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Abstract

The investigation of two-dimensional (2D) materials has attracted a great interest after
the discovery of the one-atom-thick material - graphene, in 2004. Due to its semimetallic
nature, graphene is not suitable for easy implementation in the semiconducting industry.
On the other hand, layered semiconducting materials, such as monolayer (1L) MoS,,
have been proven to be good candidates for fabrication of various devices. Its bandgap
is in the visible part of the electromagnetic spectrum, making it a good candidate for
various applications: photovoltaics, solar cells, transistors, etc. The biggest obstacle in the
industrialization of 2D materials is reproducible and cheap synthesis which would produce
high-quality, large-area samples with small defect concentration. High-quality samples can
be fabricated with the mechanical exfoliation technique, but its major drawbacks are that
it is not scalable nor reproducible. On the other hand, the chemical vapour deposition
(CVD) technique has all the desirable properties, but the optimization of the growth
parameters is time-consuming. Not all CVD-grown samples have the same quality, since
this is highly dependent on the growth parameters.

The focus of the first part of my Thesis is establishing the optimum growth parame-
ters which yield samples with desirable properties: high-quality, large lateral size MoS;
monocrystals with small defect concentration. Afterwards, the spatial distribution of
intrinsic defects in 1L MoS; was determined using various non-invasive microscopic tech-
niques. These results were correlated with the growth parameters and it was shown that
the growth temperature (Tg) has a major eledt on the defect concentration and type
in 1L MoS,. Even though all samples analysed in Chapter 4 have equilateral triangular
shape, their optical and electronic properties di[erl due to dilerent growth parameters.
The final part of my Thesis involves the utilisation of intrinsic defects in 1L MoS,. By
mixing di Lerent metallic precursors in the CVD growth process, it is possible to synthesise
either alloys or heterostructures. This route of defect-engineering can provide a material
with completely new properties, which are not typical for the host material. In Chap-
ter 5 preliminary all-optical analyses of monolayer Mo1 xWyS, and complex WS,/MoS;
heterostructure are presented.

Keywords: 2D materials, CVD synthesis, MoS, crystal quality, defect-engineering,
TMD alloys and heterostructures



ProsSireni sazetak

Istrazivanje dvodimenzionalnih (2D) materijala je dozivjelo procvat nakon izoliranja jed-
nog sloja grafita - grafena. Grafen je materijal debljine jednog atoma ugljika, koji ima
odli¢nu vodljivost te Cvrstocu. Buduci da je grafen polumetal, njegova primjena u poluvo-
dickoj industriji zahtijeva komplicirane i skupe tehnike modificiranja njegovog energijskog
procijepa. S druge strane, slojeviti poluvodic¢ki materijali, poput MoS,, su odli¢ni kandi-
dati za proizvodnju uredaja koji su se dosada temeljili na siliciju. Jednosloj (1L) MoS,
ima energijski procijep u vidljivom dijelu elektromagnetskog spektra, Sto ga Cini vrlo po-
godnim materijalom za proizdvodnju raznih uredaja: solarne Celije, tranzistore, diode itd.
Najveca prepreka u industrijalizaciji 2D materijala je nepostojanje procesa sinteze koji
Ce rezultirati s visokokvalitetnim, monokristalnim uzorcima velike povrsine i s niskom
koncentracijom defekata. Visokokvalitetni uzorci se mogu proizvesti metodom mehanicke
eksfolijacije, medutim, najveci nedostatci ove metode su nereproducibilnost i neskalabil-
nost. S druge strane, tehnika kemijske depozicije para (eng. chemical vapour deposition -
CVD) ima sva pozeljna svojstva te je uz to jeftina tehnika, ali je uspostavljanje idealnih
parametara rasta vremenski vrlo zahtjevno. Parametri rasta bitno utjeCu na svojstva i
kvalitetu materijala, kao i na koncentraciju te vrstu defekata. Uzorci naraStani pri ide-
alnim parametrima rasta imaju prostorno homogena opticka i elektronicka svojstva na
skali od 40 m, ali su ta svojstva i vremenski homogena, u smislu da se ne mijenjaju
znaCajno zbog utjecaja atmosferskih uvjeta.

