 to 6 Torr (∼1.3x10−3 – 7.9x10−3 atm).
For this growth a reaction time of 40 min., obtained as the best value for monolayer
growth in section 6.2, was used. Even though the tested pressure range is in the low
vacuum range, the change in the pressure appears to have a significant influence on
the WSe2 growth as shown in Figure 6.10

In the 1 Torr pressure regime a high nucleation density is visible on the surface,
as shown in Figure 6.10(a). However, the formed nuclei do not grow further out into
flakes at this pressure. When increasing the pressure the nucleation on the surface
decreases but the flake size increases, this agrees with several literature reports.218,219

The reduction in nucleation is possibly due to the diminished flow of the reagents
and particles in the reaction tube. This decreased flow means that the particles have
a reaction energy which is too low to create many nucleation sites, thereby causing
less nucleation. The slower flow does result in a higher residence time, which means
that a higher concentration of reactants is present in the tube. The higher concen-
tration of reagents improves the ongoing growth of the flake, which requires a lower
reactivity than nucleation, as this results in more collisions between the reagents.
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This trend of increase in flake size with increasing pressure becomes apparent in the
optical microscopy images in Figure 6.10(b) and (c) and the corresponding Raman
spectra for the different pressures in Figure 6.10(d)

The optical microscopy images show that increasing the pressure results in larger
flake sizes. For 1 Torr, the lowest pressure, only small WSe2 nuclei are present on
the surface, where the flakes expanded to ∼10–20 µm for 4 Torr and the nuclei grow
further to form large flakes with flake sizes larger than 100 µm for 6 Torr. Not
only the flake size does expand, the coverage of the growth substrate also increases.
The lower pressure samples only had CVD flakes on the outer edges of the sample,
covering about ∼15% of the surface, according to optical microscopy images, where
the surface coverage is increased to ∼47% for 6 Torr. The increased pressure and the
thereby higher rate of collisions is expected to have resulted in a deeper penetration
of the selenium containing vapors (Se, H2Se) between the sandwiched seed layer and
growth substrate, as well as surface diffusion. This results in more reaction over the
total surface.

As there does not seems to be any negative effect on the growth when increasing
the pressure, it seems apparent that the change in pressure is too small to have a
measurable effect on the evaporation temperature of the reagents. The increased
collision rate does not appear to damage the newly-formed nuclei, only an increase
in the size of the flakes is observed. Following this trend a further increase of the
pressure would be expected to lead to even larger flake sizes.

The Raman spectra of the flakes grown at different pressures show a slight red
shift for the overlapping E1

2g and A1g-peaks of WSe2 at ∼250 cm−1 for the higher
pressure, as shown in Figure 6.10(d).163,175 The 1 Torr spectrum also shows peaks
at ∼310 cm−1 and ∼375 cm−1 corresponding to the B1

2g and E1
2g+LA(M) modes.

These modes do not appear for monolayer WSe2 but are only visible in few layer
WSe2 and support to the theory that there is no flake growth on the surface at this
pressure but only the formation of small nuclei.127,163,175

Further characterization of the samples produced at 6 Torr was done by Raman
spectroscopy and photoluminescence spectroscopy as shown in Figure 6.11. In the
Raman spectra and maps, Figure 6.11(b) and (c), a decrease in peak intensity of
the combined E1

2g/A1g peak is visible for the increasing layer thickness. There is an
increase in intensity for the 2LA(M) mode, a second order mode due to LA phonons
at the M point in the Brillouin zone.220 The intensity of the peak increases with the
number of layers which is also the case for the B1

2g and E1
2g+LA(M) modes. These

observations are in agreement with previous reports.221,222

In the PL map and spectra, Figure 6.11(d) and (e), a large decrease in PL
intensity is observed with increasing layer number as well as a shift in the peak
going to lower energies going from 1.6 eV in the monolayer to 1.5 eV in the trilayer
material. The photoluminescence peak is expected to shift from 1.6 eV in monolayer
to 1.2 eV in bulk WSe2 163 and intensity of the PL peak exponentially increases with
decreasing layer number.208 The decrease in intensity is expected due to elaborate
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changes in the band structure as the material transitions from a direct to indirect
band gap.32,161 The shift to lower energies observed here for the few layer WSe2
is not as pronounced as would be expected, though this shift can be influenced by
many parameters such as defects and doping.

Figure 6.11: Optical microscopy, Raman spectroscopy and PL data for WSe2 grown
at 6 Torr. (a) Optical microscopy image, (b) Raman intensity map E1

2g+A1g peak,
(c) Raman spectra of 1L, 2L and multilayer WSe2, (d) PL intensity map of A exciton
and (e) PL spectra of 1L, 2L and multilayer WSe2

6.5 Gas flow

Gas flow is of crucial importance in the reaction. When the gas flow is too low,
Se will not be efficiently transported through the furnace to the sample. However,
when the gas flow is too high, metastable formed nuclei might break down due to
the gas flow or the impact of the fast and large Se particles on the surface. A higher
gas flow is also more likely to result in a turbulent gas flow in the reaction tube when
coming into contact with obstacles such as the tube walls and the sample boat.

In most literature a flow of argon (Ar) and forming gas (Ar/H2 or N2/H2 gas
mixtures) between 5 sccm and 200 sccm are reported for CVD processes for TMD
growth. In the standard setup used in this work the gas flow of the forming gas
(Ar/H2 9/1) was set to 150 sccm which is sufficient to transport the Se through the
furnace to the growth substrate. To increase nucleation on the surface a low gas
flow would appear to be a rational choice, while a higher gas flow could possibly
increase the size of the flakes.

When the gas flow is reduced the pressure decreases automatically as well, due
to the decrease in gas molecules. To obtain reliable results the pressure was kept
constant at 4.0±0.1 Torr. The different gas flows examined were 50, 100, 150,
200 and 250 sccm, for which the results are shown in Figure 6.12. The flake size
and coverage decreases with increasing gas flow from 100 sccm, however there is
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Figure 6.12: Influence of the gas flow on the CVD growth of WSe2. Different optical
microscopy images of WSe2 grown using different gas flows are shown. With (a) 50
sccm, (b) 100 sccm, (c) 150 sccm, (d) 200 sccm and (e) 250 sccm.

WSe2 present on the surface for all gas flows. For 200 and 250 sccm, shown in
Figure 6.12(d) and (e), the flakes are very polycrystalline with lateral flake sizes
below 0.5 µm. At the lower pressure the flakes are noticeably larger. The nucleation
density on the surface decreases and gives way to lateral growth.

The gas flow regimes tested which yield the best results are 50 and 100 sccm.
For 50 sccm, see Figure 6.12(a) the growth mode appears to be mainly a Stranski-
Krastanov mode, layer plus island growth, where the 100 sccm growth, see Fig-
ure 6.12(b) is a Frank-Van der Merwe growth mode, layer by layer growth. Frank-
Van der Merwe is preferable to Stranski-Krastanov when complete monolayer cov-
erage is desired. With growth at 50 sccm a higher nucleation density as well as
coverage is present on the surface, while 100 sccm results in a higher crystallinity
of the surface. Depending on the needs of the application of WSe2 either could be
more beneficial.

6.6 Devices

WSe2 is less studied as a FET material, compared to MoS2, although it has many ad-
vantageous properties. Most TMDs exhibit natural n-type conduction, with p-type
behaviour achieved through doping or coupling.223,224 This is in contrast with WSe2
which shows predominantly p-type conduction or ambipolar behaviour.206,225–227

WSe2 also has an indirect bandgap (1.0–1.2 eV) in the bulk form and shows a tran-
sition to a direct gap of 1.6 eV when it is thinned down to the monolayer form.220,228

Literature on WSe2 FETs indicates a good field-effect mobility which is con-
trollable by temperature and bias voltage,229,230 a perfect subthreshold swing ∼60
mV/dec200 and an on/off ratio up to 8 orders of magnitude.231 The ambipolar be-
haviour of WSe2, can be controlled by selection of the contact metal and varying
deposition method of the contacts.198,232,233 Different contact metals will promote
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hole or electron injection.204,225 The interaction or bond which the contact metal
forms with the WSe2 also influences the properties of the FET.

A challenge for WSe2 devices for integration in electronics is the formation of low-
resistance ohmic contacts. ohmic contacts are often hindered due to the appearance
of Schottky barriers, impeding the flow of current in both directions. The formation
of Schottky barriers is due to Fermi level pinning, it creates an energy barrier for
electrons and holes by bending the bands at the interface, radically degrading the
performance of the devices.234

Here, the measurement of the electrical properties of monolayer WSe2 flakes
was performed on back-gated field effect transistors (FETs). The details for growth
parameters for the growth are shown in subsection A.1.1. The patterning of the con-
tacts on the flakes was performed by e-beam lithography, see the optical microscopy
image in Figure 6.13(a). The contact metals used were Ni/Au 5/50 nm. Nickel was
used as an adhesion layer as it has a better adhesion to the silicon dioxide substrate
than the gold, which can easily be scratched away, and the electron affinity of nickel
is close to that of WSe2.

For a simple 2-probe device measured in-house the devices are shown in Fig-
ure 6.13. The output characteristics (Ids vs Vds curves, Figure 6.13(b)), are very
linear which indicates ohmic behavior of the device. The slope of the curves de-
creases for increased gate voltage. The transfer characteristics (Ids vs Vgs curves)
are shown in Figure 6.13(c) which display the expected p-type behaviour of WSe2,
as p-type or ambipolar behaviour is predominant in WSe2. The on/off ratio is 104

which is in good agreement with values found in literature.107,235 However, the value
is most likely an underestimation as the on/off ratio is limited due to the substrate
material and the contact materials. The contacts can result in a Schottky barrier
decreasing the on/off ratio, where the substrate here is the growth substrate which
is p-type doped SiO2/Si that has been exposed to high (850 °C), which could cause
the substrate to become leaky.

The field-effect mobility is derived from the linear slope of the transfer charac-
teristics:

µ =
1

Cox

L

W

∂Ids
∂Vgs

1

Vds
(6.3)

where L is the channel length, W is the channel width, and Cox is oxide capacitance
per unit area.

For a bias voltage of 20 to 100 mV, the field-effect mobility was estimated to be
25-27 cm2/(Vs), which is comparable to previously reported values for CVD WSe2
devices in the absence of high-k dielectric encapsulation layers and room temperature
configuration205, though this is still low in comparison to exfoliated WSe2 which has
values of ∼200 cm2/(Vs).201 This lower value is most probably due to defects which
may be introduced during CVD processes, however CVD offers much better scope
for scaling and semiconductor integration than mechanically exfoliated flakes. In
these devices the sub-threshold swing is very low, which can partly be attributed
to the SiO2/Si growth substrate. The sub-threshold swing could be improved by
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Figure 6.13: (a) Shows the optical microscopy image of the WSe2 device. The
electrical characteristics of monolayer WSe2 flakes measured at room temperature
are shown in (b) and (c). Figure (b) shows the output characteristics at various
gate-to-source voltages (Vgs from -100 - 0 V). where Figure (c) shows the on/off
current for different source–drain voltages

transferring the WSe2 flakes to a different substrate after growth or by as using a
top gate and/or high-κ dielectrics.

The electronic characteristics of the WSe2 devices produced by the micro reactor
method are comparable to those synthesised by other CVD methods. On top of this,
further improvement of the samples and other contact materials, with higher, or bet-
ter matching, work functions for the p-type material, could improve the performance
of the device.

6.6.1 Environmental Effects

Different environmental parameters affect the properties of devices. For example
this is used in TMD gas sensors or pressure sensors.58,236 To study these effects on
the CVD WSe2 grown with the micro reactor method a collaborative study with
Dr. Francesca Urban and Prof. Antonio Di Bartolomeo from CNR-SPIN Salerno
was undertaken. This work led to the publication "Environmental Effects on the
Electrical Characteristics of Back-Gated WSe2 Field-Effect Transistors" by Urban
et al.237.

In this publication the effects of various environmental parameters on WSe2 de-
vices were studied. The material synthesis and device fabrication was performed in-
house in the ASIN group lab, while the characterisation of the devices was executed
at CNR-SPIN Salerno by Dr. Francesca Urban and Prof. Antonio Di Bartolomeo.

For this research WSe2 flakes were grown by CVD. The growth substrate was
P++ RTO SiO2/Si and the growth parameters were similar to those described be-
fore. For a complete overview of the CVD growth parameters used to synthesize the
samples see Appendix A.3.1. Device fabrication of a back-gated FET on monolayer
WSe2 was done by EBL. Using PMMA A3 as e-beam resist channels with a width
of ∼2 µm and a length of ∼22 µm were created. A schematic and SEM image of the
back-gated FET device are shown in Figure 6.14(a) and (b), respectively. Ni/Au
with 5/50 nm thickness was used as the contact material. Further details on the
EBL procedure are given in Appendix A.3.1.
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Figure 6.14: (a) Schematic representation of the back-gated FET WSe2 device and
(b) SEM image of the contacted device. Images are adapted from Urban et al.237

Polymer coating, pressure, temperature, and light are the different parameters
investigated for their effect on the monolayer WSe2 back-gated FET. Coating the
device with a polymer layer, in this case PMMA, strongly influences the electrical
transport. The polarity of the device changes from n-type to p-type conduction
when the PMMA layer is added. The pressure on air-exposed WSe2 FETs affects
the device characteristics in a similar way to PMMA, turning the conduction from
p- to n-type. When measuring the current-voltage (I-V) characteristics at different
temperatures, a gate modulation of the Schottky barrier at the contacts is observed.

The carrier mobility and the subthreshold swing both undergo a change of be-
haviour with increasing temperature. The interface trap density, which is derived
from the subthreshold swing, indicates the photoresponse of the device. The mono-
layer WSe2 device, characterized at several laser wavelengths, achieved a responsivity
as high as ∼0.5 AW−1 at 700 nm, a photon energy close to the bandgap of few layer
WSe2.

6.6.2 Vertical field emission transistor

Also in collaboration with Prof. Antonio Di Bartolomeo from CNR-SPIN the first
vertical field emission transistor on WSe2 was established and characterised. The
results from this publication were published as "A WSe2 vertical field emission tran-
sistor" by Di Bartolomeo et al.238

In field emission electrons are extracted from the material by quantum tunnelling
through the surface potential barrier upon the application of a strong electric field.
Electric control of carrier concentration by a gate in this type of field-effect transistor
structure is an effective way to tune the doping level and type in a device. Field emis-
sion is of great relevance for various applications, ranging from electron microscopy
to display technology. In lateral field-emission devices, the traditional approach of
placing a gate roughly in between the source and drain has been replaced by a gate
behind the emitting tip, controlling its doping level and conductivity. This results in
the modulation of a narrower gate voltage of the source–drain field-emission current
by depleting or enhancing the carrier density available at the source for tunnelling.
For a vertical field emission transistor the back gate voltage is modulated.
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Figure 6.15: Schematic representation of the WSe2 vertical field emission device in
the SEM chamber. Image adapted from Di Bartolomeo et al.238

Similar monolayer WSe2 devices as described in subsection 6.6.1 were fabri-
cated for this work in TCD, where the measurements were performed in CNR-SPIN
Salerno. In contrast to the method in subsection 6.6.1, the device was only physi-
cally probed with one tungsten tip contact, where the other contact was positioned
at a given distance above the flake to measure the field emission current from the
WSe2 flake to the contact. In addition to this the SEM sample holder was electri-
cally connected to the back-gate of the sample to observe a gate-modulated field
emission current. The setup used for these measurements is shown in Figure 6.15

The n-type conduction of the device enables the field emission, or the extraction
of electrons by quantum tunneling from the two dimensional WSe2 monolayers.
Electron emission occurs under an electric field ∼100 V µm−1 and is stable over
time. Most importantly, the field emission current can be modulated by the back-
gate voltage.

6.7 Summary

In this chapter the growth of WSe2 by a micro-reactor CVD aproach was optimised
by a parametric study of various growth parameters. These parameters have a strong
impact on the nucleation and growth mechanism of WSe2. The metal precursor
choice will determine whether there is formation of WSe2 and if there is formation
of flakes or polycrystalline surfaces. Increasing the reaction time leads to larger
flakes and higher surface coverage. The increase also results in multilayer growth of
WSe2. When the pressure is increased this results in larger lateral flake sizes. Most
likely this is due to a higher rate of collisions at increased pressure which results
in a deeper penetration of the selenium vapour between the sandwiched seed layer
and growth substrate, as well as surface diffusion, resulting in a higher nucleation
density over the total surface.

The growth mode depends on the gas flow in the furnace. At lower gas flow
the growth mode is mainly a Stranski-Krastanov mode, layer plus island growth,
where increased gas flow results in a Frank-Van der Merwe growth mode, layer by
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layer growth. When complete monolayer coverage is desired Frank-Van der Merwe is
preferable to Stranski-Krastanov. The lower gas flow also yields a higher nucleation
density as well as higher coverage on the surface, while increasing the flow brings on
higher crystallinity of the surface.

Back-gated FET devices were fabricated using WSe2 flakes grown using the mi-
cro reactor approach. These devices showed p-type behaviour and the mobility of
the WSe2 device is around 25-27 cm2/(Vs). The WSe2 flakes were further used
in collaborative studies. Environmental effects were studied and devices showed
different behaviour depending on effects such as atmosphere, pressure and PMMA
contamination. On top of this with these flakes the first ever vertical field emission
transistor was produced.
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7 Substrate effects on the growth of MoS2

Growth substrates have a large influence on the growth mechanism of CVD grown
TMDs which cannot be neglected. The best known example of crystal growth is
epitaxial growth. The word epitaxial comes from the Greek words ’epi ’ and ’taxis’
which mean "above" and "in an ordered manner" and the term epitaxial is used to
indicate a growth mechanism where the formed material follows the lattice registry of
the underlying growth substrate or underlying crystal growth in homoepitaxy. This
means that the growth substrate functions as a template for the growth orientation.

In heteroepitaxy the new crystalline layers are formed in a well-defined orienta-
tion with respect to the growth substrate. Often epitaxial growth occurs when there
is a lack of, or a minimal, lattice mismatch between the two materials, a good exam-
ple of this is the growth of graphene on h-BN.239 Both materials have a hexagonal
lattice with a small lattice mismatch of ∼1.8%, making h-BN a perfect substrate for
epitaxial growth.240,241

The advantages of epitaxial growth are aligned growth and the merging of
grains, reducing the amount of grain boundaries, resulting in more crystalline prod-
ucts.143,144 In the case of TMDs this can be observed for growth of TMDs on other
TMDs. For example the lattice mismatch between MoS2 and WS2 is less than
0.01%.242 Making them near optimal substrates for the epitaxial growth of crystal-
lographically aligned heterostructures.

Besides the crystalline orientation of the substrate, epitaxial or ordered growth
can also arise from substrate morphology. Ordered growth originating from the
surface morphology can be expressed in many forms. This can be alignment of
flakes, though it can also result in localised concentrated growth, or local aligned
growth along the substrate terrace steps. Van der Waals forces between different
materials or surface interactions can also lead to ordered growth. An example of
oriented growth of gold particles on highly oriented pyrolytic graphite (HOPG) was
reported by Dietzel et al.243. The ordered or epitaxial growth of III-V materials
or metal oxides on sapphire has also been demonstrated.149,244–246 According to
Dumcenco et al.116, CVD growth of MoS2 on C-plane (0001) sapphire results in
large-area epitaxial growth of MoS2 as a result of the coalescence of aligned MoS2
domains with a reduced density of grain boundaries.247 Recently, Ma et al. showed
seamless stitching of MoS2 domains on A-plane sapphire as well.248 This improved
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growth should lead to better electrical and mechanical properties over a longer, µm
scale

The effect of the substrate on the growth mechanism of a film cannot be ne-
glected. Epitaxial or aligned growth can be beneficial to control the presence of
grain boundaries, when the symmetries of the substrate and grown material over-
lap, and the ease of patterning the substrates when the presence and location of grain
boundaries is known. While localised growth of smaller flakes with a larger surface
area are beneficial for applications in catalysis.61 It is evident that the growth of
TMDs can be directed by substrate selection.

In this chapter the CVD growth of MoS2 on a variety of substrates is investigated
to improve the growth and crystalline quality of CVD grown MoS2. The influence
of the surface morphology, surface interaction and surface energy are hereby taken
into consideration and are explored. In the following section the different substrates
and possible surface treatments will be discussed. Part of these results were also
published in the paper "Directing the Morphology of Chemical Vapor Deposition-
Grown MoS2 on Sapphire by Crystal Plane Selection.117

7.1 Substrates

A large variety of growth substrates have been used in literature to grow thin,
mono to few layer, MoS2. The most common substrates being: SiO2/Si, sapphire
and gold.105,106,249–252 Other more exotic substrates for the CVD growth of MoS2
include h-BN and silver.252,253 This work will focus on SiO2 and the different crystal
planes of sapphire.

To date SiO2/Si has been widely used due to its availability, reliability, price and
the compatibility of silicon with current CMOS technology. In this work standard
silicon wafers, with a thickness of ∼500 µm with (100) plane orientation, produced
by the Czochralski process142 were used. The top layer contains a native oxide and
the silicon surface is usually further oxidised by rapid thermal oxidation to form a
300 nm oxide layer, as SiO2 is insulating. This SiO2 layer is amorphous, resulting
in random orientation of materials grown on top. Growth of TMDs on SiO2/Si
is a mature process and there are ubiquitous examples of monolayer TMD growth
present throughout the literature.

A disadvantage of the use of silicon as a substrate is that silicon is limited to
temperatures of ∼500 °C in atmospheric conditions, and ∼650 °C under vacuum, as
higher temperatures result in degradation of charge carrier lifetime as well as degra-
dation of the oxide for certain growth methods.254–256 Therefore reaction tempera-
tures should optimally be kept below this temperature or the synthesized material
should best be transferred to a different substrate for further processing.

Another commonly used growth substrate is sapphire. Sapphire (Al2O3) is a
single-crystal material known for its chemical and thermal stability.145 It is used as
a substrate for the epitaxial growth of a wide range of materials, most notably on C-
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and R-plane sapphire.145,146 Besides the use of sapphire as a growth substrate, the
material also has applications in optics147 and chemical catalysis.148 The stability of
sapphire notably exceeds that of commonly used SiO2/Si substrates, which have a
more limited thermal range and provide an amorphous surface for growth, resulting
in randomly-oriented material growth. Furthermore, there is less mismatch between
the thermal expansion coefficient of MoS2 and sapphire compared with MoS2 and
silicon dioxide, which should result in less strain between the substrate and the
MoS2.257,258

Epitaxial growth of MoS2 on different sapphire planes has been explored to a
degree in literature. Dumcenco et al. showed the epitaxial growth of MoS2 flakes on
C-plane sapphire, while Ma et al. showed aligned growth of MoS2 domains on A-
plane sapphire after annealing.116,248 Studies on the directed CVD growth of MoS2
on other sapphire planes have been limited. A paper on the influence of C- and R-
plane substrates on the PL intensity for MoS2 has been published by Zhang et al.259

In this paper a strong increase in the PL signal for MoS2 grown on R-plane sapphire
was observed in comparison to the growth on C-plane sapphire. The increased PL
signal for MoS2 on R-plane in this publication is assumed to be due to increased
molybdenum-oxygen bonding. This increase is similar to the increase of PL signal
at grain boundaries.260

In contrast to amorphous surfaces, such as SiO2, crystalline surfaces are naturally
vicinal due to imperfect alignment with low index planes. The surfaces naturally
feature steps, whose configurations depend on the planar orientation of the surface.
While C-plane (0001) sapphire is the most commonly used of the low-index sapphire
planes, others including R-plane (1102), A-plane (1120) and M-plane (1010) have
also been the subject of studies.261 An illustration of the different sapphire planes
on the crystal is shown in Figure 7.1.

Figure 7.1: Illustration of the crystal geometry showing the crystal planes of sap-
phire. Image adapted from Wang et al.261

Each of the sapphire planes have distinct facet-dependent properties, resulting in
different growth mechanisms occurring on the surface. For example R-plane sapphire
is used in high-speed integrated circuits and as a substrate for the growth of III-V
materials,149,150 while A-plane sapphire has been used for the production of hybrid
microcircuits.145
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It is known that Al2O3 surface morphology is greatly affected by surface prepa-
ration, and in particular high-temperature annealing, which in turn impacts the
nature of any film grown on the substrate.262,263 To improve the ordering of the
surface, the substrates can be annealed as the surface thermodynamically relaxes
under annealing. This relaxation typically results into an improvement in the sur-
face ordering. Here the different planes were also studied after annealing at 1200 °C,
1300 °C and 1400 °C for 24h in air, which is sufficient time for the surface to evolve
to its equilibrium crystal state.262,264,265

The annealing temperature used defines the terrace width and step height of the
surface.262 Generally the terraces become more defined and wider with increasing
annealing temperature until an equilibrium state where the energy of the surface is
minimised is reached. The temperature dependency and resulting faceting of the
system is related to the minimization of the surface free energy of the system.

7.2 Synthesis

The CVD growth of the MoS2 was performed in a two-zone sulfur furnace, as de-
scribed in subsection 5.1.3, based on the process described by Gatensby et al.102 In
the lower-temperature upstream heating zone sulfur powder (Sigma-Aldrich 99.98%
purity) was placed in an alumina crucible. The growth substrates were placed down-
stream in the high-temperature, reactor, zone of the furnace. The samples were
placed face-down on the molybdenum precursor. The molybdenum precursor was
40 µL of a 1 mg/L exfoliated molybdenum trioxide (Sigma-Aldrich) in HPLC IPA
drop casted on an 8.5x8.5 mm SiO2/Si sample. The growth substrates were 7.5x7.5
mm pieces of sapphire cut from wafers supplied by AdValue Technology. A distance
of ∼25 cm was present between the sulfur crucible and the downstream crucible
containing the growth substrates. To study the affect of annealing on the growth
of MoS2 on the different sapphire planes, part of the sapphire samples from all the
studied planes were annealed at 1400 °C for 24 h in atmospheric conditions.

An Ar-flow of 150 sccm was maintained during growth. For the growth proce-
dure, the primary heating zone was first ramped up to 750 °C and after the reaction
temperature had stabilized sulfur vapor was produced by independently heating the
secondary upstream furnace to 117 °C. The SiO2 samples required longer sulfur
exposure and a post-annealing step to form MoS2 on the surface. For this reason
the sulfur flow was maintained for 25 min. for the SiO2/Si samples, though it was
only maintained for 15 min. for the sapphire samples. After the sulfur heating was
switched off the sample was post-annealed for respectively another 25 or 15 min. at
750 °C for SiO2/Si or sapphire. Following this step, the system was cooled to room
temperature.
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Figure 7.2: (a) Optical microscopy image of the SiO2/Si sample covered in CVD
grown MoS2. The red square depicts the area of the Raman sum map of the E1

2g

peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g peak
which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85
eV. In (e) the individual spectrum for monolayer MoS2 on SiO2/Si is given and in
(f) the PL spectrum for monolayer MoS2 is shown.

7.2.1 Silicon

The CVD growth of MoS2 on SiO2/Si results in large areas of MoS2 on the sur-
face, as is shown in the optical microscopy image in Figure 7.2(a). The optical
microscopy image indicates that the complete MoS2 area shown is monolayer, with
grain sizes in the order of 10 µm. These observations are confirmed by Raman and
PL spectroscopy measurements.

The Raman and PL maps, Figure 7.2(b)-(d) show a large even area of MoS2 on
the surface with overall a quite constant intensity, as is clearly visible in the E1

2g

intensity map and A1g positon map, Figure 7.2(b) and (c). Even though the MoS2
film appears uniform the PL map, see Figure 7.2(d), shows the grain boundaries
between the MoS2 domains present on the surface. In the Raman spectrum the E1

2g

(E′ for monolayer) and A1g (A′1 for monolayer) peaks are located at respectively
∼384.68 cm−1 and ∼404.26 cm−1, which corresponds with the values for monolayer
MoS2.31,175 For the FWHM the following widths were obtained: ∼4.18 cm−1 for E1

2g

and ∼6.63 cm−1 for A1g, indicating good crystallinity of the MoS2 area.166,266

PL measurements show that the A1-exciton peak, which reflects the direct
bandgap of monolayer MoS2, is clearly present at ∼1.843 eV, while the B1-exciton
peak is almost invisible at ∼1.966 eV with the A1-exciton peak being almost 20x
more intense compared with the B1-exciton peak, see Figure 7.2(f). The FWHM
of the A1-peak is only ∼0.05 eV, indicating that there is a little scattering due to
grains and defects on the surface.
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7.2.2 C-plane sapphire

The C-plane (0001) is the basal plane of sapphire and the naturally most commonly
occurring form of sapphire The C-plane samples used have a small miscut angle
of approximately 0.2 °, which is in theory low enough to result in homogeneous
crystalline growth on the sapphire surface.267 Non-annealed C-plane surfaces have
a step height of c/6=0.22 nm, where c is the length of the unit cell along the {0001}
direction. Annealing of C-plane results in step clusters. Increasing the annealing
temperature results in larger terraces.

AFM images for the different annealing temperatures are shown in Figure 7.3.
With increasing temperature the terraces start to form and become more pro-
nounced. Barely any terrace was distinguishable on the non-annealed C-plane sap-
phire surface, as the terraces in part may be obscured by surface adsorbents. An-
nealing the sapphire substrate results in visible terraces. For annealing at 1200 °C
both the terrace width and step height can be identified after annealing at 1200 °C
and the width and step height increases with increased annealing temperatures.

Figure 7.3: AFM images of C-plane sapphire before annealing and after various
annealing temperatures. (a) C-plane before annealing, (b) annealing at 1200 °C, (c)
annealing at 1300 °C and (d) annealing at 1400 °C

For the C-plane sapphire substrates annealed at 1400 °C several crossing steps
are visible, which have a minimum height ∼0.2 nm, but a typical step height of ∼0.45
nm was observed by AFM. This value is in agreement with other studies as steps
increase in multiples of 2c/6 for annealing at temperatures over ∼1100 °C.262,265,268

Other sapphire planes which are studied here are R-, A- and M-plane, which have
step heights of 0.25 – 0.8 nm as shown in Table 7.1.

For the CVD growth of MoS2 firstly the results on the non-annealed C-plane
sapphire will be discussed. The CVD growth of MoS2 on non-annealed C-plane sap-
phire results in growth of large MoS2 areas on the surface, as shown in Figure 7.4(a).
Parts of these films are monolayer, ∼ 43%, though most of the surface is covered
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Sapphire plane Step height Terrace size Offcut
C-plane 0.22-1.5 nm 310 nm 0.22 °
R-plane 0.36 nm 410 nm 0.05 °
A-plane 0.25x nm Variable 0.03 °
M-plane 40.8 nm 123 nm 2.2 °

Table 7.1: Step height, terrace size and offcut of the different annealed (1400 °C)
sapphire planes obtained by AFM.

Figure 7.4: (a) Optical microscopy image of the non-annealed C-plane substrate
covered in MoS2. The red square depicts the area of the Raman sum map of the
E1
2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g peak

which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85
eV. In (e) the individual spectra for the single, bi- and multi-layer MoS2 on C-plane
sapphire are given, the same is shown in (f) for the PL spectra.

with large areas of bi- and multilayer MoS2. The surface coverage on this substrate
is higher than the coverage on SiO2/Si and also in contrary to growth on SiO2/Si
a certain degree of epitaxial alignment of the MoS2 flakes appears to be present on
the surface.

The Raman maps, see Figure 7.4(b) for the E1
2g intensity map and Figure 7.4(c)

for the A1g position map, clearly display the MoS2 bilayer flakes on the monolayer
MoS2 surface pointing towards the same direction, see Figure 7.4(b) and (c). The
A1g position map indicates that the complete underlying area visible in the optical
microscopy image is covered by monolayer, ∼405 cm−1 MoS2. The presence of
monolayer MoS2 is confirmed in the PL map in Figure 7.4(d).

Contrary to the non-annealed surface, the annealed surface shows clearly defined
terraces in the AFM height image of the substrate. Clearly defined terraces could
be an indication that the annealed substrate would be a better growth substrate
for aligned growth. The large well-defined uniform areas present on the substrate
result in unhindered growth of the MoS2. The terrace steps are expected to have
a catalytic function for the formation of nuclei on the substrate. However, this
does not appear to be the case for the growth of MoS2 on C-plane sapphire. Less
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Figure 7.5: (a) Optical microscopy image of the C-plane substrate covered in MoS2.
The red square depicts the area of the Raman sum map of the E1

2g peak ∼385 cm−1

shown in (b), (c) shows the peak position map of the A1g peak which is at ∼405
cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85 eV. In (e) the
individual spectra for the single, bi- and multi-layer MoS2 on C-plane sapphire are
given, the same is shown in (f) for the PL spectra.

alignment appears to be present on the surface according to the optical microscopy
image in Figure 7.5(a). While growth on 1400 °C annealed C-plane sapphire yields
relatively large triangular MoS2 flakes, with lateral dimensions in the order of tens
of microns, there is little apparent orientation of the flake direction. Thus, despite
the use of a crystalline substrate, and the presence of steps, the orientation of the
flakes is ostensibly random and not aligned.

The lack of observed flake alignment is in contrast to results from some other
publications.116,269 Alignment of CVD-grown MoS2 has been described for growth
on C-plane sapphire by Suenaga et al.269 Suenage et al. indicated the crucial role
of the sulfur concentration for alignment. This could possibly explain the lack of
observed alignment on C-plane sapphire here as an excess of sulfur was used to
ensure a complete reaction and maximum coverage. Another critical factor is that
their reaction temperature used is much higher than what is employed here. As the
desorption of oxygen from sapphire occurs above 823 °C, there is stronger interaction
with the surface and thus better alignment can be expected.270 A final factor that
could influence the formation of aligned MoS2 domains on the surface is the presence
of forming gas, H2/Ar 1/9, during annealing. Alignment of MoS2 is aided by an Al-
terminated sapphire surface. The H2-gas gas reduces the oxygen termination on the
surface, resulting in an Al-terminated surface.154,271

Even though there is a lack of alignment of MoS2 on the annealed surface, the
surface is largely covered by MoS2. The surface is reaching a total coverage of ∼90%
with ∼47% of the surface being covered by monolayer MoS2. See Figure 7.21 and
Table 7.3 for the MoS2 surface coverages for the different annealed sapphire planes.

The AFM images show both the step and terrace structure of the sapphire sub-
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Figure 7.6: AFM height images for the growth of MoS2 on C-plane sapphire. (a)
Non-annealed C-plane sapphire and (b) 1400 °C annealed C-plane sapphire

strates and the MoS2 flakes on the surfaces, thereby giving convincing evidence as to
whether the MoS2 grows according to the underlying crystallographic directions. In
Figure 7.6 the MoS2 grown on C-plane sapphire, for growth on both the annealed and
non-annealed substrates, is shown. The MoS2 flakes on the non-annealed C-plane
sapphire are all oriented in the same direction, while the flakes on the annealed C-
plane are oriented in various directions. When comparing the shapes of the flakes,
the flakes on the non-annealed substrate are very triangular, while the flakes are
more rounded on the annealed substrate.

In addition to the MoS2, high peaks are visible on the surface. The heights and
shapes of these peaks are similar to that of molybdenum oxides.272,273 The oxides
are formed when the molybdenum oxide precursor evaporates and is deposited on
the surface. There appears to be less of an excess of Mo for the growth on the
non-annealed substrate as that surface has significantly less oxide peaks on the sur-
face. This is possibly due to the higher MoS2 coverage of the non-annealed sample,
resulting in less Mo and MoOx on the surface. Though the AFM suggests that these
features are oxides this cannot be clearly identified by Raman spectroscopy.

7.2.3 R-plane sapphire

For R-plane sapphire (1102) steps are resolvable by AFM on the surface before an-
nealing (See Figure 7.7(a)) The step and terrace structure becomes more pronounced
with increased annealing temperature. For annealing at 1200 °C the terraces have
a width of ∼300 nm, while this increases to ∼400 nm for the substrates annealed at
1300 and 1400 °C. The high temperature annealed substrates show terraces similar
to those on C-plane, though the terraces on R-plane are wider and more uniform,
with an average width of 410 nm for R-plane compared to 310 nm for C-plane (See
Table 7.1). Annealing results in a more stable equilibrium surface as the surface
reorganises to an ordering where the surface energy strives towards a minimum.

Growth on non-annealed R-plane sapphire results in a continuous polycrystalline
film of MoS2. The optical microscopy image of the growth on R-plane is shown in
Figure 7.8(a). The quality of the material does not appear to be very high as the
Raman and PL maps, Figure 7.8(b) and (c), show a very grainy continuous layer
of MoS2 on the substrate. In the Raman spectrum the E1

2g and A1g-peaks are at
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Figure 7.7: AFM images of R-plane sapphire before annealing and after various
annealing temperatures. (a) C-plane before annealing, (b) annealing at 1200 °C, (c)
annealing at 1300 °C and (d) annealing at 1400 °C

the expected position for monolayer MoS2, but the E1
2g/A1g ratio is very low 0.55,

which is usually the case for few layer MoS2. As the MoS2 is monolayer this is a
possible indication for low crystallinity or the presence of many defects. A LA(M)
disorder peak is observed in the Raman spectrum around ∼227 cm−1, not shown
in the spectrum, indicating a low inter-defect distance.165 The grainy features on
the optical microscopy image and Raman maps imply that this is due to the low
crystallinity. The FWHM of the Raman peaks are 10.01 cm−1 for E1

2g and 6.53 cm−2

for A1g, which is extremely broad for the E1
2g peak.166

Further information given by the PL spectra shows the A1 exciton peak is located
at 1.90 eV, while the B1 exciton peak is located at 2.03 eV. This is a strong red shift
for both peaks compared to the MoS2 grown on C-plane, most likely caused by the
poor crystallinity, and thereby scattering, of the MoS2 on the surface. This is further
confirmed by the FWHM of the A1 peak, 0.10 eV, which is much higher compared
to the A1 FWHM of the other substrates. Growth of MoS2 on non-annealed R-
plane sapphire substrate therefore leads to large area growth of MoS2. The MoS2 is
polycrystalline and there is no apparent ordering of the MoS2 on the surface.

Growth on 1400 °C annealed R-plane sapphire does result in qualitatively better
growth, in contrast to annealed C-plane. An optical microscopy image, Figure 7.9(a),
clearly shows crystalline triangular shapes. Although the shapes are triangular they
are somewhat dendritic. The feature sizes of the MoS2 domains are of a reasonable
size, ∼20 µm and the crystal shapes indicate a crystalline structure.

The Raman E1
2g intensity map and A1g position map, Figure 7.9(b) and (c) show

that a large area of the surface is covered with MoS2, with quite a significant part
being monolayer MoS2. This is also confirmed in the PL A1 exciton intensity map,
Figure 7.9(d). For monolayer MoS2 the E1

2g-peak is situated at ∼385.96 cm−2 and a
FWHM of ∼3.89 cm−1, while the A1g-peak is located at ∼405.53 and has a FWHM
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Figure 7.8: (a) Optical microscopy image of the non-annealed R-plane substrate
covered in MoS2. The red square depicts the area of the Raman sum map of the
E1
2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g peak

which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85
eV. In (e) the spectrum for single layer MoS2 on R-plane sapphire are given, the
same is shown in (f) for the PL spectrum.

of 6.92 cm−1. (See Figure 7.9(e).) The values obtained are in correspondence with
those of monolayer growth as are the results from the PL spectrum. (Shown in
Figure 7.9(f))

The growth mechanism of MoS2 on the annealed R-plane surface appears to be
Stranski-Krastanov, layer plus island growth.122 Most of the underlying surface is
covered with monolayer MoS2 and regions, or islands, of bi- and multilayer MoS2
are found on top of the monolayer MoS2. Alignment of flakes is also visible as the
flakes grow in the same direction.

In Figure 7.10 an AFM height image for MoS2 growth on 1400 °C annealed R-
plane sapphire is shown. The AFM image clearly shows the MoS2 on the R-plane
surface. The MoS2 is aligned as it grows in a parallel direction along the terraces
on the surface. Clearly distinguishable in the AFM image are the long dendritic
shapes of the flakes following the terrace direction, indicating an interaction with
the substrate. This alignment appears to merge the flakes on the surface as there
are barely any boundaries visible on the AFM image though different flake tips,
indicating the initial nucleation and growth of multiple flakes, are observed.

7.2.4 A-plane

The A-plane (1120) of sapphire is often used in applications requiring a uniform
dielectric constant and highly insulating characteristics.145 Prior to annealing there
is no structure discernible by AFM for A-plane sapphire as shown in Figure 7.11(a).
Post-annealing the surface of the A-plane (1120) sapphire shows shows clearer ev-
idence of the vicinal nature of the surface and it is notable that the step edge is
rough and corrugated. Higher temperature annealing leads to further roughening of
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Figure 7.9: (a) Optical microscopy image of the annealed (1400 °C) R-plane sub-
strate covered in MoS2. The red square depicts the area of the Raman sum map of
the E1

2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g

peak which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at
∼1.85 eV. In (e) the individual spectra for the single, bi- and multi-layer MoS2 on
C-plane sapphire are given, the same is shown in (f) for the PL spectra.

Figure 7.10: AFM height image for the growth of MoS2 on 1400 °C annealed R-plane
sapphire

the step edges, to the extent where the terraces are interrupted.

AFM analysis (See Figure 7.11(b-d)) of the annealed A-plane surfaces reveals
comb-like structures along the [1010] and [0001] directions, the intersection between
the R- and A-planes, which is in agreement with findings by Curiotto et al.265 These
ragged shapes result in a combination of a large amount of small terraces as well as
some large terraces. The sizes of the terraces range from ∼150-500 nm. A higher
surface roughness is also present on A-plane sapphire. The faceted steps, the comb-
like structures, and high terrace steps all lower the surface energy, thereby stabilising
the surface structure.274

CVD growth on non-annealed A-plane sapphire results in the growth of MoS2
with a large variation of layer numbers as shown in Figure 7.12(a). The feature sizes
of the MoS2 are very limited and localised areas with bi- and multilayer growth are
distinct on the surface. There is no apparent ordering of the MoS2 domains on the
surface. The Raman maps, Figure 7.12(b) and (c) confirm this observation.
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Figure 7.11: AFM images of A-plane sapphire before annealing and after various
annealing temperatures. (a) C-plane before annealing, (b) annealing at 1200 °C, (c)
annealing at 1300 °C and (d) annealing at 1400 °C

The Raman peaks in the spectrum in Figure 7.12(e) for the monolayer area are
positioned at ∼386 cm−1 for the E1

2g-peak and 406 cm−1 for the A1g-peak, while
the E1

2g/A1g ratio is ∼0.70. The peaks are at the expected position for monolayer
MoS2 but the ratio is much lower than normal for monolayer MoS2, which is ∼1
for perfect monolayer MoS2, though generally is ≥0.80 for CVD grown samples on
sapphire.266 The ratio nominally decreases with increasing layer number as well as
the presence of defects and grain boundaries.228 The low crystalline quality of the
material is also shown in the high FWHM of both peaks, respectively 7.25 cm−1 and
8.92 cm−1 for the E1

2g and A1g peaks as well as in the A1g position map. In the A1g

position map no discernible features are present due to the polycrystalline nature of
the film.

The PL map, shown in Figure 7.12(d), clearly indicates the presence of both
monolayer and multilayer MoS2 on the substrate. The intensity of the A1 exciton
peak at ∼1.85 eV is almost 6x the intensity of the B1 exciton peak for monolayer
MoS2. Meaning that the luminescence of the A1-exciton is not very intense, causing
the B1 exciton to show as relatively more pronounced in the spectrum as shown
in Figure 7.12f). This indicates either a strong interaction with the substrate or
the presence of defects on the surface. Monolayer MoS2 on annealed A-plane shows
a FWHM of 0.10, which is quite broad for monolayer MoS2 PL, compared to the
FWHM values obtained for MoS2 on the C- and R-plane sapphire.

Growth on the annealed A-plane substrate results in larger structures, as shown
in Figure 7.13(a) though on the annealed substrate there are also large variations
in the layer thickness present with localised bulk growth on the substrate. Similar
to the growth on non-annealed A-plane sapphire there is also an apparent lack of
orientation or alignment of the MoS2 structures formed on the surface. This is in
contrast with the findings of Ma et al. where aligned MoS2 structures where found
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Figure 7.12: (a) Optical microscopy image of the non-annealed A-plane substrate
covered in MoS2. The red square depicts the area of the Raman sum map of the
E1
2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g peak

which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85
eV. In (e) the spectrum for the single layer MoS2 on A-plane sapphire are given, the
same is shown in (f) for the single layer PL spectrum.

on 1100 °C annealed A-plane sapphire.248 This could possibly be due to the lower
temperature used in this particular study.

The Raman and PL maps, Figure 7.13(b-d), showing small flakes with a large
presence of mono- and bi-layer MoS2 on the surface. Both the E1

2g/A1g ratio, 0.63,
and the FWHM of the Raman peaks, 3.93 cm−1 for E1

2g and 6.25 cm−1 for A1g,
indicate a lower crystalline quality of the monolayer MoS2 domains compared to
the monolayer MoS2 on non-annealed A-plane. (See Figure 7.13(e) for the Raman
spectrum.) The PL spectrum shows an intense A1 exciton peak for the monolayer
MoS2, see Figure 7.13(f). The peak has a FWHM of ∼0.08 eV which is smaller than
the ∼0.10 eV for the monolayer MoS2 on non-annealed A-plane sapphire. Though
this could fall within the error of the measurement.

In Figure 7.14 an AFM height image of the growth of MoS2 on A-plane sapphire is
shown. The AFM image clearly shows flakes which have sharp edges and disordered
growth, as well as a large distribution of flake sizes and thicknesses present due to
the underlying terraces with ragged edges. The flakes are all limited in size, around
1-7 µm. The step edges show a lot of decoration after growth, pointing towards
these regions being highly reactive. The ragged edges of the A-plane will hinder
diffusion of the atoms over the surface, trapping the precursors, thereby causing
more restricted local growth. In combination with the high reactivity of the steps,
this results in multilayer growth as the precursors used here limit the ability of
precursors to diffuse over the surface.
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Figure 7.13: (a) Optical microscopy image of the annealed (1400 °C) A-plane sub-
strate covered in MoS2. The red square depicts the area of the Raman sum map of
the E1

2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g

peak which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at
∼1.85 eV. In (e) the individual spectra for the single, bi- and multi-layer MoS2 on
C-plane sapphire are given, the same is shown in (f) for the PL spectra.

Figure 7.14: AFM height image for the growth of MoS2 on 1400 °C annealed R-plane
sapphire
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7.2.5 M-plane

The M-plane (1010) does not show any apparent terraces before annealing, see Fig-
ure 7.15a). M-plane sapphire is thermodynamically unstable at high temperature,
and transforms into developing facets of both the S-plane (1011) and R-plane (1102)
under suitable annealing.275–277 The decomposition of the M-plane sapphire surface
into R- and S-facets results in a higher surface area, though the surface energy
decreases as the surface becomes more thermodynamically stable.276,277

Annealing at 1200 °C results in a small degree of relief on the surface which shows
the outline of terraces on the AFM height image shown in Figure 7.15(b). Higher
temperature annealing at 1300 °C, shown in Figure 7.15(c), shows partially formed
terraces in the AFM image with an average length of ∼1.5 µm. These terraces are
formed along the S-facet of the M-plane. The width of the terraces is 100-200 nm,
while the height of the step is ∼0.5 nm.

In the AFM image for M-plane sapphire annealed at 1400 °C, Figure 7.15(d),
pronounced terraces along the S-facet are visible. Less visible are the smaller terraces
in the R-facets though this can be observed at a ∼30 °angle from the terraces in the
S-direction. The width of the terraces along the S-facet is ∼123 nm, while the step
height is very high at 40.8 nm which is more pronounced than the steps of any of
the other sapphire planes before or after annealing.