Prvi dio moje doktorske disertacije odnosi se na uspostavljanje parametara rasta koji
rezultiraju uzorcima pozeljnih svojstava: visoko-kvalitetni, monokristalini¢ni uzorci ve-
like povrsine i niske koncentracije defekata. Nadalje, istrazivala sam prostornu raspodijelu
intrinzicnih defekata u 1L MoS; koristeCi neinvazivne mikroskopske tehnike. Rezultate
sam korelirala sa parametrima rasta te sam pokazala kako temperatura rasta (Tg) uvelike
utjeCe na koncentraciju i vrstu defekata u 1L MoS,. lako svi uzorci analizirani u Cetvr-
tom poglavlju imaju oblik jednakostrani¢nog trokuta, bez vidljivih granica zrna ili drugih
pukotina, njihova opticka i elektronicka svojstva se razlikuju upravo zbog toga Sto su na-
raStani na drugaCijim Tg. Zadnji dio moje disertacije odnosi se na iskoriStavanja defekata
u 1L MoS; u svrhu poboljSavanja postojecih svojstava ili uvodenja novih. KoriStenjem
mjeSavine razli¢itih metalnih prekursora moguce je sintetizirati legure ili heterostrukture
preciznim kontroliranjem Tg tijekom procesa CVD sinteze. U petom poglavlju predstav-



ljene su preliminarne analize optickih spektara jednoslojne Moy yWyS, legure i slozene
WS,/MoS;, heterostrukture.

Kljuc€ne rijeCi: 2D materijali, CVD sinteza, MoS; kristalinicnost, TMD legure i hete-
rostrukture
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Chapter 1
Introduction

Since the isolation of a single graphite sheet, known as graphene, two-dimensional (2D)
materials have received considerable attention [1]. Its extraordinary properties and easy
fabrication caused the incredibly fast growth of the 2D community in the last 20 years.
Because graphene is a semimetal, its incorporation in the semiconducting industry is
di cult since the opening of the bandgap requires high gate voltages and even then, the
energy of the bandgap is around 100 meV [2 4], which is not suitable for optoelectronics.
The rst 2D semiconductor was exfoliated in 2005 [5], and in 2011 the rst eld e ect
transistor based on a 2D semiconductor was fabricated [6], with improved performance
in comparison to the silicon transistors. Apart from graphene, there are many other 2D
materials, which can be divided into major three groups: 2D oxides, transition metal
dichalcogenides (TMDs) and graphene-like materials [7]. The main characteristic of 2D
materials is that the atoms have strong in-plane interactions, while the van der Waals
interactions are formed in the out-of-plane direction. Due to the weak van der Waals
interactions, many bulk crystals can be thinned to their monolayer (1L) form using Scotch
tape. This allowed the cheap fabrication of 2D materials and is one of the main reasons
for their popularity. One theoretical work identi ed over 1800 compounds that could be
easily or potentially exfoliated [8], making numerous possibilities for their application in
various elds.

2D materials can be synthesised using many techniques [9, 10], which can be catego-
rized in two groups: top-down and bottom-up. The most common top-down techniques
are mechanical exfoliation and exfoliation from the liquid phase, while the bottom-up
techniques involve chemical vapour deposition (CVD), molecular beam epitaxy (MBE)
and atomic layer deposition (ALD). Samples fabricated with the mechanical exfoliation
technique tend to have a lower defect concentration than those synthesised with the CVD
technique. But, on the other hand, mechanical exfoliation is not scalable, controllable nor
reproducible, which makes it impossible to implement in the industry for device applica-
tions. The CVD technique is cheap, reproducible, scalable and controllable, but setting
up the optimum parameters is time-consuming. In comparison to MBE and ALD, the



CVD technique does not require ultra-high vacuum conditions and can yield high-quality
samples while working at atmospheric pressure. The CVD technique is also versatile
when it comes to the substrate choice. The Si/Si©substrate is the most common one,
but once the recipe for a speci c material has been ensured, other types of substrates
can also be employed with the same synthesis recipe. Due to its simplicity, low cost,
controllability, reproducibility and diversity of substrate choices, the CVD technique was
determined to be suitable for the synthesis of all the samples analyzed in this Thesis.
Detailed description of the CVD technique is given in Chapter 2.