Figure 7.15: AFM images of M-plane sapphire before annealing and after various
annealing temperatures. (a) C-plane before annealing, (b) annealing at 1200 °C, (c)
annealing at 1300 °C and (d) annealing at 1400 °C

Growth of MoS2 on non-annealed M-plane sapphire results in a continuous layer
of MoS2 nuclei, similar as observed for both non-annealed R- and A-plane sapphire.
In Figure 7.16 the corresponding optical microscopy, Raman and PL data for the
CVD growth is shown. The optical microscopy image, Figure 7.16(a) shows a grainy
continuous area only interrupted by the scratches made on the surface to provide
more contrast.
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The Raman and PL maps also clearly show large MoS2 regions, while the Raman
MoS2 E1

2g-peak is located at 383.5 cm−1 and the A1g-peak at 408 cm−1. These peaks
are both shifted towards the position of multilayer MoS2, which can also correspond
to a polycrystalline nature of the MoS2-film. The FWHM values for the E1

2g and
A1g peaks are ∼6.44 cm−1 and ∼6.00 cm−1, which are much broader than would be
expected for high-quality monolayer MoS2. The PL spectrum shows both the A1
and B1 exciton peaks. The A1 exciton peak is ∼2x the intensity of the B1 exciton
peak and has a FWHM of 0.11 cm−1, thereby also confirming the polycrystalline
nature of the grown film.

Figure 7.16: (a) Optical microscopy image of the non-annealed M-plane substrate
covered in MoS2. The red square depicts the area of the Raman sum map of the
E1
2g peak ∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g

peak which is at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at
∼1.85 eV. In (e) the individual spectrum for single layer MoS2 on M-plane sapphire
is given, the same is shown in (f) for the PL spectrum.

Annealing of the substrate at 1400 °C results in the formation of straight terraces
with clear steps on the surface. The substrate shows similarities to that of the
annealed R-plane sapphire, as discussed in subsection 7.2.3, where alignment of
MoS2 was shown. CVD growth of MoS2 on 1400 °C annealed M-plane sapphire
resulted in slim elongated flakes with lengths of ∼10 µm and widths of ∼1-3 µm.
(See Figure 7.17(a).) The structures appear to follow the terrace direction, giving
pronounced growth in the direction of the facets. As the flakes are not triangular
but more dendritic, this indicates a stronger interaction with the substrate.35,278 A
stronger interaction with the surfaces increases the likelihood of oriented growth.

The surface coverage of MoS2 on the M-plane surface is high, about 88%. The
coverage varies from areas consisting mainly of monolayer coverage, 47.64%, to areas
where bi- and multilayer MoS2 are predominantly prevalent. Only a small area of
the surface is covered in multilayer growth, <10%.

The Raman maps Figure 7.17(b) and (c) also clearly show the elongated MoS2
structures, which are all orientated in the same direction. The peaks for monolayer
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Figure 7.17: (a) Optical microscopy image of the annealed (1400 °C) M-plane sub-
strate covered in MoS2 which is grown with the gas flow parallel to the terraces.
The red square depicts the area of the Raman sum map of the E1

2g peak ∼385 cm−1

shown in (b), (c) shows the peak position map of the A1g peak which is at ∼405
cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85 eV. In (e) the
monolayer MoS2 on M-plane sapphire is given, in (f) the PL spectrum for monolayer
MoS2 is shown.

MoS2 are 385.95 cm−1 (E1
2g) and 405.53 cm−1 (A1g) and have a E1

2g/A1g ratio of
0.78. (See Figure 7.17(e) for the Raman spectra) This Raman data corresponds
to the growth of monolayer MoS2, though the FWHM of the E1

2g-peak is 4.185
cm−1 which is much lower compared to that of MoS2 grown on the non-annealed
M-plane sapphire. However, the FWHM is much higher than the other annealed
sapphire planes.222 This indicates that the growth on annealed M-plane sapphire
results in better quality than on the non-annealed M-plane, but it produces a lower
crystallinity than MoS2 grown on other sapphire planes.

Monolayer MoS2 grown on 1400 °C annealed M-plane sapphire shows an A1
exciton peak at ∼1.86 eV and has a FWHM of 0.76 eV, see Figure 7.17(e) for the
PL spectrum. this is a blue-shift of ∼ 0.1 eV, from the normal position of the
monolayer A1-exciton peak.31 Generally shifts in the energy of the A1-exciton peak
for monolayer MoS2 are attributed to defects, contaminants or strain.180 The blue
shift here can be attributed to a low strain between the MoS2 and the substrate,
since the substrate does not hinder the growth of MoS2 in any direction.

It is important to note that the data of the growth of MoS2 on annealed M-
plane sapphire described up to this point was from growth with the terraces on
the substrate aligned parallel to the gas flow in the furnace. A different growth
morphology is observed when the substrates terraces are perpendicular to the gas
flow. In Figure 7.18 the growth of MoS2 on annealed M-plane sapphire substrates
where the terraces were perpendicular to the gas flow is shown. In the optical
microscopy image, Figure 7.17(a), small long dendritic MoS2 flakes are visible. These
flakes follow the direction of the terraces on the substrate. The flakes have a different
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aspect ratio, the size of the flakes is very limited, with a width of ∼2 µm and the
flakes are ∼3-4µm long.

The Raman and PL maps, see Figure 7.18(b-d), clearly show the small triangular,
though quite dendritic MoS2 flakes on the annealed M-plane substrate. The PL map
clearly shows the monolayer nature of all the flakes present on the surface. On the
surface mainly monolayer flakes are discerned, for this reason only monolayer Raman
and PL spectra are included, see Figure 7.18(e) and (f). A small peak is present
∼420 cm−1, corresponding to the sapphire Raman peak. Due to the lower MoS2
coverage this peak appears on the spectrum.

Figure 7.18: (a) Optical microscopy image of the annealed (1400 °C) M-plane sub-
strate covered in MoS2, which is grown with the gas flow perpendicular to the
terraces. The red square depicts the area of the Raman sum map of the E1

2g peak
∼385 cm−1 shown in (b), (c) shows the peak position map of the A1g peak which is
at ∼405 cm−1 and in (d) the PL sum map of the A-exciton peak at ∼1.85 eV. In (e)
the individual spectra for the single, bi- and multi-layer MoS2 on C-plane sapphire
are given, the same is shown in (f) for the PL spectra.

When comparing the growth parallel and perpendicular to the terrace direction,
see Figure 7.19, the length of the grown MoS2 flakes is strongly limited for the
perpendicular growth. Though the width of the flakes in both scenarios is compa-
rable. A reasonable explanation for the limitation when growing perpendicular to
the flow is that the surface morphology limits the diffusion of the precursors in both
the gaseous phase as well as surface diffusion. For the perpendicular growth, the
opposite is valid as the precursors can easily diffuse along the even terrace, without
being interrupted by the steps on the substrate. The presence of terrace steps might
also cause a turbulent flow for the perpendicular growth, resulting in a decrease in
nucleation.279

The Raman spectra of the growth on the orthogonally oriented substrates show
a more intense signal for the MoS2 growth on the parallel directed terraces. Whilst
this results in a lower E1

2g/A1g ratio,∼0.78 cm−1, compared to the growth on the
perpendicular directed terraces, ∼0.91 cm−1. Indicating that growing MoS2 on
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Figure 7.19: Comparison of MoS2 growth with terraces aligned parallel and perpen-
dicular to the gas flow direction on 1400 °C annealed M-plane sapphire. (a) Optical
microscopy image of parallel MoS2 growth, (b) Optical microscopy image of per-
pendicular growth, (c) Raman spectra of both parallel and perpendicular growth of
MoS2 on annealed M-plane sapphire and (d) the corresponding PL spectra.

annealed M-plane results in a higher crystallinity and better quality MoS2 when the
terraces are aligned perpendicular to the gas flow.

In the PL spectrum a strong PL intensity is observed for the MoS2 grown on the
samples aligned with terraces parallel to the gas flow, which is ∼1.6x the intensity of
the PL peak for the perpendicular directed terraces, 2.88 eV. The A1 exciton peak
position also varies slightly, ∼1.848 eV for perpendicular and ∼1.861 eV for parallel.
The PL intensity, peak position and FWHM all indicate that the crystalline quality
of the MoS2 grown on annealed M-plane sapphire with terraces aligned parallel to
the gas flow was better compared to that of the perpendicular configuration.

It is so demonstrated that CVD growth is very sensitive to growth condition,
even for substrates that have been subjected to the same treatments and reaction
condition. Differences in the growth mechanisms can occur due to the alignment of
the terraces when placing the growth substrate in the furnace, as clearly shown here
for the MoS2 grown on the 1400 °C annealed M-plane sapphire. Where the terraces
are parallel towards the gas flow in the furnace, a higher coverage with large feature
sizes is obtained. There are varying layer numbers present, with monolayer being
dominant though bi- and multilayer MoS2 are also present. For the substrate where
the terraces were perpendicular towards the gas flow, a growth of smaller, mainly
monolayer MoS2 flakes occurred. These flakes were of higher quality as indicated by
Raman and PL.

Due to the large steps on the annealed M-plane sapphire (40-200 nm), it is not
easy to discern the monolayer MoS2 height difference on this substrate. For the
AFM height image, shown in Figure 7.20(a) only the terraces are visible on the
surface. By use of the PF-TUNA c-AFM mode it was possible to identify the MoS2

100



CHAPTER 7. SUBSTRATE EFFECTS ON THE GROWTH OF MoS2

Figure 7.20: AFM height images for the growth of MoS2 on 1400 °C annealed M-
plane sapphire. (a) Height image of surface, (b) PF-TUNA contact current image
at -0.5 V and (c) Combined height and PF-TUNA image

due to the contrast in conductivity between the MoS2 layer and the substrate. The
PF-TUNA contact current image is shown in Figure 7.20(b).

A comparison between the terraces on the height image and the MoS2 on the
c-AFM image is possible by overlaying the images as shown in Figure 7.20(c). This
shows that the growth of the MoS2 flakes is indeed aligned with the terraces on
the surface as the flakes follow the length of the terraces. It is notable that no
grain boundaries were identified in the c-AFM images. According to Giannazzo et
al. this suggests aligned growth, as the electrical effect of the grain boundaries of
CVD-grown MoS2 is typically resolvable by c-AFM,280 though the observation of
grain boundaries can also be limited by practical constraints.

7.3 Summary & Discussion

Water contact angle measurements of the sapphire substrates, before and after an-
nealing of sapphire planes, show a strong decrease in the contact angle as the sub-
strates become more hydrophilic after annealing. This is shown in Table 7.2. After
annealing, M-plane sapphire shows the lowest contact angle of the different sub-
strates, 8.75 °. As freshly exfoliated or non-contaminated MoS2 is intrinsically mildly
hydrophilic, increased hydrophilicity can be beneficial for the growth of MoS2.281

SiO2 has a contact angle which is 57.4 °, a value in between the contact angles of
the non-annealed and annealed sapphire substrates.

Table 7.2 also shows the varying surface energies of the different substrates.
The surface energy of few-layer MoS2 is 46.5 mJ/m2, which is close to the surface
energies of the annealed A-plane and M-plane sapphire, respectively 46.3 mJ/m2 and
45.23 mJ/m2.282,283 Both the surface energy for A- and M-plane sapphire increases
by annealing as shown in Table 7.2. SiO2 shows a surface energy which is higher
compared to the other substrates with a energy of 48.8 mJ/m2. The C-plane sapphire
surface energy decreases under annealing from 40.9 mJ/m2 to 38.9 mJ/m2. Finally
the surface energy of the R-plane differs most from the MoS2 value, both on the
non-annealed, 32.5 mJ/m2, and annealed, 35.8 mJ/m2, surface.

SiO2/Si is known to result in qualitative CVD growth of MoS2, though the
growth results in random orientation of the flakes. The results obtained in this work
confirm these findings, though SiO2 results in large crystalline monolayer flakes, the
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Contact angle Surface energySubstrate TRT T1400C TRT T1400C

C-plane 76.5 14.9 40.9 38.9
R-plane 91.1 15.8 32.5 35.8
A-plane 77.9 21.7 39.9 46.3Sapphire

M-plane 78.3 8.75 41.0 45.2
SiO2 57.4 N.A. 48.8 N.A.

Table 7.2: Table containing the water contact angles and surface energy for SiO2

and the different sapphire planes, non-annealed and annealed at 1400 °C

material does not show ordering or alignment of the grown domains on the surface.
SiO2/Si will be considered as a comparison material for the quality of the material
in this discussion of the substrates, though it will be excluded in the discussion of
directed growth of MoS2.

For the annealing of sapphire planes, improvement of the results was visible for
all but one substrate. Where the crystal/flake size, quality and alignment of the
formed material improved for R-, A- and M-plane, it is worth noting that MoS2
grown on annealed C-plane sapphire does not show any alignment. In contrast to
the annealed C-plane a degree of alignment is present for the non-annealed sample,
as shown in Figure 7.4, though the quality of the flakes appears to decrease as the
E1
2g/A1g-ratio decreases for annealed sapphire as well as the FWHM of the E1

2g-peak,
while the peak positions remain constant.(See Table 7.4)

The degree of alignment of MoS2 shown on non-annealed C-plane sapphire can
possibly be explained by the surface energy. The surface energy was calculated from
the contact angles of water, diimide and glycerol. As the surface energy of C-plane
sapphire decreases with annealing, the surface energy differs more with that of MoS2,
45.23 mJ/m2, after annealing.282 The surface energies for the different planes before
and after annealing are summarized in Table 7.2. The surface energy appears to be
more important in this case than the surface morphology or the surface interaction.
Though the surface energy appears to play a small role in the alignment of the
flakes, the surface energy does not appear to be a limiting factor. It is not a limiting
factor for R-plane as the surface energy from R-plane, both non-annealed and 1400
°C annealed, varies widely from that of MoS2, but growth on annealed R-plane
sapphire results in aligned growth. Therefore it can be concluded that the presence
of straight and long terraces, and thus the influence of the surface morphology, has
a higher importance.

From this point on only the annealed sapphire planes will be discussed as these
lead to the most directed growth. The differently annealed sapphire substrates
resulted in different growth mechanisms of MoS2 on the surface as shown in the
optical microscopy images in Figure 7.21a-d). Growth of MoS2 was observed on
all the tested growth substrates, showing mainly a Stranski-Krastanov like growth
mode.122 The surface coverage was quite high for all sapphire surfaces, resulting
in an average coverage of ∼87%. (See Figure 7.21e).) The surface coverage was
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Figure 7.21: Optical microscopy images and surface coverage data for the growth
of MoS2 on 1400 °C annealed sapphire planes. Optical microscopy image of CVD
grown MoS2 on (a) C-plane, (b) R-plane, (c) A-plane and (d) M-plane. (e) Shows
the average mono-, bi- and multilayer coverage on sapphire in general, while (f)
shows the surface coverage for the different planes

taken by measuring the whole surface of various samples and averaging these out.
In Figure 7.21f) a graph depicting the mono-, bi-, multilayer and total coverage per
plane is shown, the exact numbers for this are shown in Table 7.3.

Mono- and bilayer MoS2, identified from the contrast on the optical microscopy
images as well as AFM, dominated on all the annealed sapphire substrates, con-
tributing to over 80% of the total surface coverage, though it should be mentioned
that all substrates also displayed areas of multilayer growth. It is also interesting
to note that AFM was performed multiple times over the course of a year and no
reduction in the MoS2 crystal quality was observed for any of the samples.

Differences in coverage on the samples appear to be largely due to the growth
substrate topography, which leads to different surface coverages as the terraces and
steps can improve or hinder the growth of MoS2 on the different growth substrates.
The large faceted steps on M-plane appear to hinder the growth from stretching
over a multitude of terrace steps. This interrupted growth would also explain the
relatively small size of the flakes on A-plane.

Sapphire plane Monolayer (%) Bilayer (%) Multilayer (%) Coverage (%)
C-plane 46.96 31.60 11.12 89.68
R-plane 31.86 45.10 15.39 92.35
A-plane 31.51 40.61 6.62 78.74
M-plane 47.64 31.01 9.62 88.27

Table 7.3: Overview of mono-, bi & multilayer coverages of MoS2 on the different
annealed (1400 °C) sapphire planes.

In Figure 7.22(a) the Raman spectra for monolayer MoS2 on the different an-
nealed sapphire substrates is shown. For all monolayer areas the E1

2g peak is sit-
uated at ∼386 cm−1, for growth on all substrates but A-plane sapphire (384.72
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cm−1), while the A1g peak is situated at 405.5 cm−1 for all the substrates.37,175

This is also shown in Table 7.4 The broadness of the peaks, characterized by the
FWHM for the MoS2 peaks on each of the growth substrates, varies as the different
growth substrates result in different degrees of crystallinity.284 Broader peaks are a
result of scattering and therefore indicate lower crystallinity. The FWHM of the E1

2g

peak is smallest for MoS2 grown on C-plane sapphire (3.841 cm−1) and increases
slightly for MoS2 on R-plane sapphire (3.883 cm−1). It remains unclear whether
this is a actual difference or within the error margin. There is a strong increase
in the FWHM for the MoS2 grown on A- and M-plane sapphire (respectively 3.926
cm−1 and 4.185 cm−1). This, in addition to the E1

2g/A1g ratios of 0.8 and 0.82 (See
Table 7.4), indicates that the MoS2 grown on C-plane and R-plane have the best
crystallinity.222

The PL signal for monolayer MoS2 is very strong due to the direct band gap,
decreased interlayer interaction and quantum confinement effects.32 All the sam-
ples show a peak around 1.85 eV corresponding to the A1 exciton in MoS2. See
Figure 7.22(b) for the different PL spectra. In monolayer MoS2 this is the main
expected peak, though the B1 exciton peak ∼2.0 eV is also present due to spin-orbit
coupling. On C-plane sapphire the A1 exciton peak is at least 4x more intense com-
pared to monolayer MoS2 grown on the other sapphire planes, which is attributed
to the relative strength of interaction of the MoS2 with the substrate. In the case of
epitaxial growth, or aligned growth, there should be a larger interaction between the
interfaces, resulting in a stronger or tighter bond with the surface. This interaction
leads to a decreased PL signal.248,285

An Al-terminated surface, obtained for example by growth at higher temperature
or in the presence of H2, also increases the interaction of the MoS2 with the sapphire
surface.271 Another factor which influences the intensity of the PL is strain. The
growth on the C-plane surface will experience homogenous in-plane strain as opposed
to the other substrates where the mismatch in the expansion coefficients will lead
to uniaxial strain upon cooling. The other planes result in MoS2 with comparable

Substrate Position E1
2g FWHM E1

2g Position A1g FWHM A1g E1
2g/A1g

(cm−1) (cm−1) (cm−1) (cm−1) ratio
C-plane 385.96 6.00 405.53 6.41 0.64

C-plane annealed 385.95 3.84 405.53 5.88 0.80
R-plane 385.96 10.01 405.53 6.53 0.55

R-plane annealed 385.96 3.89 405.53 6.92 0.82
A-plane 385.96 7.25 406.75 8.92 0.70

A-plane annealed 384.73 3.93 405.53 6.25 0.85
M-plane 383.50 6.44 407.97 6.00 0.58

M-plane annealed 385.96 4.19 405.53 6.57 0.78
SiO2 384.68 4.18 404.26 6.63 0.86

Table 7.4: Overview of the E1
2g and A1g peak positions and FWHM as well as the

E1
2g/A1g intensity ratio for all substrates
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Figure 7.22: (a) Raman spectra for monolayer MoS2 grown on the different annealed
sapphire planes and (b) the corresponding photoluminescence spectra for monolayer
MoS2.

PL intensities though the peak for 1L MoS2 on A-plane sapphire is at slightly lower
energies, ∼1.85 eV, compared to 1.86 eV for the other planes. This shift can possibly
be attributed to low crystallinity caused by the formation of small mismatched flakes
on the surface, though this seems unlikely as the PL intensity is comparable to that
of MoS2 on M- and R-plane sapphire.

The highest degree of crystallinity for MoS2 was found on the C- and R-plane
sapphire, as evidenced by Raman and PL spectra. The MoS2 on these substrates has
flakes/grains with lateral sizes of 20-50 µm, while the MoS2 flake-length scale on A-
plane sapphire is 1-5 µm and the MoS2 on M-plane sapphire is about 10 µm in length
along the direction of the facets. This could in part be explained by the terrace sizes
of C- and R-plane sapphire, as these are larger than the terrace sizes of M- and A-
plane sapphire. When looking at the flake-sizes, as well as the PL-intensity, C-plane
sapphire results in the largest flakes and most intense PL-intensity, though there is
a lack of alignment of the MoS2 flakes on this plane.

Aligned growth is observed for MoS2 on R-plane and M-plane sapphire. On both
planes the flakes grow preferentially in the direction of the terraces. R-plane can
be considered as a better growth substrate for directing the morphology compared
to M-plane sapphire as there is more growth in the direction perpendicular to the
terraces, whereas this is hindered for M-plane. Furthermore, growth of MoS2 on
R-plane sapphire results in larger flake sizes, though growth on M-plane sapphire
could be preferable if long flakes with narrow widths were desired.

The alignment of MoS2 on R-plane sapphire can be attributed in part to the large
terrace size and small straight steps, which allow unimpeded growth. Both R- and M-
plane sapphire show straight and well-defined terraces, which allows for unimpeded
diffusion of precursors along these directions, which is beneficial for aligned growth.
This contrasts with the growth on C-plane sapphire, whose terraces have more curved
edges and are less homogeneous. The ragged terraces on A-plane sapphire would
sterically hinder the growth of large aligned flakes as the diffusion of nuclei would
be strongly inhibited. These differences in morphology explain the apparent lack of
alignment observed on the latter two substrates.
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Another possible explanation for the observed alignment is the lower symme-
tries of the R-, M- and A-plane, which results in anisotropic strain on the surface.
This strain can result in anisotropic growth of TMDs; the anisotropic strain can
cause the newly formed nuclei to diffuse over the surface to minimize the surface
energy, thereby resulting in alignment of the flakes.286 Such growth leads to highly-
crystalline aligned flakes without antiphase boundaries, separating two domains of
the same ordered phase. As discussed before, the surface morphology of the A-plane
would hinder diffusion, which would explain the lack of alignment observed on this
plane. This argument is supported by the lack of grain boundaries observed for
MoS2 on M-plane when characterized by c-AFM.

The shape of the flakes is less triangular and more dendritic for MoS2 growth
on M- and R-plane sapphire, compared with the MoS2 growth on C-plane sapphire.
This shape and the lower PL intensity indicate a stronger interaction between the
substrate and the grown material for M- and R-plane sapphire. The stronger in-
teraction between the substrate and material can lead to epitaxial growth, or in
this case aligned growth, as the increased interaction results in substrate directed
growth.

Finally, the A-plane sapphire substrate is very reactive at the terrace steps as
observed by AFM, making it a suitable substrate for high-density nucleation of MoS2.
Due to the ragged edges of the terraces, the growth is limited in the lateral direction
and therefore results in limited flake size as well as growth in the vertical direction.
This causes flakes to preferentially nucleate near the steps though the orientation of
the flakes appears to be random. Such small flakes with varying thicknesses can also
provide advantages and potential applications as the material has a large surface
area, these applications include catalysis and batteries.50,287,288

The research performed here shows that the growth mode of MoS2 is strongly
influenced by the surface morphology as well as the surface interaction. Aligned
growth of MoS2 is possible on M- and R-plane under the growth parameters used
here. The alignment of the CVD-grown MoS2 can be improved by selecting an
appropriate growth substrate as well as optimizing the growth conditions of the
material. This is largely dictated by the surface morphology as well as the enhanced
surface interaction.

An approach which could be used to further improve the growth, or result in
alignment, would be to use an Al-terminated sapphire substrate, as this causes
a higher interaction with the material. This could be achieved by increasing the
reaction temperature or by using hydrogen as carrier gas. Other parameters that
could improve the growth are the duration and temperature of the annealing. As
C-plane results in better MoS2 for non-annealed substrates, while Ma et al. reported
annealed A-plane sapphire at a lower temperature. CVD of MoS2 on M-plane could
possibly result in broader more crystalline flakes when the terrace stepsizes are well-
defined but lower in size.
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8 Direct Growth of TMD Heterostruc-
tures

As noted in section 3.6 when TMDs are combined as heterostructures, they offer
the potential for devices with atomically sharp, bond-free interfaces without the
need for lattice matching considerations for vertical heterostructures, where lat-
eral heterostructures can lead to seamless transitions between the different materi-
als.289 When combining semiconductors which support different carrier types, a wide
range of possibilities for fabrication of devices completely made from 2D materials
is opened.

The strong light–matter interaction and direct band gap properties of mono-
layer TMDs, such as MoS2, MoSe2 and WSe2, suggest that TMD heterostructures
are promising candidates for applications in photodiodes,290 light-emitting,131 light-
harvesting,291 and p-n junctions or FETs.130,292 Vertical heterostructures, where
different TMD monolayers are stacked vertically in a layer-by-layer fashion, are in-
teresting for applications in flexible opto-electronics.293–295 Lateral heterojunctions
provide scope to devise new devices with optimised performance.290,296 The proper-
ties of the lateral heterojunctions are diverse and depend on the nature and quality
of the interface.297,298 Therefore it is important to synthesize lateral heterojunctions
with atomically sharp interfaces to be able to optimise the properties.

Direct CVD growth of 2D heterostructures is the formation of heterostructures
in-situ, during the synthesis of the material, without the need to transfer or manipu-
late the flakes post synthesis. This growth method allows the formation of atomically
sharp interfaces. A benefit of this approach is the possibility of sequential growth,
which can be repeated multiple times for the selective combination of materials.
This chapter describes in detail the development of methodologies for direct syn-
thesis of TMD heterostructures by both single- and double-step CVD growth. In
the single-step CVD both TMDs are synthesized in a single furnace run by vary-
ing reaction parameters such as the temperature or precursors in the furnace thus
activating the sequential growth of the different materials. While in a double-step
process two separate consecutive CVD processes are required. At each stage of the
process a different TMD is synthesised.

The advantage of the single-step synthesis is the minimization of oxidation and
defects at the interface as the system vacuum remains intact during the whole pro-
cess, though the control over the growth is more limited.80 In double-step growth
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there is more control over the growth parameters in the individual furnace runs.
This growth method also allows for a larger variety of combinations of constituent
materials and allows for patterning of the initially grown material, therefore allowing
directed growth of the second material. The double step growth method is a more
flexible process but this is achieved at the expense of interface quality.

In the process for double-step synthesis the standard CVD process for the de-
sired TMD is used. After this initial growth a second CVD run is executed to add
the second TMD, to form the heterostructure. This process relies on the thermal
stability of the first material to allow the growth of the second material, while the
initially grown material stays intact. Furthermore, it may also rely on the relative
stability of the second precursor during the growth of the first TMD. More details
on the reaction parameters in general are discussed in subsection 5.1.3 and the op-
timisation of reaction parameters for CVD growth is discussed in detail for WSe2 in
chapter 6.

For single-step synthesis the grown heterostructures were limited to a combina-
tion of different sulfide TMDs or selenide TMDs due to tool limitations. For the
furnace systems used in this study the chalcogen source cannot be changed during
reaction. As this work focuses on Mo and W TMDs, the resultant heterostructures
were MoS2/WS2 and MoSe2/WSe2 heterostructures. The growth recipes needed to
be optimised for the single-step processes. This is needed to prevent the growth
of multilayer structures. The precursors are also already present in chamber before
the growth of the second TMD which can prevent interaction of the second metal
precursor with the chalcogenide precursor. When growing Se TMDs, Se can also
interact with H2 to form H2Se which can etch away the flakes on the surface and
prevent the growth of multilayer structures.

In both the double and single-step synthesis a microreactor approach has been
used, resulting in the use of less metal precursor compared to other common CVD
synthesis methods for heterostructures. The use of a microreactor improves the
reactivity due to the close proximity between the metal precursor and the growth
substrate and this approach has yielded good results for the synthesis of individ-
ual TMDs.208 Therefore it appears to be a logical step to expand this synthesis
method for heterostructures as depending on the application heterostructures can
have optimised properties compared to individual TMDs.

8.1 Double-step synthesis

Double-step synthesis is the most straightforward manner to fabricate 2D het-
erostructures directly by CVD as this process gives better control over the reac-
tion parameters which leads to an optimised reaction. The reaction parameters,
such as precursors, temperatures and pressures, can be controlled independently
for both TMD furnace runs, while the single-step synthesis requires an overlap of
certain parameters.296 Double-step growth can also lead to the growth of larger fea-
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ture sizes.299 Another advantage of this method is the possibility to characterise
the growth at each synthesis step before subsequent modifications, thereby resulting
in a more convenient identification of the different TMDs after the second CVD
run. This characterisation also allows for patterning of the first TMD flakes, to
direct the growth of the subsequent TMD. Finally with the double-step synthesis
approach many different heterostructure combinations of TMDs can be synthesized
with fewer limitations from the precursors or from tool constraints.136,299 This ap-
proach can also lead to the formation of both lateral and vertical heterostructures
depending on the quality of the materials and the reaction parameters.296,299,300

The most significant disadvantage of this synthesis approach is the disruption
caused by the different reaction steps. After the first run, the sample is exposed
to atmospheric conditions directly resulting in partial oxidation of the TMD at
edges, grain boundaries and defects.301,302 This oxidation can lead to diminished
material quality, though it can also be a starting point for the etching of the initially
synthesized TMD during the second furnace step, thereby removing the first TMD
and only leaving the subsequently grown TMD behind. This could in theory be
interesting for selective single layer templated growth.

8.1.1 MoS2 +WS2

When MoS2 is initially grown followed by the synthesis of WS2 in the furnace setup
described in this work there appears to be etching of the initial material during
the second synthesis step as shown in the optical microscopy images before and
after WS2 synthesis in Figure 8.1. For the MoS2 growth a standard growth recipe
with a growth time of 30 min and a 30 min annealing, both at 750 °C, was used
to synthesize MoS2. Optical microscopy images of the resulting flakes are shown
in Figure 8.1(a) and (b). The subsequent CVD process step to form WS2 also was
according to a standard growth recipe, similar to that for MoS2, though the reaction
temperature, 850 °C, was higher. In Figure 8.1(c) and (d) optical microscopy images
corresponding to the locations in Figure 8.1(a) and (b) are shown. Everything but
the thicker multilayer MoS2 appears to have etched away in these images and thick
WS2 structures have replaced the MoS2 flakes.

Further inspection by Raman, performed after MoS2 and WS2 synthesis, shows
that the MoS2 has almost completely disappears from the surface after the WSe2
growth step, as shown in the Raman MoS2 E1

2g intensity maps in Figure 8.1(e) and
(f). Where there are clear MoS2 flakes present in Figure 8.1(e) these flakes appear to
have been lost, possibly etched, after the second furnace run, see Figure 8.1(f). Fig-
ure 8.1(g) shows the WS2 E1

2g Raman intensity map after the synthesis of WS2. This
map shows the presence of WS2, though the Raman and PL spectra, Figure 8.1(h)
and (i) indicate that these WS2 areas are not monolayer WS2. The Raman spectrum
of WS2 shows a broad combined peak for the 2LA(M)+E1

2g modes, with a FWHM
of 12.46 cm−1, and the E1

2g/A1g ratio is 0.89 indicating few layer WS2.303 The MoS2
map of the sample after both furnace growth runs shows some very low intensity
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Figure 8.1: Optical microscopy, Raman and PL data of double step synthesized
MoS2/WS2 after the first MoS2 and subsequent WS2 furnace run. (a) 20x magni-
fication optical microscopy image of MoS2, (b) 100x magnification image of MoS2,
with (c) and (d) the corresponding optical microscopy images at the same location
after WS2 growth. Raman intensity maps of MoS2 E1

2g-peak after the first furnace
run (e) and after the second furnace run (f) from the areas outlined in red in (b)
and (d). (g) shows the WS2 E1

2g Raman intensity map. The Raman spectra and PL
spectra of MoS2 before and after the WS2 run as well as that of WS2 are shown in
(h) and (i)
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MoS2 peaks, where the WS2 map shows a more pronounced presence of WS2. Thus
indicating that though most MoS2 is removed during the second furnace run, traces
still remain on the substrate.

The A1-exciton peak in the PL spectrum of MoS2 after the MoS2 furnace run is
more intense prior to the WS2 growth. The B1-exciton becomes more pronounced
in the MoS2 spectrum after the second furnace run. Indicating the presence of
multilayer MoS2 or the B1-exciton is pronounced due to electron scattering. Not
only the peaks of the MoS2 spectrum, but also overall the intensity of the peaks of
the WS2 spectrum have a lower intensity compared to individual WS2 flakes on the
same sample. The WS2 spectrum is shifted to lower energies, 1.857 eV, compared
to the standard ∼1.98 eV.175 This shift is possibly due to interaction with MoS2,
which has a PL peak at a lower wavelength.

8.1.2 WS2+MoS2

When WS2 was initially synthesized followed by the synthesis of MoS2 this did
not lead to a significant etching of the initially formed WS2 flakes. The WS2 is
synthesized at a higher temperature and is more stable than MoS2, therefore the
growth of MoS2 did not etch away the WS2. The optical microscopy images of
the WS2 growth, see Figure 8.2(a) and (b), show triangular monolayer flakes of
WS2, which are quite clustered together. The flakes are ∼10-20 µm in size. Small
multilayer flakes, ∼5 µm, surround the monolayer flakes.

The WS2 monolayer flakes are also observed in the 2LA(M)+E1
2g Raman map

in Figure 8.2(b) and the A1-exciton PL sum map in Figure 8.2(e). The edges of
the flake contain some small bilayer regions. The Raman spectrum of the WS2 area
shows the 2LA(M)+E1

2g peak at ∼350 cm−1 and the A1g peak at ∼ 418 cm−1. The
FWHM of the 2LA(M)+E1

2g peak is 17.77 cm−1, where the FWHM of the A1g is
∼8.17 cm−1, both values are broader than the FWHM of monolayer WS2, though the
values are not significantly broader. The 2LA(M)+E1

2g peak is ∼ 2.6x the intensity
of the A1g peak, indicating that the WS2 is indeed monolayer. Several weak peaks
are also visible in the spectrum, ∼232 cm−1, ∼296 cm−1 and ∼322 cm−1, these
peaks correspond to WS2 as well.304

In the WS2 A1 exciton intensity map, from the PL spectrum, the edges have
a more intense signal compared to the body of the flake. The A1 exciton peak is
located at ∼ 1.94 eV, which corresponds to literature values for monolayer WS2.260.
The peak shifts to higher energies for thicker WS2 layers, therefore the flakes appear
to be mainly monolayer.

Figure 8.3(a) and (b) shows the sites depicting the optical images shown in
Figure 8.2(a) and (b) after MoS2 growth. The WS2 area appears to be removed
on the optical microscopy image, though the WS2 2LA(M)+E1

2g Raman map of the
area, see Figure 8.3(c) shows that WS2 is still present on the surface. The grain
boundaries, which were already present after the first synthesis step, have become
more pronounced after the second CVD process, thus indicating a degree of etching
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Figure 8.2: Optical microscopy, Raman and PL data of CVD grown WS2 (a) 20x
magnification optical microscopy image of WS2, (b) 100x magnification image of
WS2, with (c) the Raman intensity maps of WS2 2LA(M)+E1

2g-peak and (d) the
Raman spectrum of the WS2 area. (e) shows the PL intensity map of the A1 exciton
at ∼1.94 eV and (f) the PL spectrum of the WS2 area

at these boundaries.
Figure 8.3(d) shows a MoS2 E1

2g Raman map, where the presence of MoS2 is
visible at the edges and grain boundaries of the WS2 flakes. In the optical microscopy
image these areas can be identified due to their darker contrast on the surface. The
MoS2 appears to grow mostly laterally in the plane around the multilayer WS2 areas.

The Raman spectra for the WS2 and MoS2 areas are shown in Figure 8.3(e).
The WS2 spectrum for the heterostructure growth is similar to that of the individ-
ual growth of WS2, though the ratio between the 2LA(M)+E1

2g and A1g peaks is
smaller.303 The FWHM of the peaks remains constant in both the WS2 spectra,
thus suggesting the quality of the WS2 is not adversely affected. However, the grain
boundaries appear more pronounced on the surface. The MoS2 E1

2g and A1g peaks
are located at ∼381 cm−1 and ∼404 cm−1, corresponding to monolayer MoS2. The
ratio of the E1

2g/A1g peaks is ∼ 0.68, the low ratio indicates the poor crystallinity
of the MoS2 after the WS2 growth.

In Figure 8.4 the PL data for the WS2+MoS2 heterostructure growth is shown.
The WS2 A1 exciton intensity map, see Figure 8.4(b), shows a strong PL signal at
some of the WS2 flakes, the flakes where there are no traces of MoS2 according to the
MoS2 E1

2g Raman map, Figure 8.3(d). In contrast to the WS2 PL map, the MoS2
A1 exciton intensity map does not show any sharp MoS2 peak, see Figure 8.4(c).
This can be explained by the PL spectra of the WS2 and the MoS2 regions, as
shown in Figure 8.4(d), where the MoS2 spectrum clearly shows both the A1 and
B1 exciton peaks. Both peaks are about the same intensity, the pronounced presence
of the B1 exciton peak indicates either a strong interaction with the substrate or a
defective MoS2 growth.32 As SiO2/Si does not have a strong interaction with MoS2,
the presence of defects on the surface is more probable. The WS2 PL signal is also
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Figure 8.3: Optical microscopy and Raman data of the sample shown in Figure 8.2
after MoS2 growth. (a) 20x magnification optical microscopy image, (b) 100x mag-
nification image, with (c) the Raman intensity maps of WS2 2LA(M)+E1

2g-peak and
(d) the Raman intensity map of the MoS2 E1

2g peak. (e) shows the Raman spectra
of the WS2 and MoS2 areas

very pronounced, more than 30x as intense as the MoS2 signal. This is in part
due to the stronger resonance of WS2, though there is a dramatic decrease of the
photoluminescence efficiency with increasing layer number.31,303

An AFM height image of the surface after both of the CVD steps is shown in
Figure 8.5. In the AFM image the WS2 flakes are lower than the surrounding area.
This height difference can indicate the etching of SiO2 or the deposition of material
on the SiO2/Si, most likely MoS2. Especially in smaller areas between the flakes
the surface is higher. This corresponds with the presence of MoS2 as indicated by
Raman spectroscopy in Figure 8.3.

Thus, it appears that the direct growth of heterostructures by a double-step
approach can lead to etching of the initially grown material if this material is less
stable as is the case for the synthesis of MoS2 followed by WS2. Moreover, when the
more stable TMD is synthesised first, the subsequently grown TMD appears to have
poorer crystallinity. The chance of a TMD nucleating on a defective site, compared
to nucleation on a pristine TMD surface, is higher as this can be energetically more
favourable. Therefore, to produce TMD heterostructures suitable for electronic de-
vice applications a more stable synthesis approach would be desirable, such as the
single-step synthesis described hereafter.

8.2 Single-step synthesis

The single-step growth of heterostructures has been shown in numerous publica-
tions, such as the work by Shi et al. where a change in the temperature regime
was adopted for selective growth of materials to form heterostructures.79 For the
reaction process used in this work, the temperature was also increased throughout
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Figure 8.4: Optical microscopy and PL data of the sample shown in Figure 8.2
after MoS2 growth. (a) 100x magnification optical microscopy image, (b) the PL
A1 exciton intensity map of WS2, (c) the PL intensity map of the MoS2 A1 exciton
peak. (d) shows the PL spectra of the WS2 and MoS2 areas

the process, to first form the TMD with the lower synthesis temperature, and then
the reaction temperature was increased to synthesize the second TMD at its specific
growth temperature. The growth temperatures were set to the standard reaction
temperature for the individual CVD growths of the corresponding TMDs, 750 °C for
MoS2 and MoSe2 and 850 °C for WS2 and WSe2. An example of the time dependent
reaction parameters for combined MoSe2+WSe2 growth is shown in Figure 8.6. As
separate furnaces were used to grow the sulfide and selenide TMDs, only MoS2/WS2
and MoSe2/WSe2 junctions were pursued in this study. This is due to the tendency
of S to displace Se in TMDs, as sulfide TMDs are typically more stable than selenide
TMDs resulting in uncontrolled cross-contamination,305

In this single-step process both metal precursors were placed consecutively on
the seed substrate. The precursor which reacts at the higher temperature regime
was placed first, while the metal which reacts at lower temperature was then placed
on top of the seed substrate. This ordering was to ensure that precursor required
for the first TMD was exposed at the surface to chalcogen flux. Other reaction
parameters, such as the gas flow, were kept constant throughout the process as this
resulted in the formation of heterostructures. For the exact growth parameters used

Figure 8.5: AFM height image of the WS2/MoS2 heterostructure sample.
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see section A.2, where the process sheets for both the growth of MoS2/WS2 and
MoSe2/WSe2 are given.

The advantage of the single-step synthesis is the uninterrupted consecutive CVD
growth of the different TMDs in the furnace. Due to the vacuum and flow of carrier
gases in the system, most of the oxygen is removed from the system, thereby minimis-
ing unwanted oxidation reactions as well as keeping contamination of the material
interface from external sources to a minimum. However, control over the specific
reactions in the furnace and the reaction mechanisms is limited in the single-step
synthesis. In literature, control over the lateral and vertical growth of heterostruc-
tures is exercised by controlling the reaction temperature,80,306 a cooling and purge
step between the two TMD growths, to cause clean terminated growths307 or precur-
sor sequence.308 Besides control over the growth direction a temperature-mediated
synthesis method can also control the stacking order of the TMDs.79

Proposed here is single-step growth, where the temperature is varied for selective
TMD synthesis. The method differs from other synthesis methods due to the use of a
microreactor, resulting in better control over the concentration of metal precursors,
therefore requiring less precursor. This method also gives more localised control over
the synthesis.

8.2.1 Selenide heterostructures

As shown in Figure 8.6 first the temperature was ramped up to 750 °C to initiate the
growth of MoSe2 after which it was ramped up further to 850 °C for the synthesis
of WSe2. When the temperature was kept at 750 °C, it was insufficiency for WSe2
growth so only MoSe2 was formed, whereas keeping the temperature at 850 °C lead
to polycrystalline alloy formation. For the seed layer a 20 nm W layer was sputtered,
which was subsequently oxidised for 1h at 500 °C in atmospheric conditions, as this
leads to the formation of a WO3 layer.309 On top of the tungsten oxide layer a
solution of 40 µL of 2.5 g/L MoO3 exfoliated in IPA was drop casted to form a
MoO2 layer. See Figure 8.7 for a schematic overview of the work-flow process to

Figure 8.6: Graph showing the reaction temperatures, dwell times and pressures
used to form MoSe2/WSe2 heterostructures
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Figure 8.7: Schematic overview of formation of the seed layer by first depositing 15
nm W metal by sputtering, subsequently oxidising the metal at 500 °C for 1h, fol-
lowed by deposition of the MoO3 precursor, which is LPE exfoliated MoO3 dissolved
in IPA which is drop casted on the substrate at 120 °C

form the seed layer. Reaction parameters such as reaction time and pressure were
optimised first for heterostructure growth by a parametric study, before the following
results were obtained. During the reaction MoSe2 was first synthesized at 750 °C for
35 min after which the temperature was ramped up to 850 °C and WSe2 was grown
for 40 min. For a detailed overview of the reaction parameters see the process sheet
in section A.2.

This synthesis method is differs from other reports due to the use of a microreac-
tor for the heterostructure synthesis, therefore requiring less metal precursor. The
method is also better than other heterostructure synthesis where a microreactor
is used as this is a single step approach, where only the temperature is modulated.
Since it is a single step process there is no contamination and oxidation of the sample
between the different TMD growths.

It was found during an attempt to synthesize MoSe2/WSe2 heterostructures, the
nucleation and growth of WSe2 occurred at the edges, defects and grain boundaries
of MoSe2, as shown in Figure 8.8. This was also observed by Robinson et al.218 This
synthesis method resulted in both lateral and vertical growth at the edge interface.
It was notable that lateral growth of WSe2 was associated with growth from the
edges of dendritic MoSe2, as can be seen in Figure 8.8. A pronounced herringbone
structure can be observed, suggesting there was a molydenum deficiency during
the growth of the MoSe2.310 It is possible that due to this molybdenum deficiency,
tungsten was able to incorporate in the existing lattice and grow further in the lateral
direction to form WSe2. The initial growth direction of the WSe2 flakes appears to
be random due to the presence of a large availability of nucleation sites at the edges
of the MoSe2 flakes. This results in the formation of an edge at the material interface
between the different TMDs. Further growth does result in lateral growth as this
appears to be more energetically favorable than vertical growth.80

Increasing the molybdenum precursor concentration, until an excess of the Mo
precursor is reached, results in CVD growth where the MoSe2 flakes have a more
triangular shape, as the ratio is closer to 1:2 Mo:Se, the stoichiometric ratio.310,311

For the formation of MoSe2, initially metallic Mo nuclei are formed from which the
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growth of MoSe2 expands.127 An excess of Se results in Mo deficiencies in the crystal
lattice and a herringbone structure, while a higher Mo:Se stoichiometry results in
triangular flakes. These triangular flakes have fewer reactive dangling bonds at the
edge interface. Similarly, the WSe2 found on these structures tended to grow from
the edges of the MoSe2 but these flakes also grow further out as a bilayer on top of the
MoSe2 towards the center of the flake, rather than increasing the total coverage. The
formation of these vertical heterostructures, in contrast to lateral heterostructures in
the case of molybdenum deficient flakes, is due to the reduced availability of reactive
sites or possibly the smoother MoSe2 offers a preferential growth substrate to SiO2.
As the perfect triangular MoSe2 flakes have fewer dangling bonds or reactive sites
at the edges, the WSe2 is unable to nucleate from these sites.

Vertical growth

For the flakes with vertical growth of WSe2 the lateral dimensions of the MoSe2 is
∼10-50 µm, while in the WSe2 areas the growth is strongly limited to dimensions
in the order of ∼1-7 µm. In Figure 8.8 optical microscopy images for a lateral
heterostructure are shown. The optical contrast between the different TMDs is very
limited making characterisation difficult. A slightly darker area is observed at the
edge, while the more central part of the flake is lighter. This difference in contrast
indicates the presence of monolayer material in the lighter area, while bilayers are
present at the darker areas near the edges of the flakes. This visual representation
of the surface does not give any reliable information on whether different TMDs are
present on the surface. To determine if the flakes are heterostructures, area selective
characterisation by methods such as Raman, PL spectroscopy and AFM is required.

Raman and PL maps of the area outlined in red on the optical microscopy
image, Figure 8.8, make it possible to identify the different TMDs on the surface.
The Raman maps for both the MoSe2 A1g-peak intensity and WSe2 E1

2g+A1g-peak
intensity are provided in Figure 8.8(b) and (c) and the PL intensity map for the
MoSe2 A-exciton peak is shown in Figure 8.8(e). The individual Raman maps show
where MoSe2 and WSe2 are present on the surface. When comparing the maps it
becomes clear that both MoSe2 and WSe2 are present on the surface, while there is
some mixing of the materials present at the interface. This mixing can be explained
by stacking of the TMDs or by the incorporation of W at the Mo deficient edge sites,
thereby creating an alloy region at the MoSe2/WSe2 interface. Alloy formation is
expected as the formation of alloys are thermodynamically preferred to the formation
of segregated heterostructures.312 Decreasing the amount of defects, by reducing the
Mo deficiency at the interface, reduces the formation of alloys at the interface.