Due to their high surface-to-volume ratio, 2D materials are highly susceptible to de-
fects. Most common type of intrinsic defects are point defects, namely vacancies [11].
Other than point defects, the edges of monocrystalline samples represent the largest line
defects. In polycrstalline samples, there are also grain boundaries, and if the sample is
transferred to a rough substrate, ripples and nanopores can occur [11]. These e ects have
been extensively studied using atomically resolved techniques, which allow the quanti ca-
tion of defects in a sample. It was shown that the edges have a higher defect concentration
than the interior [12 14]. Although scanning probe techniques allow the identi cation of
defects with atomic precision, they usually cannot scan large enough areas for comprehen-
sive device characterisation. Recently, Ki2 et al. reported on a rapid and non-destructive
electrical technique suitable for defect characterization in regular device architecture [15].
Understanding the in uence of intrinsic point defects on electronic and optical properties
in 2D materials is crucial for further development and optimization. Apart from these
intrinsic defects, much attention has been turned to the defect-engineering. In this ap-
proach, research is oriented towards intentionally introducing defects in the material in
order to change its properties. For 2D materials, such approach involves plasma treatment
[16, 17], ion-beam bombardment[18], etching [19, 20], molecule surface functionalisation
[21, 22], etc. Even though a certain number of defects are inevitably present in a material,
optimization of the synthesis process may lead to a reduction in defect concentration, as
will be discussed in Chapter 4.

1.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) have a general formula MxXand their 1L form
has three atomic layers: the plane of transition metal (M) atoms is sandwiched between
two planes of chalcogen atoms (X). Their properties vary from topological insulators to
superconductors, depending on the combination of the metal and chalcogen atoms and
the crystalline phase [23]. This broad property range makes TMDs very attractive to the
scienti ¢ and industrial communities due to many application possibilities.

Molybdenum disul de (Mo0Sy) is one of the most investigated 2D materials [24]. This
semiconductor is known in its bulk form as an e cient lubricant, but since its optical



bandgap is indirect, its application in optoelectronic devices is quite dicult, due to
losses caused by phonon-assisted non-radiative recombinations. When thinned to the 1L
form, the electronic structure of Mo$ changes, the main one being the indirect-to-direct
bandgap transition [25] even at room temperature. This property causes the increase of
the radiative recombination probability in the 1L Mo$, making it a promising candi-
date for e cient photovoltaic devices. Due to its reduced dimensionality and decreased
Coulomb screening, many optical systems and processes can be investigated in 2D,MoS
at room temperature. Some of these processes and systems will be explained in the next
sections.

Figure 1.1: Mo$ crystal structure: Octahedral (1T), trigonal prismatic (2H) and rhombohedral
(3R) unit cell structures. Taken from [26].

The MoS, has a honeycomb crystal lattice, as shown in Figure 1.1. The molybdenum
atom has six neighbouring sulphur atoms, and they are covalently bonded. Multilayer
MoS, comes in two stable polytype structures: 2H and 3R. If the top layer is directly
above the bottom one, then Mog has a trigonal prismatic 2H semiconducting structure
with D 3, symmetric group. In the 3R polytype, the three Mo$% layers make a rhombo-
hedral phase. Also, the 1L Moghas a metastable metal phase, which is called 1T-MgpS
[10]. The main distinction between the 2H and 3R polytype is that the 2H polytype is cen-
trosymmetric only for even numbers of layers, while the 3R polytype does not have centre
of inversion. The breaking of this symmetry is crucial for the observation of non-linear
optical phenomena, such as second-harmonic generation (SHG) [27]. This technique al-
lows for non-destructive investigation of grain boundaries and crystallographic orientation
[28].