The Raman spectra of the MoSe2 and WSe2 areas are extracted from the Raman
maps and are shown in Figure 8.8(d). The peak positions of the Raman peaks,
∼240 cm−1 for the MoSe2 A1g-peak and ∼249 cm−1 for the WSe2 E1

2g+A1g-peak,
are located at the same positions as those of the corresponding monolayer values.175

As all spectra are obtained from the same Raman map it can be concluded that the
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Figure 8.8: Optical microscopy, Raman & PL data for direct vertical MoSe2/WSe2
heterostructure growth. (a) Optical microscopy image of surface, (b) Raman in-
tensity map at 240 cm−1, showing the A1g peak of MoSe2. (c) shows the Raman
intensity map at 250 cm−1 at which the E1

2g+A1g-peak of WSe2 is located. (d) The
Raman spectra for the MoSe2 and WSe2 areas on the surface. (e) The PL map at
1.52 eV and (f) The PL spectra for the MoSe2 and WSe2 areas on the surface.

intensity of the WSe2 E1
2g+A1g-peak is similar to that of the MoSe2 A1g-peak. As

the quantum yield of WSe2 is much higher than the yield of MoSe2, especially when
probed with a laser at 532 nm, this should normally result in a higher intensity of
the WSe2 peaks compared to that of the MoSe2 peaks for the growth of individual
structures.260 The increased WSe2 Raman intensity is not observed for the vertical
heterostructures formed here, the partial quenching of the WSe2 Raman signal could
be due to a lower crystallinity of the WSe2, interaction with MoSe2 or the presence
of defects on the surface.

The WSe2+MoSe2 bilayer Raman spectrum shows a slight shoulder peak at ∼240
cm−1, which is the MoSe2 A1g-peak position, confirming that MoSe2 is present
in that area as well as WSe2, while the E1

2g+A1g-peak of WSe2, at ∼249 cm−1,
appears dominantly in the spectrum. The lower intensity of the MoSe2 A1g peak
can be explained by both the lower quantum yield and by quenching of the signal
by the WSe2 layer on top. Another feature of importance is the slight shoulder
peak at higher wavenumbers for the E1

2g+A1g-peak in the WSe2 Raman spectrum,
which is the 2LA(M) phonon mode of WSe2. This mode is more intense for bi- and
multilayers.228 As the WSe2 nucleates from a limited number of sites on the surface
it would be expected that there would be growth of a few large crystalline WSe2
flakes on the surface, which can possibly merge, if oriented correctly, when coming
into contact. The MoSe2 can function as a template for the growth of WSe2 on
top of the MoS2, therefore is is likely that the WSe2 growth will follow the same
crystalline orientation. As the 2LA(M) phonon mode is somewhat visible on the
surface this seems to indicate that the surface is not perfectly crystalline as the
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different domains do not merge perfectly. Most likely the domains do not merge as
they do not align, causing the formation of grain boundaries on the surface.

The PL spectra, Figure 8.8(f), show a main peak around ∼1.53 eV for the MoSe2
spectrum and ∼1.54 eV for the WSe2+MoSe2 spectrum and a FWHM of 0.051 eV
and 0.058 eV for respectively MoSe2 and WSe2+MoSe2. The WSe2+MoSe2 PL
spectrum also shows a second peak at around ∼1.58 eV with a FWHM of 0.03
eV and this is about half the intensity, 0.54x, of the main peak at ∼1.54 eV. The
literature values for the monolayer A-exciton peak are 1.55 eV for MoSe2 and 1.62
eV for WSe2.175,313 According to these values, the PL spectra in Figure 8.8 both
show the A-exciton peak for MoSe2. Though the signal has slightly red-shifted to
lower energies in both spectra, possibly due to strain or surface roughness.314,315

The second peak at 1.58 eV in the WSe2+MoSe2-spectrum can be attributed to the
A-exciton of WSe2. This signal has strongly red-shifted, by 0.4 eV in regards to the
theoretical value, due to interaction of the WSe2 with the MoSe2, the peak is located
in between the energy values for the peaks of MoSe2 and WSe2.316,317 The PL signal
for the WSe2 A-exciton is also strongly quenched, possibly due to the interaction
with the MoSe2 layer, defects on the surface or due to the bi-layer nature of the
vertical heterostack, as the intensity of the WSe2 A-exciton decreases exponentially
when the layer thickness increases from mono- to bilayer.318

AFM height images of these areas show a continuous surface with a small height
difference between MoSe2 and WSe2. An AFM height image is shown in Fig-
ure 8.9(a). The AFM height image shows the height difference of the edges of
the flakes as well as the bilayer area on the surface. The vertical TMD structure
can be distinguished in the height image as the MoSe2/WSe2 areas, this area is
∼0.5-1 nm higher in comparison to the MoSe2 area, corresponding with the height
of monolayer WSe2, ∼0.7 nm.

Other nano-mechanical AFM modes are also shown in Figure 8.9. The peak
force error, shown in Figure 8.9(b), indicating the deflection error mainly high-
lights the outline of the complete heterostructure flake as well as the MoSe2+WSe2
heterostructure channels growing towards the center of the flake. The adhesion and
deformation of the grown material, as shown in Figure 8.9(c) and (d), stays constant
over the whole flake, lacking any difference between the MoSe2 and heterostructure
region of the flake, thus indicating that both are very similar for the different TMDs.
In the deformation image the outline of the flake is the most apparent feature, where
the adhesion image also shows the grain boundaries on the surface as the adhesion
with the substrate is weaker compared to the adhesion with the TMDs. As the
adhesion can be used to calculate the strength and orientation of the layer interac-
tion, this would suggest that there is interlayer coupling present between the TMD
layers319, which is confirmed in the deformation image.

Other AFM modes such as peak force tunneling AFM (PF-TUNA), a conductive
AFM mode, can probe the difference in conductivity between the different TMDs as
well as the substrate. The MoSe2/WSe2 flakes were large and were mainly located
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Figure 8.9: Different nanomechanical AFMmode images of the vertical MoSe2/WSe2
heterostructure area. (a) Height image, (b) Peak force error image, (c) Adhesion
image and (d) Deformation image.

near the edge of the substrates, therefore a simple side-contact made by conductive
silver paint sufficed to contact the grown heterostructure. A forward bias was applied
to the sample. The structure was probed at different voltages (-2.5 V to +1.6 V) to
study the differences in conductivity. See Figure 8.10 for the corresponding images.
At negative voltages (-2.5 V) there is no signal of any current going through the
surface. The current is quite uniform over the surface, ranging from -0.4 – 0.2 pA
When increasing the voltage to +0.5 V there is a partial current on the surface,
which is located on the vertical heterostructure area. The MoSe2 area meanwhile
there is no conduction between the MoSe2 and the tip visible, as the current is ∼0
pA. The same value is found for the SiO2 surface, while the WSe2 shows a current
of ∼100 pA. Further increase of the voltage results in complete current of the TMD
area.

The current only flowing through the WSe2 area at 0.5 V can be caused by differ-
ent conductivity or the different bandgap of the WSe2. Though WSe2 is supposed to
be less conductive than MoSe2, the observations here are in contradiction to this.320

This could be due to the voltage bias being applied from the substrate to the tip.
According to Son et al. WSe2 is less conductive than MoSe2 when applying a bias
from the tip to the substrate.321 However the behaviour at negative bias would sug-
gest the conductive behaviour of both MoSe2 and WSe2 are asymmetric. For WSe2
in particular the conductivity decreases with increasing layer number.154

Lateral growth

Whereas vertical growth occurs when Mo is in excess, lateral growth requires a
deficiency of Mo. An advantage of the microreactor approach is that it is much
easier to adjust the Mo concentration compared to the use of metal powders. To
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Figure 8.10: AFM images of vertical MoSe2+WSe2 heterostructures. (a) shows the
AFM height image, with the red outline showing the area measured with PF-TUNA.
The different PF-TUNA AFM mode images of MoSe2/WSe2 area are shown in (b)-
(d). (b) Contact current at -2.5 V (c) Contact current at 0.5 V, (d) Contact current
at 1.6 V

obtain a Mo deficiency the amount of Mo precursor was decreased while the substrate
area was kept constant, from the initial 40 µL, until a optimal of 35 µL of 2.5 g/L
was reached, as this amount resulted in the growth of lateral heterostructures. The
amounts of the other precursors remained constant. Lateral grown MoSe2/WSe2
structures result in a 2D surface where the molybdenum deficient edges of the MoSe2
flake result in Mo vacancies where the W atoms incorporate into the crystal lattice.
From the W areas the WSe2 continues to grow in an outwards lateral direction. In
Figure 8.11(a) an optical microscopy image of a lateral MoSe2/WSe2 heterostructure
is shown. Due to the 2D nature of the structure, there is no visible contrast between
the different materials. As a consequence no material boundary can be identified
from only optical microscopy images of the lateral heterostructures.

Raman maps and spectra, see Figure 8.11(b)-(d), show the presence of both
MoSe2 and WSe2. When examining at the spectra clear individual MoSe2 and
WSe2 spectra are visible. At the interface region a single Raman peak is located
between ∼246 cm−1, which indicates that the peak is shifted in between the A1g-
peak of MoSe2 at ∼240 cm−1 and the E1

2g+A1g-peak of WSe2 at ∼250 cm−1. This
single shifted peak corresponds to an alloy region.322 From this spectrum it can be
concluded that the interface region between the MoSe2 and WSe2 is an alloy region
since the lateral size of this area, ∼1-1.5 µm, is larger than spot size of the Raman
laser, ∼300 nm, therefore identification of both TMD peaks should be possible. The
intensity of the peak at 246 cm−1 is about the average of the intensity of the two
other peaks, providing further confirmation of alloy formation as the mixed lattice
results in a signal, which is a mixture of MoSe2 and WSe2.

As the WSe2 nucleates from various edge sites this leads to many grains which can
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Figure 8.11: Optical microscopy, Raman & PL data for direct growth of lateral
MoSe2/WSe2 heterostructures. (a) Optical microscopy image of surface, (b) Raman
peak intensity map at 240 cm−1, showing the A1g peak of MoSe2. (c) shows the
Raman peak intensity map at 250 cm−1 at which wavelength the E1

2g+A1g-peak of
WSe2 is located. (d) The Raman spectra for the MoSe2, WSe2 and MoSe2/WSe2
interface areas on the surface.

merge together when they come into contact. This will lead to the formation of grain
boundaries because the grains need to have the same orientation to merge seamlessly.
Any misalignment results in grain boundaries, therefore it is practically impossible
to form a single crystalline WSe2 area. The presence of the 2LA(M) phonon mode in
the WSe2 spectrum, as well as the low intensity of the E1

2g+A1g-peak, shows that the
WSe2, though continuous, does not form a large mono-crystalline surface. Instead
multiple crystalline domains are present. The domains form in a direction which is
most energetically favorable for the whole surface, thereby forming an overall shape
which is a triangular flake with low surface energy.286

The AFM height map does not show a clear contrast between the different TMDs,
see Figure 8.12(a), as the MoSe2 andWSe2 are in the same plane and have practically
the same height, this demonstrates that lateral heterostructures have formed. There
is some indication that the WSe2 is defective as the WSe2 layer does not appear to
be as uniform as the MoSe2 layer. The height difference between the two TMDs in
the same plane is in the order of ∼1 Å, where the thickness of WSe2 is around ∼0.7
nm. PF-TUNA gives more information about the surface through current mapping.
When probing the surface at a low voltage there is a partial conductivity of the
WSe2 area as a number of sites in that area becomes conductive. Meanwhile the
MoSe2 region does not show a current, making the region appear non-conductive
at this voltage. Increasing the voltage further increases the number of sites on the
WSe2 through which conduction was possible. Even with increased voltage there is
no conductivity in the MoSe2 areas. Since the materials have a similar height the
difference in conductivity can be traced back to the material properties. However,
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Figure 8.12: AFM and PF-TUNA images of Lateral MoSe2/WSe2 heterostructure.
(a) Height image, (b) contact current at 0.5 V, (c) Contact current at 2.5 V.

the apparent resistance is also influenced by the nature of the probe. The series
resistance will increase with wear as this leads to demetalisation of the tip. A
possible example of this can be seen in Figure 8.12 where there is a reduction in
apparent conductivity in the top half of the image. Due to this, high voltages were
required to get a signal from the WSe2. Furthermore, due to tool limitations voltages
above 5.0 V were not attempted. It is assumed that further increase of the voltage
would eventually lead to conductivity through the MoSe2 region as well if a stable
tip that could provide a reliable contact with the surface is used.

To obtain information on the stoichiometry of the heterostructure and the amount
of defects contaminants present on the surface, XPS-measurements were performed
by Dr. Conor Cullen in a monochromated µ-XPS system. µ-XPS has the advantage
over normal XPS that it has a smaller minimum spotsize, ∼10 µm instead of mm
scale size, making it possible to measure more localised areas of the surface. The µm
scale spot-size is too large to identify individual MoSe2, WSe2 and heterostructure
areas but it is sufficient to identify the different TMDs in a single heterostructure
area. The XPS-spectrum measured is shown in Figure 8.13. The spectrum is that
of the flake shown in Figure 8.11(a).

The spectrum shows the presence of both MoSe2 and WSe2. For the Mo 3d
core-level spectrum the Mo peaks are visible at 229.3 eV and 232.4 eV and there
is some overlap from the Se 3s core-level at 230.2 eV, while in the W 4f core-level
spectrum the main contributions stem from the WSe2 4f levels at 32.76 and 36.64
eV. Other contributions include the WSe2 5p (38.26 eV), WOx (35.99 eV and 38.17
eV) and WSex (32.28 eV and 34.47 eV). The Mo 4p core-level (36.03) is also seen in
this spectral region. The WOx binding energies are located at 35.99 eV and 38.17
eV, where the WSex peaks are at 32.28 eV and 34.47 eV The Mo 4p core-levels are
also slightly visible in this spectrum at 36.03 eV. The Se 3d core-level is deconvoluted
into overlapping contributions from MoSe2 (55.02 eV and 55.88 eV) and WSe2 (54.86
eV and 55.72 eV).

The ratio of the different components is 11% Mo, 26% W and 63% Se, indicating
that there is about ∼1.7 times the amount of Se compared to that of Mo and
W combined which is close to the optimal stoichiometric value of 2, though the
experimental values from literature have a large range between 1 and 3.323 A high
M:X ratio can indicate the presence of excess metal and is generally associated with
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Figure 8.13: µ-XPS spectra of vertical MoSe2/WSe2 flake. The spectra for the Mo
3d, W 4f and Se 3d regions are shown.

the formation of initial nuclei which are rich in metal.324 From the peak areas in
the XPS-spectrum it can be concluded that there is 2.4x as much W compared to
Mo, which seems high as from optical spectroscopy it appears that the total WSe2
area is roughly the same size as that of the MoSe2 area. This is most likely due to
to exact area of the flake which was measured by the XPS tool.

When comparing the lateral and vertical heterostructures, see Figure 8.14, the
area covered with WSe2 growth is much larger for the lateral growth. Though this is
not visible in the optical microscopy images, see Figure 8.14(a) and (d), the Raman
E1
2g-peak intensity maps do show the different materials. For lateral growth, shown

in Figure 8.14(b) the length of the WSe2 is ∼5-10 µm from the MoSe2 boundary,
while the area for WSe2 for vertical growth, see Figure 8.14(e) lags at ∼1–5 µm. In
practice this would mean that the lateral growth structures would be much more
convenient to contact and be more suitable for devices, not taking into account the
required properties of the device. Besides the size of the WSe2 area the crystallinity
of the lateral growth appears to be higher than that of the vertical growth as the
WSe2 in the vertical growth mainly consists of separate crystals, where these crystals
fuse together in case of the lateral growth.

8.2.2 Sulfide heterostructures

For the direct synthesis of MoS2/WS2 heterostructures a similar approach com-
pared to the direct synthesis of MoSe2/WSe2 heterostructures was adopted. Initial
attempts involved the standard reaction parameters for the CVD growth of both
individual TMDs. The growth recipe was optimised from that point. The initial
seed layer was a 20 nm sputtered W layer, which was subsequently oxidised for 1h at
500 °C, with a drop casted layer of 40 µL of 2.5 g/L MoO3 exfoliated in IPA on top,
as applied for the heterostructure growth for MoSe2+WSe2. This seed layer did not
result in the formation of heterostructures since this growth method only yielded in
the formation of MoS2 triangles on the surface. Replacing the tungsten precursor
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Figure 8.14: Comparison of lateral and vertical MoSe2/WSe2 heterostructures by
optical microscopy images, Raman & AFM data. (a), (b) and (c) show the data for
the lateral structures, where (d), (e) and (f) show the vertical heterostructure data.
(a) and (d) show the optical microscopy images with the red outlines showing the
area measured by Raman as shown in the MoSe2 peak intensity Raman maps in (b)
and (e). The red outlines on the Raman maps show the area scanned by AFM. In
(c) and (f) the AFM height images of these areas are depicted.

with LPE WO3 in IPA lead to the formation of small WS2 domains, though it did
not result in WS2 flakes.

The failure to grow WS2 flakes suggested that the WS2 could not nucleate on
the surface. According to Li et al. the use of halides can be beneficial for the
nucleation of TMDs.213 The anion forms an oxyhalide species with the metal oxide
precursor. The possible oxyhalide species formed are MO2X2 and MOX4, with X
being the anion I−, Br− or Cl− as shown in Equation 8.1 and Equation 8.2.325 These
components have strongly reduced melting temperatures enabling WS2 to form at
temperatures as low as 700 °C.213 The addition of NaCl has also led to the successful
formation of in-plane heterostructures by Wang et al.326

2MO3(s) + 2X−(g)→ 2MO2X2 +O2 (8.1)

MO3(s) + 4X−(g)→MOX4 +O2 (8.2)

To improve the growth of WS2, low concentrations of NaCl, 25 g/L, dissolved
in DI-water, were drop casted on the seed layers in an attempt to stimulate the
nucleation of WS2 as shown in Figure 8.15. The addition of these small quantities
helped the nucleation of both MoS2 and WS2, especially when the NaCl solution
was drop casted between the tungsten and molybdenum precursor layers. When
NaCl was drop casted on the Mo precursor the NaCl helped nucleation of the MoS2
growth but did not have any effect on the growth of WS2, whereas deposition in
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between the layers helped the nucleation of WS2 as the NaCl only becomes available
when the Mo precursor is (partially) evaporated.

Figure 8.15: Schematic overview of formation of the seed layer by first drop casting
WO3 dissolved in EtOH at 120 °C, subsequently drop casting a NaCl solution at 120
°C, followed by deposition of the MoO3 precursor, which is LPE exfoliated MoO3

dissolved in IPA which is drop casted on the substrate at 120 °C

A downside of this approach was the formation of concentric salt circles as the
salt crystallised out on the surface in a lateral direction, as shown in Figure 8.16,
which cannot be removed by rinsing the sample after the synthesis. The formation
of these salt circles was partially resolved by decreasing the NaCl concentration to a
tenth of the concentration, 2.5 g/L. The addition of NaCl did increase the nucleation
of TMDs on the surface, though this also led to an increase in multilayer formation
as the nucleation rate increased. Control over the concentration and proportions
of both the halides and metal precursors is essential to the formation of monolayer
TMDs.

Figure 8.16: Optical microscopy image of concentric circular shape formed by the
NaCl on the surface

The synthesis resulted in the formation of vertical heterostructures, where WS2
formed triangular domains from the edge of the MoS2 flakes towards the centre
of the underlying MoS2 flake as shown in Figure 8.17(a). The MoS2 flakes had
lateral dimensions of ∼30-100 µm, while the WS2 flakes grown on top were more
restricted in size to ∼5-10 µm. A large number of these heterostructures were present
dispersed across the surface. The high density of these flakes makes it convenient to
characterise the structures by Raman and AFM.

In Figure 8.17(a) and (b) optical microscopy images are shown of the surface.
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Large monolayer triangles are clearly distinguishable, which are expected to be MoS2
as the MoS2 is grown first and has therefore more time to nucleate and grow out fur-
ther. Some of these flakes have even merged on the SiO2 surface. On the monolayer
flakes visible in the optical microscopy images bilayer growth in triangular shapes
are visible at the edges of the 1L flakes, while central more hexagonal bilayer areas
are also present. The hexagonal bilayer areas appear to form from the initial nuclei
as the triangular bilayer flakes seem to nucleate from the edges. For MoSe2/WSe2
heterostructures the WSe2 nucleated from the edge of the MoSe2 flake as the crystal
lattices and growth mechanisms are similar, therefore it is reasonable to assume that
this is also the case for the sulfur counterpart.

To confirm the presence of WS2 on MoS2 Raman spectroscopy was performed.
The Raman maps and spectra are shown in Figure 8.17(c-e). Figure 8.17(c) shows
the Raman map for the MoS2 E1

2g-peak at ∼380 cm−1. This shows a clear large
MoS2 triangle on the surface. When comparing this with the Raman map for the
WS2 A1g-peak the small triangular WS2 regions present are concentrated around
the edges of the MoS2 growth. There is also a hexagonally shaped feature in the
center grown around a small MoS2 bilayer flake, resulting in a kind of lateral bilayer
growth.

Figure 8.17: Optical microscopy & Raman data for direct MoS2/WS2 heterostruc-
ture growth. (a) shows the optical microscopy image of the surface with the red
outline indicating the area from which Raman spectra were taken. In (b) the sum
map for the MoS2 E1

2g peak is shown, where (c) shows the corresponding WS2 A1g

sum map and (d) shows the Raman spectra for the MoS2, WS2 and the MoS2+WS2
heterostructure area.

Since the WS2 preferentially grows on top of the MoS2, it appears that the MoS2
has a templating effect on the growth of WS2. The lattices of WS2 and MoS2 are very
similar with a lattice mismatch of <0.01%.242 This is an almost negligible mismatch,
in comparison the mismatch between WSe2 and MoSe2 is 0.1%.327 Thus the growth
of MoS2/WS2 heterostructures in both lateral and vertical direction should result in
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a low level of lattice mismatch defects. Analogous lattices can also lead to epitaxial
or templated growth of materials.328,329 The MoS2 seems to catalyse the growth of
WS2 on the surface as WS2 is exclusively found on MoS2, while WS2 is not observed
to form separately on the SiO2 surface. The WS2 Raman map also shows some
signal at grain boundaries in the flake, nucleating at edges and defects in the MoS2.
This might be a result of damage to the MoS2 during the higher temperatures regime
required for the growth of WS2 as the higher synthesis temperature of WS2 can lead
to a partial breakdown of the MoS2.

The Raman spectra of MoS2 and MoS2+WS2, obtained from the corresponding
regions in the Raman maps, both show peaks for MoS2, E1

2g-peak at ∼380 cm−1

and A1g at ∼405 cm−1 as expected. The Raman spectrum for MoS2+WS2 also
shows clear and intense peaks for WS2, 2LA(M)+E1

2g-peak at ∼350 cm−1 and A1g

at ∼417 cm−1. The peaks for WS2 are more intense than the MoS2 peaks, about
∼3.5x. This is expected as WS2 is resonantly excited by the laser used and therefore
resulting in relatively higher intensity Raman signals.260 The E1

2g/A1g ratio of MoS2
for the monolayer is ∼0.84, while the ratio for MoS2 peaks in the heterostructure is
increased to almost 1 (∼0.99). For MoS2 this ratio usually decreases for increasing
layer number, though the heterostructure area is a bilayer the ratio still exceeds
that of the monolayer MoS2. The increase in the ratio for the MoS2/WS2 bilayer
area can be explained by the interaction between the WS2 and MoS2 as interlayer
coupling influences the properties of the structure.

The MoS2 spectrum also shows some peaks of relatively low intensity at the WS2
regions. As the crystalline quality of MoS2 is not perfect and there are many areas
where the WS2 can incorporate in the film, at defects and grain boundaries, these
peaks are probably from these WS2 traces. Due to this incorporation of WS2 in the
MoS2 film, the WS2 appears all over the MoS2 surface and therefore it is almost
impossible to filter these out, leading to the presence of WS2 in the spectrum. It
remains unclear whether the defects originate from the initial growth of the MoS2
or whether the MoS2 film is damaged during the WS2 growth step.

To better understand the observed structures low-frequency Raman spectra were
obtained. Information on the shear modes (SM) and layer breathing modes (LBM)
of the material can be obtained by low-frequency (LF) Raman spectroscopy. Low
frequency Raman can be used for determining the layer thickness as the SM and
LBM are more sensitive to changes in layer thickness than the E1

2g/A1g modes. It
can also be used to identify the polytype. For the MoS2 and WS2 the following
polytypes can be formed: 1T, 2H or 3R, of these polytypes 2H and 3R are the most
commonly formed.330,331 Both 2H and 3R have the same arrangement of S around
Mo, though they have different stacking sequences. LF Raman can distinguish
these different sequences whereas normal Raman cannot. The 1T phase has an
octahedral crystal structure and a completely different Raman signal in the normal
(high frequency) range. In Figure 8.18 the low-frequency Raman spectroscopy data
of a heterostructure is provided. Figure 8.18(a) shows an optical microscopy image,
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Figure 8.18: low-frequency Raman spectroscopy of a MoS2+WS2 heterostructure
area. (a) Optical microscopy image with the measured area outlined in red. (b)
Raman map at ∼27.8 cm−1 which corresponds to the LA(M) related mode of WS2
and (c) low-frequency Raman spectra of both the MoS2 and WS2 areas.

with a red rectangular outline indicating the measured area. When measuring this
area a broad peak is observed at ∼27.8 cm−1 on the WS2 areas shown in the Raman
map in Figure 8.18(b). This peak corresponds to the LA(M) related mode in WS2.
This mode is always visible for thin WS2 layers.175

In vertical MoS2/WS2 heterostructures an interlayer SM signal is expected at
∼22 cm−1 as described by Saito et al, which lies between the expected peaks for 2L
MoS2 and 2L WS2.332,333 The Raman spectrum of the MoS2+WS2 region, as shown
in Figure 8.18, shows a broad LA(M) peak which is slightly shifted to higher energy
than expected at 28.2 cm−1. It appears that a peak is present at ∼23.1 cm−1 which
is largely obscured by the LA(M) related peak. This peak is assumed to be the SM
peak originating from the MoS2/WS2 vertical heterostructure, this indicates that a
strong interlayer interaction is present.

The MoS2 spectrum does not show any peak at low-frequency features, see Fig-
ure 8.18. This appears to correspond with monolayer MoS2. Monolayer MoS2 does
not to have a Raman signal in the low-frequency range as there are no shearing and
layer breathing for a single layer.175,176 This observation confirms the monolayer
nature of the MoS2 area.

The PL maps and spectra of the MoS2/WS2 heterostructure are shown in Fig-
ure 8.19. The findings are largely in agreement with the data from the Raman spec-
tra. In Figure 8.19(a) an optical microscopy image of a heterostructure is shown,
in this image the red outline in the figure indicates the area where the PL maps
were taken. The large flake area corresponds to MoS2, see Figure 8.19(b), while the
smaller flakes growing from the edges on top of the monolayer MoS2 are WS2, as
shown in Figure 8.19(c).

In the PL spectrum, Figure 8.19(d), there is a peak present at ∼ 1.97 eV in the
MoS2 area. This peak could either originate from the MoS2 B1-exciton, 1.98 eV,
or from the WS2 bilayer A1-exciton peak, ∼1.96 eV.260 According to the Raman
spectra of MoS2 in Figure 8.17(e), the crystallinity of the monolayer MoS2 appears
compromised as the Raman signal over the MoS2 area is non-uniform, though WS2
peaks were observed in the spectra of MoS2 areas as well. Most likely these WS2
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peaks are present because of damaged MoS2 areas, with WS2 nucleating in defective
areas, as well as the presence of WS2 on top of the MoS2 flake.

Figure 8.19: PL maps and spectra for MoS2/WS2 vertical heterostructures. (a)
shows optical microscopy image with the scanned area outlined in red, (b) PL map
of MoS2 A1-exciton at ∼1.82 eV, (c) PL map of WS2 A1-exciton at ∼1.96 eV. (d)
graph showing the spectra for the MoS2, heterostructure and WS2 areas on the
surface.

The heterostructure area has strongly quenched PL signals of both MoS2 and
WS2. This quenching is caused by the interlayer coupling between the two differ-
ent TMDs, due to the type II band structure.80 The electron–hole separation in a
type II junction complicates the direct exciton transitions in each TMD monolayer,
resulting in exciton relaxation in the heterostructure area.133,334 The WS2 peak is
more prominently present in the heterostructure area, with almost 2x the intensity
of the MoS2 peak, due to the stronger resonance.303

In contrast to the Raman map of WS2, the PL map, shown in Figure 8.19(c),
shows the presence of monolayer WS2 at the outer edge of the MoS2/WS2 flakes of
about 1-2 µm. These flakes form a small lateral area at the outside of the MoS2 edge.
This is confirmed in the PL spectrum, Figure 8.19(d) where there is no presence of
MoS2 peaks in these WS2 areas. This thin ribbon of WS2 at the edge of the MoS2
flake supports the theory that the WS2 nucleates from the edge sites. The WS2
outside the MoS2 is not triangular in contrast to the WS2 inside the larger MoS2
flake, which could be an indication that the MoS2 has a templating effect for the
growth of WS2. The WS2 outside the MoS2 flake is a monolayer, the minimal surface
energy, the most energetically favourable condition, is obtained when the nucleation
and growth occurs alongside the edge of the flake instead of growing out laterally.

In an attempt to increase the lateral size of the WS2 extending onto the SiO2

surface, the amount of tungsten precursor on the seed layer was increased. Increasing
the tungsten concentration did improve the lateral size of the WS2 growing outside of
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the MoS2 flake. The lateral size of the WS2 flakes outside of the MoS2 flake doubled
by increasing the volume of exfoliated WO3 dissolved in EtOH a factor of 1.5x from
40 µL 5mg/L WO3 to 60 µL 5 mg/L WO3 on the 7.5x7.5 mm seed substrate. In
Figure 8.20(a) an optical microscopy image of the improved structure is displayed,
showing the large MoS2 flakes with smaller WS2 flakes nucleating from the edge of
the MoS2 flakes in both inwards and outwards directions. The WS2 flakes are up to
5 µm long and the area extends ∼2 µm beyond the edge of the MoS2 flakes.

In contrast to the earlier results, where less W precursor was used, the outlying
WS2 is a continuous part of the WS2 flake growth, this can be concluded as the flake
outline remains uninterrupted and the angle formed by the edge of the flake does not
change when crossing the edge of the MoS2 flake. The center of the WS2 flakes are
all located close to the MoS2 edge, further indication that the WS2 nucleates from
the MoS2 edge sites and grow over the MoS2 flakes. The location of the apparent
centre of the flakes would also suggest the growth rates are different on MoS2 and
SiO2.

Figure 8.20(b) and (c) show Raman peak sum maps for respectively the MoS2
E1
2g peak, ∼385 cm−1, and the WS2 E1

2g peak, ∼350 cm−1. The MoS2 E1
2g map

shows the outline of the MoS2 flake. For WS2 the WS2 E1
2g+2LA(M) map clearly

shows the 1L WS2 flakes, where the signal for the WS2 on MoS2 is strongly decreased
in intensity. Figure 8.20(d) shows the Raman spectra for the MoS2, MoS2+WS2 and
WS2 areas on the surface. The MoS2+WS2 heterostructure area shows a less intense
E1
2g peak compared to the peak in the WS2 spectrum, though the A1g peak has a

higher intensity. These observations are due to increased out-of-plane character,
since the WS2 layer is on top of the monolayer MoS2 this can be considered a
bilayer. The MoS2 peaks slightly increase in intensity. For the heterostructure area
and the E1

2g/A1g peak ratios remain practically constant. There does not appear to
be any quenching of the MoS2 signal caused by the interaction with the WS2 layer.

A PL intensity map for the A1-exciton of WS2 is shown in Figure 8.20(e). The
PL map only clearly shows the monolayer WS2, while the WS2 PL signal is strongly
quenched for the heterostructure area. Figure 8.20(f) shows the PL spectra for the
different areas on the surface. The PL signal of the WS2 area is divided by a factor of
20x to fit it in the image. The PL signal for the WS2 A1-exciton peak is quenched
24.1x in the heterostructure spectrum. The peak position is practically constant
with only a negligible 0.003 eV difference towards higher energies. The quenching of
the PL signal is much stronger than for the samples with less W precursor shown in
Figure 8.19, where the quenching of the peak intensity is only ∼14.3x. Most likely
the strong quenching is an indication for the higher quality of the WS2 in this area
or due to a strong interlayer coupling between the MoS2 and the WS2.

The low-frequency Raman data, shown in Figure 8.21, clearly shows the WS2
LA(M) related mode, ∼27.8 cm−1, in both the WS2 and MoS2+WS2 areas. The
heterostructure area also shows a peak at ∼23.1 cm−1 which corresponds to the
SM mode in MoS2/WS2 heterostructures.332,333 The interlayer coupling strength of
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Figure 8.20: Growth of MoS2+WS2 heterostructures with increased concentration
of W precursor. In (a) an optical microscopy image of heterostructure flakes, the
red outline on the image shows the area measured for Raman and PL, (b) shows
the Raman intensity map for MoS2 E1

2g peak, where (c) shows the Raman intensity
map of WS2 E1

2g peak. The Raman spectra of MoS2, MoS2+WS2 and WS2 areas on
the surface can be found in (d). In (e) the PL intensity map of the A1- exciton of
WS2, at ∼1.96 eV, is shown, where (f) shows the PL spectra of MoS2, MoS2+WS2
and WS2 areas on the surface.

MoS2 and WS2 can be derived from the intensity of the SM mode peak in relation
to other Raman modes.333 As the SM mode is visible in the LF spectrum, the
conclusion can be drawn that interlayer coupling is present. There is no MoS2 peak
visible in the LF region of the MoS2 spectrum which corresponds to the expected
spectrum of monolayer MoS2.175.

Figure 8.21: Low-frequency Raman of MoS2+WS2 heterostructures growth with
WS2 decorating the edges of the MoS2 flake. In (a) an optical microscopy image of
heterostructure flakes, the red outlined area is the area measured for Raman, (b)
shows the Raman map for WS2 LA(M) peak, where (c) shows the low-frequency
Raman spectra of MoS2, MoS2+WS2 and WS2 areas on the surface.

Further information on the surface was obtained by AFM measurements. In
Figure 8.22 AFM images of the height, Figure 8.22(a), and of PF-TUNA contact
currents, Figure 8.22(b) and (c), are shown. The height image shows large MoS2
flakes, recessed below the surrounding SiO2 surface possibly due to etching by the
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salt. Small WS2 triangles are present on the edges of the MoS2 flakes visible as lighter
triangles on the MoS2 flakes. These WS2 triangles have a thickness of ∼0.8 nm, see
the height profile in Figure 8.22(a), which roughly corresponds to the thickness of
monolayer WS2 on top of the monolayer MoS2, thus confirming the bilayer nature
of the heterostructure. On the PF-TUNA images at 0 V the only notable signal on
the surface is from AC electrical noise. At 0 V the conductivity is that of an off
state.

Increasing the voltage to +0.5 V results in a current signal for the whole TMD
area. For +0.5 V there is less current for the heterostructure area, 0.5 nA, compared
to the MoS2 monolayer area, which shows a conductivity of 1.6 nA. The SiO2 surface
shows no conductivity. This is in contrast to the selenide heterostructures where the
WSe2 and heterostructure areas showed a higher current in comparison to the MoSe2
area. This indicates that the vertical heterostructures have different conductivities
due to intrinsic material properties as well as interactions between the different
layers. The electronic properties will depend on the constituent TMDs.

To further understand the heterostructures elemental mapping of the sulfide het-
erostructures was done with TOF-SIMS by Rita Tilmann from UniBW München.
For a more detailed explanation of TOF-SIMS see subsection 5.2.6. A heterostruc-
ture area was measured by this technique and maps and spectra for the positive ion
polartiy and negative ion polarity were obtained.

Maps of the expected concentration for positive ion polarity are shown in Fig-
ure 8.23. The sum of all Mo ion isotopes collected in the positive ion mode is shown
in Figure 8.23(a), this image shows the local concentration of Mo ions in the center
of the flake. This the area of exposed MoS2, in agreement with finding of Raman
and PL measurements.

Figure 8.23(b) shows the total sum of the W ions. This map identifies areas
which contain W.335 The outline of the shape of the W in the map is triangular,
while more inwards individual triangle peaks are visible, however the inside of the
triangular shape is clear of W. The W areas appear as an outline of the Mo rich
area, see Figure 8.23(d). This coincides with the WS2 areas on the MoS2 areas as
observed before with the other characterisation techniques. MoS2 is present as both

Figure 8.22: AFM images of the MoS2/WS2 heterostructure. In (a) the height image
is shown with the height profile between the MoS2 and WS2 shown in the inset where
(b) and (c) show the PF-TUNA images at different voltages. The images obtained
correspond to the following applied voltages: (b) 0 V and (c) +0.5 V

133



CHAPTER 8. DIRECT GROWTH OF TMD HETEROSTRUCTURES

a freestanding monolayer and as a single layer under the WS2 flakes, though this
underlying MoS2 cannot be easily observed in the overlay TOF-SIMS map. Due to
the sensitive nature of TOF-SIMS the penetration dept of the method is only 1 nm,
showing only a significant contribution from the top layer on the substrate.

Another positive ion found on the surface is Si, see Figure 8.23(c), originating
from the SiO2/Si growth substrate. As would be expected Si ions are mainly found
in areas where there is no WS2 or MoS2 coverage. The spatial separation of the Mo,
W and Si is especially noticeable on the overlay image of the different TOF-SIMS
maps, Figure 8.23(d). The areas where Mo, W and Si are present in the top layer are
clearly distinguishable and overlap of the ions is almost completely absent, thereby
confirming the growth of WS2 on top of MoS2.

Figure 8.23: TOF-SIMS spectra of the positive ion polarity. (a) Shows the sum of
all different Mo isotopes, (b) the sum of the different W isotopes, (c) shows the 28Si
atoms on the surface and (d) shows an overlay map of the Mo, W and 28Si maps.

Other positive ions found to be in notable concentrations on the surface are
carbon and carbohydrate compounds, such as PDMS, as well as sodium. The TOF-
SIMS maps of these compounds are shown in Figure 8.24. C on the surface, as
shown in Figure 8.24(a), is most likely due to carbon contamination in the furnace
and the laboratory environment, which is probably also the cause of the carbo-
hydrate contamination. PDMS related ions were also found on the surface, see
Figure 8.24(c). PDMS was not used while synthesizing these heterostructures, as
no transfer step was required, and the characterizations also did not require PDMS.
Ostensibly PDMS should not have been present, it is likely that the PDMS con-
tamination has been introduced during storage in the N2-flow cabinets, as sample
storage boxes can contain PDMS.

The significant presence of Na on the surface, as observed in Figure 8.24(d), can
be explained by the use of NaCl (aq) solution on the seed layers, which was applied
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Figure 8.24: TOF-SIMS maps of the positive ion polarity ions. (a) Shows the sum of
all C isotopes, (b) shows the map of C4H7, (c) shows the presence of PDMS related
ions on the surface and (d) shows where Na is present on the surface.

to improve the nucleation of WS2 on the surface. The Na is present over the whole
surface which can influence the properties of the TMDs. Ionic contamination can
lead to an increase in leakage current in devices.336 Since it is apparent that a large
excess of Na is present during growth, the NaCl concentration should be decreased
to the minimum required for WS2 nucleation to prevent a negative impact on the
material quality. These ions can be washed away after synthesis in water, though as
TMDs delaminate in water therefore this is not possible with these samples. Other
rinsing solutions such as acetone and IPA are used to remove contaminants from the
surface, but prolonged exposure to these solvents can do damage to the TMD films
as well.

The negative ion polarity measurements, see Figure 8.25 for the correspond-
ing maps, mainly show the presence of sulfur in various isotope states. The sul-
fur isotopes 32S, 33S and 34S are all present and distributed throughout the total
MoS2/WS2 flake area, as shown in Figure 8.25a-c), indicating that Mo and W are
indeed present with sulfur as MoS2 and WS2 in those areas.

In addition to the oxygen signal from the SiO2, a strong oxygen signal, see Fig-
ure 8.25(d), is present on the edge of the flake and a very intense signal is present
in the multilayer region. This indicates that these regions are adsorption sites for
oxygen or a higher amount of oxidation of the sample has occurred in these re-
gions. This oxidation was not visible on the Raman spectra of the areas, shown in
Figure 8.17, suggesting there is not a significant proportion of metal oxides on the
surface. Though considering that edge sites of CVD-synthesized TMDs have more
defects and dangling bonds, it is not unreasonable to assume that a higher level of
oxidation occurs at these sites.
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Figure 8.25: TOF-SIMS spectra of the negative ion polarity. (a) Shows the map of
the 32S isotope, (b) the 33S isotope map, (c) shows the 34S isotopes on the surface
and (d) shows the map of the 18O isotope.

µ-XPS measurements can be used to further investigate the state of the oxides
present and the amount of oxidation on the surface. The µ-XPS spectrum was taken
from a heterostructure flake see the area outlined in red in Figure 8.26(a). This area
resulted in the µ-XPS map shown in Figure 8.26(b). The following elements were
identified on the surface: Mo, S, W and Si as well as MoSx and WSx compounds.

Figure 8.26: (a) Optical microscopy image with the red outline indicating the area
characterised by µ-XPS and (b) µ-XPS map of different components present on the
surface.

The µ-XPS spectra, see Figure 8.27, shows the presence of both MoS2 and WS2.
For the Mo 3d core level spectrum the MoS2 peaks are visible at 229.3 eV and 232.4
eV and there is some overlap from the S 2s core level at 226.8 eV. There are also
small amounts of molybdenum oxide present as there are peaks at 233 eV and 236.2
eV corresponding to MoO3. In the W 4f core level spectrum the main contributions
stem from the WS2 4f levels at 33.24 and 35.39 eV. Other contributions include the
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Figure 8.27: µ-XPS spectra of MoS2/WS2 heterostructure flake. The spectra for
the Mo 3d, W 4f and S 2p regions are shown.

Mo 4p core level at 37.11 eV and 39.5 eV and WSe2 5p at 38.87 eV. The S 2p core
level is deconvoluted into overlapping contributions from MoS2 (162.6 eV and 163.75
eV) and WS2 (162.33 eV and 163.46 eV).

There does not seem to be any W oxides, but W oxides appear in very similar
positions to the Mo 4p, therefore a very small amount of oxide would be extremely
hard to identify inside overlapping components. Since the size of the Mo 4p peak
is proportional to the Mo 3d peak, it can be concluded that the components from
that peak are mostly Mo 4p and therefore there are negligible amounts of W-oxide
present. Thus indicating the chemical stability of the WS2 compound. Due to the
overlapping sulfur contributions it is difficult to get an exact MoS2:WS2 ratio, though
it appears to be around 60:40 MoS2:WS2 as the amounts can be calculated from the
W 4f and Mo 3d regions. A small peak attributed to the Na 1s core level was found
at 1071.0 eV, this peak corresponded to ∼27.6 % of the Mo peak, indicating that
NaCl was present on the surface, so while it does indicate that NaCl was present on
the surface its contributions are smaller than those of the MoS2 and WS2.

In contrast to the Se-heterostructures there was no growth of pure lateral het-
erostructures observed for the sulfur TMDs. The lateral size of the vertical grown
WS2 on top of the MoS2 was quite large reaching up to 10 µm, which is greater than
the dimensions for the selenide heterostructures, for these growth conditions. may
be due to the more stoichiometric Mo:S ratio of MoS2, as indicated by the regular
triangular growth of the MoS2 flakes. Due to this ratio of the precursors such MoS2
would have fewer defects and would be less Mo deficiencies. Because of the high
quality of the MoS2-flake, the MoS2 flake would act as a template for the growth
of WS2. As seen before for the formation of the MoSe2/WSe2 heterostructures the
presence of edge defects benefits the formation of lateral heterostructures, as this
leads to low energy nucleation sites.218 In contrast a low concentration of defects,
such as is the case here, this results in the growth of vertical heterostructures.

Zhang et al. used a similar approach for the growth of their growth of het-
erostructures, though they used metal oxide powder between the seed substrate and
growth substrate to create a close proximity precursor, requiring a larger amount of
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Figure 8.28: Band alignment diagram of MoS2, MoSe2, WS2 and WSe2. The value
of the electrical band gap is shown in the center. Data obtained from Guo et al.338

metal precursors.337 In their work the hydrogen flow of the carrier gas was used to
control the nucleation. In contrast to Zhang’s work the reaction process described
here used forming gas throughout the growth of both MoS2 and WS2. In an attempt
to recreate the conditions to control nucleation the synthesis process was adapted.
Ar-gas was used as carrier gas and the gas flow was switched to the forming gas at
the point where the temperature was increased for the WS2 growth, though this did
not yield any appreciable improvement in nucleation.

8.2.3 MoS2-WS2 Devices

Continuing from the synthesis of MoS2/WS2 heterostructures, as described above,
these materials were contacted to probe their electrical properties. This combination
of TMD materials forms a type II, staggered gap, heterojunctions as shown in the
band alignment diagram in Figure 8.28.289,338 To illustrate such a type II staggered
gap heterojunction, consider a MoS2/WS2 heterostructure. From Figure 8.28, it
is clear that the conduction band minimum, which is energetically favourable for
electrons, is on the MoS2 side of the interface at -4.10 eV, while the energetically
favourable valence band edge, -5.88 eV, is on the WS2 side. Thus this type II
aligned heterostructure leads to charge separation at the interface improving device
performance in for example a solar cell where the charge is photoinduced.73

The MoS2/WS2 device architecture discussed here is an asymmetric junction,
where one contact is placed on the vertical heterostructure stack and the other
contact is placed on the monolayer MoS2 as shown in Figure 8.29. As the device is a
partial vertical stack it is an indirect band gap semiconductor and a type-II junction
as the calculated CB and VB of WS2 are higher in energy than those of MoS2 as
defined previously. This means that while both MoS2 and WS2 are n-type materials,
due to the small band offset between MoS2 and WS2 the TMD combination has been
shown to function as a rectifying heterojunction.82

Other studies using STMmeasurements put the indirect band gap of the MoS2/WS2
heterostack at 1.45 eV ±0.06 eV.339 The valence band maximum consists of the d-
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Figure 8.29: Schematic overview of the MoS2/WS2 heterostructure device with
asymmetric contacts on the monolayer MoS2 and heterostack MoS2/WS2

orbitals of W and Mo and the p-orbitals of S, while the conduction band minimum
is predominantly formed by the d-orbitals of Mo.340

As described in subsection 3.6.1 type II junctions have many applications in
photonics. Indeed devices utilising MoS2-WS2 heterostructures have been shown
in literature for photonic applications.81–83,132,137 These devices have been realised
with chemically exfoliated,132 TAC82 and CVD83,137 synthesized materials. The
heterostructure of MoS2 and WS2 results in fast charge separation and recombina-
tion.341 This makes MoS2/WS2 heterostructures perfect for applications in photo-
voltaics, photodetectors and catalysis.

As a proof of concept a 2-probe heterostructure device was fabricated. From
the MoS2/WS2 heterostructures, growth process described in subsection 8.2.2, the
devices were made by use of maskless UV lithography, as detailed in subsection A.3.2.
Ti/Au Contacts (5/100 nm) were placed on both the WS2 and MoS2 to produce
a heterostructure device. After the deposition of the contact metals, the samples
were annealed to decrease the contact resistance between the semiconductor and
the metal, since measurements performed before annealing did not yield any reliable
results.18

In Figure 8.30 an optical microscopy image of such a device is shown. The left
probe as visualised in Figure 8.30(b) is contacted to the freestanding WS2, where
the other probe is located on the center of the MoS2 flake. The channel length is ∼
6.5 µm and the channel width is ∼ 3.7 µm. In this device the MoS2-WS2 heterostack
was used as the source, while the MoS2 functioned as the drain.