Bulk 2H-MoS; in its unit cell has 6 atoms, which yields 18 vibrational modes: 3
acoustic and 15 optical phonons. Lattice vibrations in bulk MoSare given with the
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following irreducible representation of [g, point group: G= Ayg+ 2Ax;+ Byy+ 2Byg +
Eig+ 2E1u+ Eou+ 2Exg [29], where A and B represent the out-of-plane atomic vibrations
and E represents in-plane atomic vibrations [30]. On&y, and oneE;, mode are acoustic,
Aqqg, E1g and Epg are Raman active, while the seconé,, and Eyy are infrared active modes.
Lastly, Byg, B1y and Epy are optically inactive modes. Every E mode is actually doubly
degenerate in the xy-plane [31]. Apart from the high-frequency modes, which characterize
the vibration of atoms in a material (intralayer modes), in the multilayer Mo$ there are
also collective layer vibrations (interlayer modes), which have low frequencies typically
below 100 cm? [32]. Low-frequency Raman modes are divided into two groups: shear
and layer-breathing modes. The frequencies, spectral widths, intensities and lineshapes of
all modes depend on the crystal quality and number of layers in a material. Low-frequency
Raman modes can also be used for determining the stacking of multilayer materials [33].

Figure 1.2: Electronic band structure of bulk, 2L and 1L MoS,. The black arrows denote the
lowest energy transitions. The red curve represents conductive band minimum, while the blue
curve represents valence band maximum. Taken and adapted from [34].

Due to its honeycomb lattice, 1L-Mo$ has conduction band minima and valence
band maxima in the corners of the rst Brillouin zone. In general, these corners, or
K and K' valleys, are related with the time reversal operator and have the opposite z-
component of the angular momentum (&) [10]. The electronic structures of 1L, 2L and
bulk MoS; are shown in Figure 1.2. In the bulk Mo$ the lowest energy transition is
indirect, while in the 1L MoS, the bandgap becomes direct, which is the main reason for
the substantial increase in photoluminescence (PL) emission intensity. Another change is
that the bandgap decreases (redshifts) with the increasing number of layers.

Giant valence band spin-orbit splitting at K and K' valleys, shown in Figure 1.3, exists
because the electrons in the heavy metallic atom have a large spin-orbit coupling (SOC)
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Figure 1.3: Spin-orbit coupling at K and K' points of the Brillouin zone for the MoS,. Black
(blue) lines denote the spin-up (spin-down) states.DEB and DLE are the conduction- and valence-
band spin splittings. Red and green arrows denote the optically bright A and B transitions,
respectively. Taken from [35].

to the nucleus. The magnitude of the spin-orbit splitting depends on the mass of the
metallic atom, and it is greater as the metallic atom is heavier: for MgSt's around 150
meV, while for WS is 450 meV [10]. The splitting of the conductive band minima is much
smaller and usually neglected in the rst-order approximations.

Opposite Ly in K and K' causes opposite spin splitting, which then in turn creates a
new degree of freedom called spin-valley locking [10]. This phenomenon allows selective
population of valleys, called circular dichroism: with a right (left) circularly polarized
light, only transition at K (K") is allowed [36 39].

In semiconductors, free electrons in the conductive band are coupled with free holes
in the valence band. These Coulomb-bound pairs are called excitons [40]. In the case of
2D materials, due to their reduced dimensionality and reduced dielectric screening, the
Coulomb interactions are enhanced, which yield increased exciton binding energies in the
range of several hundreds of meV at room temperature [41 45]. The binding energy of
an exciton is calculated as a di erence between the bandgap energy, which is calculated
with a certain theoretical model, and the optical bandgap energy, which is usually derived
from the PL spectra peak position [46, 47]. Because of the mentioned SOC, there are two
optically bright transitions in MoS, called A and B excitons, see Figure 1.3.

Apart from these simple quasiparticle systems, there are a plethora of other excitonic
species in 2D TMDs [48]. If the exciton binds to another free carrier (electron or a hole),
a trion is formed, with a binding energy 10 meV. If there is a large concentration of
excitons in a material, two excitons can create a bound state called a biexciton with even
smaller binding energy, as shown in Figure 1.4.
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Figure 1.4: a) Free electron-hole pairs created in a semiconductor upon absorption of a photon
with energy ~w. b) Excitons form due to the strong Coulomb attraction between an electron
and a hole. c) Trion is created when additional electron (or a hole) and an exciton form a
dipole-dipole interaction. d) A biexciton is formed due to the dipole-dipole interactions between
two excitons. Taken from [48].