Figure 8.30: Optical microscopy images of initial 2-probe device (a) 20x magnifica-
tion image (b) 100x magnification image.

To verify to contacts were correctly positioned on the separate TMDs Raman
spectroscopy was performed. In Figure 8.31 the Raman intensity map of the E1

2g

MoS2 peak, Figure 8.31(a), and the Raman intensity map of the 2LA(M)+E1
2g WS2

peak, Figure 8.31(b) are shown. On the images a clear cut-off of the Raman signal is
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visible where the metal contacts are located, which are recognisable as straight ∼3
µm low intensity lines on the maps. MoS2 is visible between the 2 contacts. The left
contact appears to be located on mainly on the freestanding WS2 with a small part
located on the MoS2/WS2 area, as such it should not be in direct contact with the
underlying MoS2, whereas the right contact is placed on top of the MoS2, making
the device indeed a heterojunction.

A simple IV-curve with a gate - source voltage (Vgs) of 100 mV and a Vds

ranging from -1.0 to 1.0 V. was measured first in atmospheric conditions, as shown
in the graph in Figure 8.32 where the current was flown from the heterostructure
area to the MoS2. The IV-curve shows a high hysteresis, while the conductivity is
limited to ∼19.8 nA. The MoS2/WS2 device was expected to show photoconductiv-
ity behaviour, meaning that the device will show higher electric conductivity with
increased light exposure. The photo response of the devices was checked by per-
forming simple measurements under increased light, ambient brightness and dark
conditions. The increase in light intensity did increase the photoconductivity of the
sample, increasing the conductivity from ∼19.8 nA to ∼55.4 nA, thus increasing the
conductivity by a factor of ∼2.8. When switching off all external light sources, a
dark measurement was performed. In this measurement the conductivity decreased
26.8% to a current of 14.5 nA at a Vds of 1 V.

There is a large hysteresis present in the IV-curves, during the up ramp in the
voltage sweep there is a high rise in the current during the ramp up but linear
behaviour during the back sweep. Hysteresis of the IV curve appeared to slightly
decrease with increasing light intensity. The hysteresis is likely due to source trapped
charges caused by absorbates on the surface or defects at the MoS2/WS2 interface.
The device hysteresis could perhaps be improved by repeated cycling of the device,
annealing, measurement in vacuum or longer acquisition time allowing relaxation.
Other research shows that electrons have been trapped in the material, Lee et al.
showed the presence of large hysteresis in the IV curve of a MoS2/h-BN/graphene
stack, which was due to trapped electrons in the graphene layers.342 If the hysteresis
is attributed to charge transfer between the MoS2 and WS2 layer it could be ben-
eficial for applications in memory devices.343 The stacked layers can trap electrons

Figure 8.31: Raman maps of MoS2/WS2 flake after contact deposition. In (a) the
Raman intensity map of the E1

2g peak of MoS2 is shown where (b) shows the Raman
intensity map of the E1

2g peak of WS2.
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and function as a memristor, resistive memory. Other factors which can possibly
influence the hysteresis are temperature and doping.

Figure 8.32: Graph showing the IV-curve of the 2-probe MoS2/WS2 device in nor-
mal, bright and dark environments.

The delicate finger architecture of the devices resulted in a high failure rate for
the devices, as the small contact area often did not result in a good contact between
the semiconductor and the metal. The contacts were also sensitive to scratches on
the surface as well as defects. To minimise these issues another more robust contact
configuration was used for further measurements. Large contact pads were placed
overlapping over the MoS2 and MoS2/WS2 area ensuring large contact areas, as
shown in Figure 8.33.

Vertical heterostructures were again produced by maskless lithography with
5/100 nm Ti/Au contacts. Optical images in Figure 8.33 show both the semicon-
ductor material as well as the contacts thus indicating that there is a larger surface
area of the semiconductor covered by the contact pad, thereby resulting in a bet-
ter contact between the semiconductor material and the contact metal. The use of
maskless lithography allowed to design of custom contacts for an optimal fit with
the specific areas of heterostructure and MoS2 growth.

For these devices Raman measurements were also performed to confirm the in-
tegrity of the heterojunction. In Figure 8.34 the obtained Raman maps are shown.

Figure 8.33: Optical microscopy images of heterostructure devices with increased
contact areas. (a) 20x magnification image and (b) 100x magnification image.
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Figure 8.34: Optical microscopy image and Raman maps of contacted area. (a) 100x
magnification optical microscopy image, (b) Raman map of the MoS2 E1

2g Raman
peak, (c) WS2 2LA(M)+E1

2g Raman map and (d) overlapping Raman map of the
MoS2 and WS2 Raman maps with the MoS2 area shown in blue and WS2 in red and
on top of the optical microscopy image

Figure 8.34(b) shows the MoS2 E1
2g Raman map, which shows a large MoS2 area

spanning most of the area between the contacts. Some scattering is present in the
spectrum, possibly due to defects on the surface, but it is clearly a continuous crys-
talline MoS2 film. In Figure 8.34(c) the WS2 2LA(M)+E1

2g Raman map is shown,
indicating the presence of a WS2 area surrounding the contact at the bottom of
the image. To distinctly show the heterostructure area an overlapping Raman map
is shown in Figure 8.34(d). In red the MoS2 area is shown, whereas the area in
blue corresponds to the WS2 area. In the image the Raman maps are placed on
top of the optical microscopy picture, thereby showing the location of the MoS2 and
MoS2/WS2 areas in relation to the metal contacts. This image shows that the device
is a vertical heterojunction where one contact is located on the MoS2 and the other
contact is placed on the vertical MoS2/WS2 stack.

Initial measurements were performed in the off-state, without an applied back
gate voltage, under vacuum conditions. The monolayer MoS2 functioned as the
source contact, while the MoS2/WS2 stack was used as the drain. The IV-curve of
this measurement is shown in Figure 8.35. The device shows asymmetric behaviour.
Different explanations are possible for the non-linearity in the IV-curve, it could be
due to a Schottky barrier (SB) at the contacts, due to the band offset between MoS2
and WS2, or the device contact asymmetry or due to a combination of either. If the
asymmetric IV-curve is caused by the SB, the device acts like a back-to-back diode.
The asymmetric behaviour could also be explained by image force band lowering
due to the band offset of the staggered band gap junction.344

Diode behaviour is expected from a staggered band gap junction and has been
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Figure 8.35: IV-curve of the 2-probe MoS2/WS2 device under vacuum without gate
modulation. The graphs show the IV-characteristics at a (a) linear and (b) semi-
logarithmic scale.

observed in literature.54,82,296 This device is a vertical heterostructure, therefore
there is also the potential depletion of the entire monolayer area due to slight band
bending at interface. An applied bias results in band bending causing the valence
band of the more p-type material to align with the conduction band of the more
n-type material. For the MoS2/WS2 heterostructure MoS2 has a lower valence and
conduction band compared to WS2, therefore the WS2 is more p-type and the valence
band of WS2 will bend towards the conduction band of MoS2.

The turn-on voltage, calculated by linear extrapolation, is around -0.22 V as
the Ohmic region is located at voltages below -0.22 V. The cut-off region starts
around 0 V and reaches its limit at 0.1 µA. The behaviour appears to be like that
of n-channel depletion. The current shown in these conductivity measurements is
3 orders of magnitudes larger compared to the heterostructure devices measured
in atmospheric conditions, µA instead of nA. It is unclear if this is due to the
measurements being performed in vacuum or the larger contacts, creating a wider
channel and improved contact. Conducting the measurements in vacuum allowed
the desorption of contaminants from the surface, which could lead to a change in
conductivity or a shift in the doping of the material, where the larger contact area
is assumed to increase the current as well. Other parameters which could be of
influence on the devices are the crystallinity of materials, channel dimensions and
the contact resistance.

IV-curves of monolayer MoS2 and mono- to bi-layer MoS2 devices on the same
chip were obtained for comparison with the heterostructure device. These IV-curves
are shown in Figure 8.36. The IV behaviour of the monolayer MoS2 device seems
to be inverted in comparison to both the heterostructure and the mono-bilayer
MoS2 device. Though the monolayer MoS2 is more conductive compared to the
heterostructure, the monolayer bilayer junction of MoS2 conducts more than either
of the other devices. In addition to the inherent electronic differences between the
layers, this difference is probably in part due to the a better interface between the
MoS2 layers, whereas there is a small lattice mismatch between MoS2 and WS2.

Gate modulation can be used to obtain the transfer characteristics of the devices.
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Figure 8.36: IV-curves of the 2-probe devices under vacuum without gate modula-
tion. The graphs shown are the graphs for the MoS2/WS2 heterostructure, mono-
layer MoS2 and mono to bi-layer MoS2.

Figure 8.37: Transfer characteristics curves for the MoS2/WS2 heterostructure at
140 K. The applied Vds ranged from -0.5 – 0.5 V, with a decrease in conductivity
for increased Vds

To gate the devices a back gate voltage was applied. The transfer curves for varying
Vds at 140 K is shown in Figure 8.37. The Vds was varied between -0.5 V and 0.5
V and the graph shows an decrease in the slope for increased applied voltage. The
Ohmic region of this device is ∼ 20 V, where the cut-off voltage is around 10 V.
As the device switches off with increasing Vgs, the device shows p-type behaviour,
which is most likely caused by flowing the current from the monolayer MoS2 (source)
to the MoS2/WS2 bilayer (drain). While the devices here indicate p-type behaviour,
most lateral MoS2/WS2 devices show n-type behaviour as well.342,345,346

The currents of the heterostructure device, range from 3x10−7 to 9x10−10 and
the on/off ratio is therefore in the order of ∼2.4. The on/off ratio found here is in line
with other values found in literature.345–347 From plotting the slopes of the linear
part of the transfer characteristic curves the field-effect mobility can be calculated
as the intercept of the linear fitted slope is ∂Ids

∂Vgs
. The intercept value is −1.89x10−6.

For a bias voltage of -0.5 to 0.5 V, the field effect mobility was estimated to be
around 4.34 cm2/(Vs)

The mobility was calculated below room temperature, 140 K, at which the mobil-
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ity should be higher compared to the mobility at room temperature. This is because
at room-temperature field effect mobility is limited by phonon scattering events.348

Performing electrical measurements at lower temperatures minimises the phonon
scattering, thereby resulting in higher mobilities. Decreasing the temperature does
however result in a reduced number of carriers, thereby hindering the conductivity
of devices.

Finally the devices were measured at different temperatures. The IV-curves
for the temperature-dependent measurements are shown in Figure 8.38. The tem-
perature was varied between 100 – 200 K. When the temperature is increased the
resistance decreases as expected for semiconductors, resulting in a higher current
through the device in the IV-curve, as shown in Figure 8.38. The transfer charac-
teristics show that the device switches at a lower voltage when the temperature is
increased, thus confirming the semiconductor nature of the device.

Figure 8.38: Temperature-dependent measurements of MoS2/WS2 heterostructure.
(a) IV-curves for the different temperatures and (b) transfer characteristic curves
with Vds = -0.5 V. With a increase in conductivity for increased temperature

To better understand the behaviour of the device and the obtained electrical
data, density functional theory (DFT) calculations were performed by Dr. Lida
Ansari and Dr. Farzan Gity from Tyndall National Institute. The band structures
for the individual MoS2 and WS2 layers have been calculated initially and are shown
in Figure 8.39(a) and (b). The calculated band gap is around 1.96 eV for the mono-
layer WS2, where the calculated band gap for MoS2 is ∼1.77 eV. In Figure 8.39(c)
the calculated band structure for the vertical MoS2/WS2 stack is shown. The inter-
action between the TMD layers reduces the band gap to 1.35 eV. The reduction of
the band gap in the bilayer region is due to an increase in the indirect band gap of
the system.294

In this stacking there should be a higher contribution of MoS2 in the conduction
band, whereas the contribution of WS2 is higher in the valence band which can
be expected due to the higher conduction and valence band of WS2 monolayer
compared to the MoS2 monolayer. The current in the device goes from monolayer
MoS2 to a bilayer heterostack, therefore a band offset is present. DFT calculations
of the valence band offset between the materials give quite a large offset of ∼0.45
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eV between the single and bilayer area.
It is interesting to note that the type of heterostructure synthesised in this work

where the WS2 flake grows on top of the MoS2 in small triangles from the edges
of the MoS2 and the corresponding simulations, appear to be novel as no similar
papers were found in literature from simulation point of view.

Figure 8.39: DFT calculated band structures and band gaps of (a) WS2, (b) MoS2
and (c) the MoS2/WS2 hetero stack

To conclude, the heterostructure devices show semiconductor behaviour and light
sensitivity, like a photo conductor, the conductivity of the devices increased when
exposed to a light source. Hysteresis was present in the IV curves, which was
most likely caused by trapped charge carriers between the TMD layers. The charge
carrier type appears to display p-type behaviour as the current drops when the Vgs

is increased. This behaviour was observed when the source was located on the single
layer MoS2, while the drain was placed on the vertical MoS2/WS2 stack. The Vds

went from the more n-type material to the more p-type material.

8.3 Summary

It was demonstrated that both the double-step and single-step growth approaches
can result in the formation of heterostructures. The double-step approach is more
versatile for the choice of TMDs, however the material quality of the initially synthe-
sised TMD degrades during the second CVD run. For some TMD combinations the
first TMD is completely etched by the growth of the second material, for the furnace
setup and growth procedures used. When the more stable TMD is synthesised first,
the growth of the second TMD does not lead to crystalline growth on the surface
as the interruption caused by this stepped growth results in poor crystallinity. The
chance of a TMD nucleating on a defective site, compared to nucleation on a pristine
TMD surface, is higher as this is energetically more favourable. Therefore, to pro-
duce TMD heterostructures suitable for electronic device applications a more stable
synthesis approach is desirable.

The single-step approach resulted in more crystalline flakes, for both the selenide
and the TMD heterostructures. Spectroscopic characterisation by Raman and PL
spectroscopy as well as AFM showed that there was growth of either lateral or
vertical heterostructures depending on the presence of defects and vacancies on the
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edge of the initially grown TMD. When these defects or vacancies were present the
nucleation of the CVD growth of the second TMD started at the edges of the initial
TMD flake and grew out in a horizontal direction, leading to lateral heterostructures.
For growth with stoichiometry closer to the ideal ratio, where the metal/chalcogen
ratio corresponds to the growth of MX2, the secondary TMD material tended to
grow on top of the initial TMD forming a vertical heterostructure.

For the selenide heterostructures, MoSe2+WSe2, both lateral and vertical het-
erostructures were formed during the synthesis process depending on the metal pre-
cursor concentration. The formation of the heterostructures was confirmed by Ra-
man spectroscopy, PL spectroscopy and XPS. The rate of WSe2 growth is largely
dependent on the surface on which it is growing. For lateral growth the length
of the WSe2 is ∼5-10 µm starting from the MoSe2 boundary, while the area for
WSe2 for vertical growth is only ∼1–5 µm. The crystallinity of the lateral growth is
higher compared to that of the vertical structure as the WSe2 in the vertical growth
mainly consists of separate crystals, where these crystals fuse together in case of
the lateral growth. The hetero interface area shows alloying of both MoSe2 and
WSe2 as the WSe2 fills the MoSe2 vacancies on the edge, which can be seen in the
Raman spectrum where the main peak in the interface area is located between the
MoSe2 A1g-peak and the WSe2 E1

2g+A1g-peak. When inspected with PF-TUNA the
MoSe2/WSe2 heterostructures show that WSe2 conducts at a lower voltage, though
the surface becomes completely conductive when a threshold voltage for the MoSe2
is reached.

In contrast to the Se-heterostructures there was no growth of pure lateral het-
erostructures observed for the sulfur TMD heterostructures. The lateral size of the
WS2 on top of the MoS2 flake was quite large reaching up to 10 µm, which is larger
than the dimensions of the selenide heterostructures. Spectroscopic characterisa-
tion confirmed the presence of both MoS2 and WS2 and the presence of the bilayer
heterostack. Since the MoS2 was highly crystalline, the MoS2 surface leads as a
template for the growth of WS2, resulting in the growth of the WS2 flakes from the
edges along the MoS2 crystal direction.

The growth of WS2 on top of the MoS2 flakes made them convenient to con-
tact for the production of heterostructure devices. 2-probe, back-gated devices were
produced to study to behaviour of the heterostructure. The devices are clearly semi-
conducting with p-type behaviour and function as a photoconductor as predicted by
DFT calculations. The characterisation of the photoconductor behaviour was only
elemental as there was no appropriate measurement setup, but shows promising re-
sults. The reported devices show proof of concept and there is further scope for
optimisation through improved device architecture.
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9 Conclusion & Outlook

In this thesis the CVD synthesis of TMDs and TMD heterostructures has been
developed and thoroughly examined. The effects of reaction parameters on the
nucleation and growth as well as how the growth substrate directs the morphology of
the synthesised TMD have been studied. Heterostructures were synthesised using the
growth parameters obtained by the optimisation studies and were comprehensively
characterised and studied for their properties and possible applications.

In chapter 6 a parametric study on the growth of WSe2 was explored. Different
reaction parameters such as the metal precursor, reaction temperature, pressure,
gas flow and reaction time were studied to optimise the growth of large, highly
crystalline WSe2 flakes. The effects of the parameters were intensively studied by
optical microscopy, Raman spectroscopy and AFM. The reaction parameters have
a large impact on the formation of WSe2, growth mechanism, crystallinity and the
lateral flake size.

The WSe2 flakes obtained by the optimised growth process were used to produce
proof-of-concept FET devices to study the electrical properties and possible appli-
cations. In-house measurements showed p-type charge carrier type and a mobility of
∼25 - 27 cm2/(Vs). Collaborations with CNR-SPIN in Salerno showed the influence
of environmental effects on the behaviour of the device and WSe2 flakes were used
as the channel material in the first ever vertical field emission transistor.

Where chapter 6 discussed the reaction parameters and their influence on the
CVD growth of WSe2, chapter 7 delved deeper into the influence of the growth sub-
strate on the growth, alignment and morphology of CVD MoS2. The growth mode
of MoS2 is strongly influenced by the surface morphology as well as the surface inter-
action. Sapphire substrates were investigated by AFM to obtain more information
on the surface morphology and how the surface might influence the MoS2 growth.

Aligned growth of MoS2 was possible on M- and R-plane sapphire for the growth
parameters used in this work as was confirmed by Raman spectroscopic analysis as
well as PL and AFM. Growth on A-plane sapphire resulted in high-density nucleation
of MoS2 as the substrate is provides a large number sites for nucleation at the terrace
steps. The alignment of the CVD-grown MoS2 can be improved by selecting an
appropriate growth substrate as well as optimizing the growth conditions of the
material. This is largely dictated by the surface morphology as well as the enhanced
surface interaction. The growth mechanism is not only influenced by the surface
morphology, but also the alignment of terraces parallel or perpendicular to the gas
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flow in the reaction furnace as was observed on M-plane sapphire.

For further improvement of the MoS2 growth, or better alignment, one approach
would be to use an Al-terminated sapphire substrate, as this causes a higher inter-
action with the material. This could be achieved by increasing the reaction tem-
perature or by using hydrogen as carrier gas before reaction to remove the hydroxyl
groups on the sapphire surface. Other parameters that could improve the growth
are the duration and temperature of the annealing. C-plane sapphire results in bet-
ter MoS2 for non-annealed substrates, while annealed A-plane sapphire has been
reported to result in aligned TMD growth at a lower temperature. CVD of MoS2
on M-plane could possibly result in broader more crystalline flakes when the terrace
step sizes are well-defined but lower in width.

To better understand the growth mechanism of the MoS2 on the various sap-
phire planes extended characterisation would be useful with techniques such as TEM
or angle resolved optical techniques such as reflection anisotropy spectroscopy. It
would be optimal to study the growth and nucleation mechanism in-situ with elec-
tron microscopy and Raman spectroscopy during the synthesis process. Another
interesting thing to study further would be the growth of MoS2 on other substrates
such as h-BN in the microreactor CVD growth proposed here as well as the study
of different TMDs and TMD heterostructures on sapphire.

Chapter 8 discussed the direct growth of heterostructures using the double-step
synthesis approach as well as the single-step synthesis approach. Both the double-
step and single-step growth approach can result into the formation of heterostruc-
tures. The double-step approach is more versatile for the choice of TMDs, however
the material quality of the initially synthesised TMD degrades during the second
CVD run. For some TMD combinations the first TMD even gets etched away com-
pletely with the used furnace setup and growth procedures. Though, when the more
stable TMD is synthesised first, the growth of the second TMD does not lead to
crystalline growth on the surface. The chance of a TMD nucleating on a defective
site, compared to nucleation on a pristine TMD surface, is higher as this is ener-
getically more favourable. Therefore, to produce TMD heterostructures suitable for
electronic device applications a more stable synthesis approach would be desirable

The single-step approach resulted in more crystalline flakes, for both the selenide
and the sulfide heterostructures. Spectroscopic characterisation by Raman and PL
spectroscopy as well as AFM showed that there was growth of either lateral or
vertical heterostructures depending on the presence of defects and vacancies on the
edge of the initially grown TMD. When these defects or vacancies were present the
nucleation of the second TMD started at the edges of the initial TMD flake and
grew out in a horizontal direction, leading to lateral heterostructures. On initial
flakes with less edge defects the secondary TMD material tended to grow on top of
the initial TMD forming a vertical heterostructure.

For the selenide heterostructures, MoSe2+WSe2, both lateral and vertical het-
erostructures were formed during the synthesis process depending on the metal pre-
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cursor concentration. The formation of the heterostructures was confirmed by Ra-
man spectroscopy, PL spectroscopy and XPS. The area of the formed WSe2 varies
strongly between lateral and vertical growth. For lateral growth the length of the
WSe2 is ∼5-10 µm starting from the MoSe2 boundary, while the length of WSe2 for
vertical growth is only ∼1–5 µm. The crystallinity of the lateral growth is higher
compared to that of the vertical structure as the WSe2 in the vertical growth mainly
consists of separate crystals, where these crystals fuse together in case of the lateral
growth. The hetero interface area shows alloying of both MoSe2 and WSe2 as the
WSe2 starts filling up the MoSe2 vacancies on the edge, which can be seen in the
Raman spectrum where the main peak in the interface area is located between the
MoSe2 A1g-peak and the WSe2 E1

2g+A1g-peak. When inspected with PF-TUNA the
MoSe2/WSe2 heterostructures show that WSe2 conducts at a lower voltage, though
the surface becomes completely conductive when the threshold voltage for the MoSe2
is reached.

To obtain more information on the electrical properties of the MoSe2/WSe2
heterojunction it would be informative to create electrical devices from these het-
erostructures and to perform point IV measurements via conductive AFM. For bet-
ter control over the hetero growth a more in-depth study on the surface reaction is
needed. This would require an in-situ study of the growth.

In contrast to the Se-heterostructures there was no growth of pure lateral het-
erostructures observed for the sulfur TMD heterostructures. The lateral size of the
WS2 on top of the MoS2 flake was quite large reaching up to 10 µm, which is larger
than the dimensions of the selenide heterostructures. Spectroscopic characterisation
confirmed the presence of both MoS2 and WS2 and the presence of a bilayer het-
erostack. Since the MoS2 flake was highly crystalline, the flake acted as a template
for the growth of WS2, resulting in the growth of the WS2 flakes from the edges
along the MoS2 crystal direction.

The growth of WS2 on top of the MoS2 flakes made them convenient to con-
tact for the production of heterostructure devices. 2-probe, back-gated devices were
produced to study to behaviour of the heterostructure. The devices clearly are semi-
conducting with p-type behaviour and function as a photoconductor as predicted by
DFT calculations. The characterisation of the photoconductor behaviour was only
preliminary as there was no appropriate measurement setup. The reported devices
are proof-of-concept and there is further scope for optimisation through improved
device architecture as well as optimisation of the lithography process. Measure-
ments under better controlled environments as well as photoconductive measure-
ments would give more information on the properties of the heterostack.