The electronic structure, and hence the optical properties, of M@®an be changed by
various means. Bandgap engineering has opened up many new research paths and shown
the versatility of 2D materials. Electrical doping of Mo$ causes the prominent redshift
and broadening of theA;g Raman mode, while theEyy mode remains the same [49]. It
was shown that uniaxial strain in Mo$ leads to a bandgap redshift and a decreased PL
intensity indicates a direct-to-indirect bandgap transition [11]. Also, with the decrease in
temperature, the bandgap of Mo% blueshifts and also, below 100 K, additional emission
line emerges, which is attributed to the so-called bound excitons. In this case, the excitons
are bound to a lattice defect [50, 51]. This phenomenon will be discussed in Chapter 4. In
multilayer materials, the angle between neighbouring layers, or twist angle, dramatically
changes the electronic structure. It was shown that if the angle between two graphene
layers is 1.1, the material becomes a superconductor [52].

1.2 Transition metal dichalcogenide alloys and het-
erostructures

The sample's properties are most easily modi ed by introducing foreign atoms into its
crystal lattice. Choosing suitable dopants is crucial for obtaining optimum results. For
example, the radii of the host atom and the dopant must be similar in order to have
good miscibility. That is why the best dopants are the elements in close proximity to the



transition metal or chalcogen element. In this way, the least amount of strain is introduced
to the crystal lattice and the alloy will most likely have the same crystal structure as the
original material. Doping MoS with tungsten atoms leads to the blueshift of PL signal
[53], while doping with Se atoms leads to the PL redshift [54], meaning that the M@S
bandgap can be tuned from 1.8 eV to 2.0 eV. The optical properties of monolayer CVD-
grown Moy \WxS, sample are analysed in Chapter 5. These extrinsic defects also modify
electronic, optical and magnetic properties [11]. It was shown that doping intrinsically
semiconducting TMDs with elements such as Fe, Co or Mn introduces room-temperature
ferromagnetism [55 57].

Since TMDs have no dangling bonds, and the interlayer interactions are rather weak,
novel materials called heterostructures (HS) can easily be fabricated just by vertical stack-
ing one layer on top of the other, like stacking Lego blocks [58]. Van der Waals HS can be
utilized for a broad range of applications: photodetectors [59], light-emitting diodes [60],
photovoltaics [61], etc.

Figure 1.5: Band-alignment for MoX,/WX » bilayer. Shown are conductive band minimum
(CBM) and valence band maximum (VBM) levels of each material. Also, the direction of the
electron (e ) and hole (h*) transfers at the interface are marked. The IT and IL represent
intralayer and interlayer exciton, respectively. Taken and adapted from [62].

Heterostructures made from TMDs, such as MaSand WS, form the type-Il het-
erojunction: valence band maximum is located in one material and the conduction band
minimum in another (Figure 1.5). This means that the excitons live at the interface be-
tween two layers, and because of that, they are called interlayer excitons (ILE). Vertical
HS (v-HS) can be fabricated with all of the mentioned techniques, although the easiest
one is the mechanical exfoliation. With this technique, it is also possible to control the
twist angle, which tunes electronic and optical properties of the heterostructure, just like
in homobilayers. In the case of arti cially stacked v-HS, the ILE can only occur if the
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interaction between layers is strong enough [63]. CVD-grown v-HS are somewhat dif-
cult to produce, since the synthesis process requires signi cant tuning of the growth
parameters, which will be discussed in Chapters 2 and 5. The main drawback of the
CVD-grown v-HS is that the twist angle cannot be tuned, but the ILE is usually present

in the CVD-grown v-HS. Materials can also be stacked horizontally, making the lateral
HS (I-HS). L-HS made from semiconducting TMDs create p-n junctions with atomically
sharp interface, which minimizes losses [64]. These types of heterostructures can only be
produced with CVD and MBE techniques [65 67].