To conclude, in this thesis optimisation of TMD and TMD heterostructure
growth processes have been investigated and the effect of the growth substrate on
the growth morphology and growth mechanism has been studied. The properties of
both individual TMDs and TMD heterostructures have been thoroughly examined
by spectroscopic techniques and surface microscopy. Electronic devices were created
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which showed the electrical properties and possible applications of the materials.
However, there is further scope for more in-depth study and characterisation of the
materials as well as opportunities to further improve the synthesis parameters.
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A Process Sheets

A.1 TMD CVD process

A.1.1 Tungsten Diselenide

Process Step Description and details

MX2 deposition 20 nm W sputtered on seed substrate
Oxidised on hotplate @500 °C, 30 min

Sample prep

300nm/ 500µm SiO2/Si
IPA clean
Place seed samples in boat
Cover with growth substrates (top down)
Load sample boatin Furnace tube

CVD

Heat furnace 1st step @850 °C, 5 min.
2nd step @850 °C, 45 min.
Heat Se-furnace @250 °C, 45 min
Gas flow: H2/Ar-gas @50 sccm
Gas flow cooldown: Ar-gas @50 sccm
Pressure: 6.00±0.2 Torr
Open furnace @T<500 °C
Cooldown to T<90 °C
Remove samples
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A.1.2 Molybdenum Disulfide

Process Step Description and details

MX2 deposition
IPA clean samples
Drop casting 50 µL 20% MoO3 in IPA
Hotplate @150 °C

Sample preparation

Dice substrates
IPA clean
Place seed substrates in boat
Cover with growth substrates (top down)
Load in tube

CVD

Heat main furnace @750 °C, 40 min.
Heat S-furnace @117 °C, 20 min
Cool down to T<90 °C
Remove samples
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A.2 Heterostructures

Single-step CVD Synthesis

MoS2+WS2

Process Step Description and details

MX2 deposition

IPA clean samples

W-precursor Drop casting 50 µL 20% WO3 in IPA
Hotplate @120 °C

Mo-precursor Drop casting 30 µL 20% MoO3 in IPA
Hotplate @120 °C

Sample

Dice substrates
IPA clean
Place seed substrates in boat
Cover with growth substrates (top down)
Load in tube

CVD

Heat S-furnace @117 °C,
MoS2 Heat main furnace @750 °C, 25 min.
WS2 Heat main furnace @850 °C, 25 min.

Cool down to T <90 °C
Remove samples

MoSe2+WSe2

Process Step Description and details

MX2 deposition

IPA clean samples

W-precursor 20 nm W sputtered on seed substrate
Oxidised on hotplate @500 °C, 30 min

Mo-precursor Drop casting 30 µL 20% MoO3 in IPA
Hotplate @120 °C

Sample

Dice substrates
IPA clean
Place seed substrates in boat
Cover with growth substrates (top down)
Load in tube

CVD

Heat S-furnace @117 °C,
MoS2 Heat main furnace @750 °C, 25 min.
WS2 Heat main furnace @850 °C, 25 min.

Cool down to T <90 °C
Remove samples
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A.3 Devices

A.3.1 WSe2

Process Step Description and details

MX2 deposition 20 nm of W-dots sputtering on seed
Oxidised on hotplate @500 °C, 30 min

Sample

Dice growth substrate 300 nm/500 mm SiO2/Si sample
IPA clean
Place Seed samples in boat
Cover with growth substrate (top down)
Load in Tube

CVD

Heat furnace 1st step @900 °C, 5 min.
2nd step @850 °C, 40 min.
Heat Se-furnace @250 °C, 40 min
Gas flow1: H2/Ar-gas @50 sccm
Gas flow2: Ar-gas @50 sccm
Pressure: 6.00±0.1 Torr
Open furnace @ T<500 °C
Cooldown to T<90 °C
Remove samples

EBL

Markers

PMMA A3 spinning 3000 rpm, 1 min.
Place markers
Develop TMAH:3IPA, 30 s
Deposition 5/50 nm Ni/Au
Dissolve PMMA in Acetone

Contacts

PMMA A3 spinning 3000 rpm, 1 min.
Place contacts
Develop TMAH:3IPA, 30 s
Deposition 5/50 Ni/Au
Dissolve PMMA in Acetone

F



APPENDIX A. PROCESS SHEETS

A.3.2 Optical lithography (IMP)

Process Step Description and details

Photoresist
Prebake 2 min., 120 °C
spin coating MICROPOSIT S1813 at 3000rpm, 1min.
Postbake 2 min., 120 °C

Optical litho (IMP)
Select mask and magnification (20x)
Align sample
Expose 0.8 s

Develop Develop in MICROPOSIT MF-319, 60 s
Rinse in DI water

Metal deposition Deposition 5/100 nm Ti/Au
Lift-off photoresist in Acetone
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B TMD furnaces

Both TMD furnaces used in this work are two temperature zone furnaces, where
the chalcogenide precursor is evaporated in a low temperature upstream heating
zone, while the evaporation of the metal precursor and the reaction takes place in
the downstream high temperature furnace zone. More detailed information and the
differences between the furnace setups is given in the sections below.

B.1 Sulfurisation TMD furnace

An image of the sulfurisation TMD furnace is shown in Figure B.1.

Figure B.1: Picture showing the sulfur TMD furnace

The furnace has two different heating zones of which the downstream high tem-
perature heating zone is a Lindberg Blue hot wall horizontal quartz tube furnace.
The second upstream low temperature zone utilising radiant heating from halogen
bulbs to melt the sulfur precursor. A picture with both furnaces is shown in Fig-
ure B.2(a). The temperature resulting from the halogen bulbs is monitored by a
thermocouple connected to the sulfur crucible and this output is send to a power
supply box which controls the energy output, and thereby temperature, of the halo-
gen light furnace. This power supply box is shown in Figure B.2(b).

The system is kept at a constant pressure with a vacuum system as detailed
in Figure B.3. The base pressure of the system is about 0.03 Torr, where during
the furnace run, when Ar or forming gas are running to the furnace, the pressure
is about 0.68 Torr. In the system the pressure can be monitored up to ∼10 Torr
can be measured in the system. Variations in the pressure can be due to the gas
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Figure B.2: (a) Image of the two different furnaces. the downstream high tempera-
ture hot wall furnace and the upstream low temperature halogen lightbulb furnace.
(b) shows a picture of the power supply box coupled to the halogen lightbulb furnace
to control the temperature.

flow, blockages in the cold trap or manual manipulation of the pressure by partially
closing the valve to the vacuum pump.

Figure B.3: Schematic of vacuum system for sulfurisation furnace. Reproduced from
Gatensby et al.349

B.2 Selenisation TMD furnace

An image of the selenisation TMD furnace is shown in Figure B.4. In contrast to
the sulfurisation furnace two horizontal hot wall furnaces are used in this setup.
The downstream high temperature zone tube is a horizontal split tube, Gero GmbH
SR-A 40-250/11, where the upstream low temperature zone is a standard horizontal
furnace, Gero GmbH SR 40-200/12.

The furnace setup is controlled by a LabView program, developed by Dr. Kangho
Lee, which can automatically control and logs the temperatures, gas flow and pres-
sure in the system. The vacuum system used here is similar to that described for the
sulfurisation furnace. The pressure in this system can be measured below ∼10 Torr
as well. Due to the toxicity of Se-gas and H2Se the furnace is encapsulated and a
custom build fumehood has been designed and produced by Dr. Riley Gatensby.349
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Figure B.4: Picture showing the selenium TMD furnace

K



APPENDIX B. TMD FURNACES

L



C Character tables

D6h E 2C6 . . . Linear rotations Quadratic
A1g 1 1 . . . x2+y2+z2

A2g 1 1 . . . Rz

E1g 2 1 . . . (Rx,Ry) (xy,yz)
E2g 2 -1 . . . (x2-y2,xy)
A1u 1 1 . . . z
A2u 1 1 . . .
E1u 2 1 . . . (x,y)
E2u 2 -1 . . .

Table C.1: Character table for the D6h symmetry group. This is the symmetry
group corresponding to bulk 2H MoS2.

D3h E 2C3 3C2 σh 2S3 σv Linear rotations Quadratic
A′

1 1 1 1 1 1 1 x2+y2+z2

A′
2 1 1 -1 1 1 -1 Rz

E′ 2 -1 0 2 -1 0 (x,y) (x2-y2,xy)
A′′

1 1 1 1 -1 -1 -1 z
A′′

2 1 1 -1 -1 -1 1
E′′ 2 -1 0 -2 1 0 (Rx,Ry) (xy,yz)

Table C.2: Character table for the D3h symmetry group. This is the symmetry
group for few odd layer 2H MoS2 and monolayer MoS2.

D3d E 2C3 3C2 i 2S3 σd Linear rotations Quadratic
A1g 1 1 1 1 1 1 x2+y2+z2

A2g 1 1 -1 1 1 -1 Rz

Eg 2 -1 0 2 -1 0 (x,y) (x2-y2,xy),
(xy,yz)

A1u 1 1 1 -1 -1 -1 z
A2u 1 1 -1 -1 -1 1
Eu 2 -1 0 -2 1 0 (Rx,Ry)

Table C.3: Character table for the D3h symmetry group. This is the symmetry
group for few even layer 2H MoS2.
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D PMMA thickness

Figure D.1: Graph showing the thickness of PMMA in anisole for different spin rates
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E Indirect Synthesis of TMDHeterostruc-
tures

As mentioned in section 3.6 TMDs can, when combined as heterostructures, of-
fer devices with atomically sharp, bond-free interfaces without the need for lattice
matching considerations.289 When combining semiconductors with complementary
carrier types, considering the potential to dope TMDs to adjust the carrier lev-
els, a wide range of possibilities for devices completely made from 2D materials
opens up. Examples of such devices are p-n junctions or FETs.130,292 In the pro-
duction of heterostructures the distinction can be made between direct and indirect
heterostructures. Indirect heterostructures are assembled manually, by combining
TMDs obtained in separate growth runs and therefore require the need of a trans-
fer step to stack the different materials, where in the direct synthesis the TMDs
are immediately formed as heterostructures. In this chapter indirect synthesis of
TMD heterostructures is described for various combinations of TMDs. The direct
synthesis of heterostructures will be discussed separately in chapter 8. Due to dis-
tinctive individual material properties these various heterostructures should result
in different material properties.

For the indirect synthesis of TMD heterostructures two separate CVD runs are
performed to obtain the required TMD flakes. The CVD process proceeded as de-
tailed in subsection 5.1.3. Growth of the TMDs was followed by a transfer step to
create the heterostructure. The process for the transfer step shares similarities with
mechanical exfoliation as described in subsection 4.1.1, though the target substrate
for the heterostructure transfer is the other TMD substrate. Indirect synthesis of
heterostructures leads exclusively to vertical heterostructures as there is no connect-
ing interface between the different TMDs in the lateral direction. The experimental
work described here contains guided project results generated by a fourth year un-
dergraduate student, Mr. Alan Baldwin.

Post CVD synthesis, to produce the heterostructures, the flakes of one TMD
were transferred on top of materials grown on a second target substrate. The TMD
material intended to be the top layer, was lifted off from the growth substrate and
transferred on top of the flakes of the other TMD sample to produce the heterostruc-
ture. The flakes were lifted off by the aid of a support layer, usually a polymer such as
poly-methyl methacrylate (PMMA) or poly-dimethylsiloxane (PDMS) on the sam-
ple and during lift-off the TMD flakes adhere to this support layer. This support
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Figure E.1: Overview transfer process with PMMA as polymer carrier. In blue and
yellow the different TMDs are shown which are transferred on top of each other
by first spin coating PMMA on a TMD intended to be used as the top material of
the hetrostructure. The PMMA/TMD stack is removed from the SiO2/Si growth
substrate by intercalation of Na+ and OH− ions after which the stack is transferred
to the target TMD layer, annealed and finally the PMMA layer is removed in acetone

layer with TMD flakes was then positioned on the other TMD sample and the flakes
thereby transferred to that sample. The final step was to remove the support layer
associated with the TMD overlayer.

Transfer methods can be broadly divided in two categories: wet transfer and dry
transfer. In the wet transfer method there is solvent present at target interface, this
contrasts with the dry transfer method, which is performed without such solvents.
The purpose of the solvent is to act as a lubricant, which reduces physical damage
during the transfer process. However, the use of a solvent can introduce contam-
inants to the surface and lead to pockets of trapped water beneath the TMD. In
contrast dry transfers are more likely to cause physical damage, such as rips and
tears, to the transferred film. In this work various transfer methods were tested for
the transfer of the flakes which yielded a variety of results and success rates. All the
methods bescribed here are wet transfers to minimise damage to the flakes.

One transfer method begins with spin coating a thin layer of PMMA, 50 µL of 2%
PMMA in anisole at 3000 rpm for 1 min, onto the substrate with the TMD sample
intended to be used as the top material of the hetrostructure. After spin coating
the PMMA is baked at 180 °C for 2 min. to remove the remaining solvent and to
relax the polymer. The thickness of the PMMA layer is ∼60 µm see Appendix D.
After the baking step the sample is placed in a 2 M NaOH solution. The Na+ ions
intercalate between the TMD flakes and the SiO2, thereby lifting the flakes off from
the substrate. This is schematically shown in Figure E.1. The PMMA layer with
the TMD flakes are then fished from the NaOH solution on a dummy substrate and
placed into a beaker of de-ionized water to rinse away the ions on the surface after
which the film is placed on the target substrate. The substrate is placed overnight
on the hotplate, 70 °C, to evaporate traces of water and to anneal the flakes to the
substrate, after which the PMMA is dissolved in acetone.

The advantage of this transfer method is the relative ease and speed of the
method. However, the freestanding thin PMMA layer can easily wrinkle in the
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solution and there is little control as to how the flakes can be positioned on the target
substrate. Therefore the formation of heterostructures is reliant of the statistical
alignment of the upper and lower component TMDs. This method is preferably used
when a high concentration of TMD flakes is present on both substrates and there
is a probability of overlap between the different TMD flakes. Another complicating
factor for this transfer method is the loss of TMD flakes, from the target substrate,
while immersed in water. While transferring flakes to the target substrate, the target
substrate is submerged in water for a short period which can lead to a degree of lift-
off of the TMD flakes from the target substrate. Reducing the time in water, during
this step decreases the amount of material lost from the surface due to it lifting of
from the surface. While there are drawbacks with this method successful results can
be achieved, as discussed further in this chapter.

Another method to transfer the flakes is to use a combination of a PMMA layer
and a PDMS stamp, Gel-Pak A4, as a carrier layer. The Gel-Pak is a thicker, less
flexible material compared to PMMA. After the lift-off of the flakes the polymer
stack can be simply picked up with tweezers and it gives the possibility to align
these flakes with the flakes on the target substrate by utilizing a micro-manipulator
stage. This stage design was based on the transfer stage described by Castellanos-
Gomez et al.34 After transfer the sample was annealed overnight on the hotplate after
which the Gel-Pak stamp was mechanically removed, followed by the dissolving of
the PMMA layer in acetone.

This method allows alignment of the different TMD flakes, resulting in a higher
probability of forming functioning heterostructures, in comparison with the PMMA
transfer method. However, it should be appreciated this transfer process adds steps
which can increase the likelihood of failure. Exact alignment of the flakes is not
trivial due to relative movement of the flakes which occurs during the transfer and
heating processes. The relative position of the individual flakes, or spacing between
them, can be altered on the target substrate due to the presence of air pockets. To
increase the chances of successful heterostructure formation, areas with high flake
densities were selected and aligned. The technique is important when using this
transfer method, to ensure success. The Gel-Pak stamp needs to be removed with a
careful rolling motion, failure to do so can result in damage to the surface. Despite
the difficulties and the associated risk of TMD damage, the use of the PDMS stamp
resulted in a greater yield of viable aligned hetrostructures. To further improve the
interaction between the different TMD flakes and to remove contaminants on the
surface, annealing of the samples under vacuum for 2 h at 120 °C was performed
after the transfer step.

E.1 WSe2+MoS2

Indirect synthesis of WSe2/MoS2 heterostructures by the placement of CVD grown
MoS2 on the CVD grown of WSe2 flakes results in vertically overlapping WSe2/MoS2
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heterostructures. CVD of MoS2 generally results in a high rate of nucleation spread
over the surface. Due to this high nucleation a large number of flakes is present on
the surface resulting in a statistically higher chance for the MoS2 flakes to overlap
with the target WSe2 flakes. The MoS2 flakes were transferred on top of the WSe2
flakes by the Gelpack/PMMA transfer method. This transfer mainly led to the
formation of vertical heterostructures as shown in the optical microscopy image in
Figure E.2(a). In this image a large monolayer flake is present while smaller flakes,
identifiable with the darker contrast, are scattered over the surface. Part of these
flakes are overlapping with the large flake, creating a vertical heterostructure, where
all WSe2 flakes are located on the SiO2.

The WSe2 and MoS2 Raman maps, shown in Figure E.2(b) and (c), indicate
that the large flake on the surface is WSe2, while the smaller flakes are MoS2 flakes.
The MoS2 is not very clearly identifiable in the MoS2 Raman map as the intensity of
the MoS2 peaks is low in comparison to that of WSe2, which is expected as tungsten
TMDs having a higher quantum yield than molybdenum TMDs. The intensity of the
WSe2 E1

2g/A1g peak is over 10x the intensity of the MoS2 E1
2g and A1g peaks, as is

plotted in the Raman spectra of individual WSe2 and WSe2+MoS2 heterostructure
in Figure E.2(d).

Figure E.2: Optical microscopy, Raman & PL data for direct WSe2/MoS2 het-
erostructure growth. (a) shows an optical microscopy image of a heterostructure
area. (b) the WSe2 E1

2g+A1g Raman map of the red area outlined in the optical
microscopy image, (c) the MoS2 A1g Raman map and (d) shows the Raman spectra
of the WSe2 area and the WSe2/MoS2 heterostructure area. In (e) and (f) the PL
data is shown. (e) shows the PL map for the MoS2 A1 exciton peak, where (f) shows
the PL spectrum for MoS2

For MoS2 in the heterostructure area the Raman peaks are located at ∼385.94
cm−1 and 405.53 cm−1 for respectively the E1

2g an A1g peaks. with a FWHM of
∼6.99 cm−1 and ∼7.60 cm−1. The WSe2 E1

2g+A1g peaks for the monolayer and the
heterostructure area are both located at ∼250.79 cm−1, with a FWHM of ∼3.58
cm−1 and ∼3.71 cm−1, where the 2LA(M) peaks are located at 259.57 cm−1 and
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260.82 cm−1, with the FWHM at 8.33 cm−1 8.44 cm−1. The broadening of the peak,
increase of the FWHM, for WSe2 at the heterostructure is due to the presence of
the MoS2 on the WSe2. The MoS2 peaks are quite broad, this is most likely due
to damage sustained during the transfer process, as physical damage can result in
in scattering of the Raman signal at defects and tears in the flakes, leading to the
appearance of polycrystalline MoS2 in the spectrum.

The PL map for the A1 exciton, see Figure E.2, clearly shows the MoS2 areas on
the surface, where the WSe2 spectra show a small decrease in intensity on the het-
erostructure areas. This decrease in intensity is expected as the quantum efficiency
decreases for thicker layers, though the intensity of the WSe2 PL signal decreases
exponentially when going from mono- to bilayer WSe2, where the decrease for the
heterostructure area is minimal.31,175 As the intensity of the A1 exciton peak only
decreases slightly it can be assumed that there is no strong interaction between the
MoS2 and the WSe2.

The lack of interaction between the layers is also visible in the Raman peaks
as there is no shift in the Raman peaks for both the MoS2 and WSe2 peaks in
comparison to the freestanding monolayer peak positions. A shift in the peaks
would indicate that there is a coupling of the TMD layers, which does not appear
to be the case here. When a strong interlayer coupling between the different TMD
layers is present this leads to a shift to higher wavenumbers.132,350

Coupling between the different TMD layers can be achieved by vacuum annealing
of the sample. Annealing can remove the contaminants and increase the interactions
between the layers. The Raman and PL spectra before and after annealing are shown
in Figure E.3(a). When comparing the Raman spectra of the heterostructure area
before and after annealing, with the peaks normalised on the WSe2 E1

2g+A1g peak,
a clear increase in intensity for both the MoS2 E1

2g peak and MoS2 A1g peak is visi-
ble. After annealing it also appears that the MoS2 E1

2g peak has red shifted, while
the A1g has slightly blue shifted, thus indicating that the annealing was successful
at increasing the interactions between the flakes, thereby creating a heterostruc-
ture. As the contaminants were removed, the flakes were able to become situated
closer together and resulted in the atoms being able to be displaced less from their
equilibrium positions.

The photoluminescence spectra for the MoS2 and WSe2 peaks are shown in
Figure E.3(b) and (c) respectively with the energies for the different transitions dis-
played in table 4.2. The intensities of each of the transitions decreased after the
annealing process. The WSe2 PL map, see Figure E.3(b) shows that the WSe2 PL
intensity is quenched, to 0.6x the intensity for the heterostructure area after anneal-
ing. This decrease in intensity is also visible for the MoS2 peaks after annealing, see
Figure E.3(c), though this decrease is much stronger, the PL signal for the MoS2 A1
exciton peak is quenched to half the intensity before annealing. The WSe2 peak also
shows a clear shift to higher energy. Before annealing the A1 exciton peak is located
at 1.59 eV, where is shifts to 1.60 eV after annealing with the FWHM decreasing
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from 0.07 eV to 0.06 eV, where the MoS2 A1 exciton peak is located at 1.87 eV
before and 1.86 eV after annealing, shifting to lower energies. The FWHM for the
MoS2 A1 peak decreases from 0.19 eV to 0.10 eV. The shift in the peak positions
indicates interaction between the layers.

Figure E.3: Raman and PL spectra of the heterostructure areas before and after
annealing. (a) shows the Raman spectra, the spectra are normalised on the WSe2
E1
2g+A1g peak, where (b) and (c) show the PL spectra for the WSe2 A1 exciton

peak in (b) and the MoS2 PL peaks in (c). The PL spectra are normalised for the
Si peak at ∼520 cm−1.

The decrease in PL for the heterostructure area can be attributed to the forma-
tion of a type-II band alignment between WSe2 and MoS2. Type-II band alignment
is when the top of the valence band of one of the materials is below the valence
band of the other material while the valence band, for the material with the lower
conduction band, is situated at an energy lower than the other materials valance
band, as discussed in subsection 3.6.1. For MoS2–WSe2 heterostructures MoS2 has
lower valence band and conduction band energies. Type II of alignment allows holes
present in the valence band of MoS2 to go to lower energy positions by transferring
to the WSe2 with the electrons in WSe2 being able to fill up the holes in the lower
energy positions in the MoS2.

The interlayer charge transfer creates an interlayer exciton as the two charges
will still be bound as a result of the extremely small distances between the two
layers. These are known to be highly stable excitons and resulting in a decreasing
chance of recombination, they manifest themselves as a reduction in the PL intensity.
The reductions here are around 0.5x the intensity before annealing. The reduction
is expected due to the reduced number of recombinations that can occur however,
the reduction of than the reductions of up to 2 orders reported in literature.351,352.
Which could be due to defects present in the individual CVD grown materials,
resulting in a lower initial PL signal. Still the reduction in the PL signal would
indicate that a heterostructure has been created.

The indirect synthesis of heterostructures leads to successful formation of vertical
TMD heterostructures, as shown in the results above. There is an interlayer coupling
between the different TMDs, especially after post-annealment of the samples. The
interlayer coupling indicates that a type II band alignment is formed between the
WSe2 and MoS2. In this work WSe2/MoS2 heterostructures are formed, though
also other TMD combinations can be made by this method. The indirect synthesis
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method for TMD heterostructures gives good control over the alignment of the
TMDs, though the method is time consuming and not suitable for up scaling. Hence
this method is mainly suitable for proof of concept purposes and will the following
chapter focus on direct synthesis of heterostructures, which is more scalable method.
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