1.3 Potential applications and challenges

Figure 1.6 shows predictions for possible applications of 2D materials. Besides of the
production of "classical" optoelectronic and photovoltaic devices, single photon emitters
and quantum technologies based on 2D materials recently have become quite attractive
eld of research [68 70]. Silicon-based devices are already reaching the limits predicted by
the Moore law [71] and losses due to heating and short-channel losses [72] are becoming a
insurmountable obstacle. Semiconducting 2D materials, due to their reduced dimension-
ality and reduced dielectric screening, are suitable and natural replacement for the 3D
silicon counterparts. Regarding their transport properties, good carrier transport is pre-
served even with the sub-nanometre material's thickness. Apart from the development of
the transistors, 2D materials can also be building blocks for sensors [73], memory devices
[74], photonics [75], etc.

Figure 1.6: Possible applications of 2D materials. Taken from [72].

The biggest obstacle in the industrialization of 2D materials is reproducible and cheap
synthesis which would produce high-quality and large-area samples [9]. As already men-
tioned, mechanical exfoliation technique is not adequate, even though large-scale samples



with low defect concentration can be fabricated. On the other hand, the CVD-grown
large-scale samples often are polycrystalline with many grain boundaries and/or cracks
which hinder optical and electronic properties.

Although the subject of controllable and scalable CVD growth of MoSand other
TMDs has been widely explored in the literature [14, 76 83], detailed study of as-grown
MoS, samples that correlates the growth parameters with the spatial distribution of in-
trinsic defects has not been done.

In this Thesis, | explore the in uence of intrinsic defects on the optical and electronic
properties of MoS monolayers. In order to have high-quality monocrystals, the CVD
growth parameters rst needed to be optimized. In Chapter 3, | show how the growth
parameters in uence samples' morphologies and optical properties. After establishing the
optimum growth parameters, the spatial distribution of intrinsic defects in 1L Mo% was
determined using various non-invasive microscopic techniques (Chapter 4). Understanding
how intrinsic defects modulate properties in Mogis important for defect utilisation via
doping, alloying, or the synthesis of heterostructures (Chapter 5). The main results that
are presented in this Thesis have been published in two papers:

1. Senki¢, A., Bajo, J., Supina, A., Radatovi¢, B., Vujifi¢, N.,E ects of CVD
growth parameters on global and local optical properties of MofonolayersMa-
terials Chemistry and Physics296 127185 (2023),

2. Senki¢, A., Supina, A., Akturk, M., Gadermaier, C., Maiuri, M., Cerullo, G.,
VUji£i¢, N., Microscopic investigation of intrinsic defects in CVD grown MoS
monolayers Nanotechnology34 475705 (2023).



Chapter 2
Experimental techniques

In this Chapter, experimental techniques used in this Thesis are presented. In Section
2.1, detailed description of synthesis processes for monolayer Me8mples, M@ yWxS,
alloys and heterostructures is provided. Following Sections present the scanning probe
techniques used for investigation of topography and electronic properties (Section 2.2) and
the optical techniques used for investigation of steady-state and ultrafast time-resolved
optical properties (Section 2.3).

2.1 Chemical vapour deposition

CVD is commonly used technique for synthesising large-scale monocrystalline samples.
As mentioned in Chapter 1, it is relatively cheap, simple, reproducible and scalable,
which makes it superior to other fabricating techniques, such as mechanical exfoliation,
exfoliation from liquid phase, ALD and MBE. In the CVD technique, the evaporated
precursors are deposited on a suitable substrate in the atmosphere of an inert gas. Many
factors need to be considered before the synthesis process: the choice of precursors, the
growth promoters, inert gas and growth parameters are the most important ones.

For TMDs, the most commonly used precursors for metallic elements are the oxide
powders, such as Mog) WO3 [84 87], even though complex metal-organic precursors have
also been noted in the literature [88, 89]. Here, | have used the liquid metallic precursors,
obtained from molybdenum or tungsten salts dissolved in deionised (DI) water. In such
way, the metallic precursor is placed directly on the substrate, eliminating one crucial
synthesis parameter: distance between the substrate and precursors, which substantially
in uences the growth density and sample's morphology [90]. Also the evaporation tem-
perature of liquid precursors is lower than the one for oxide powders, making the synthesis
simpler, since temperatures above 900 can be avoided. It is known from the literature
[84, 86] that alkali metals promote the TMD growth, so a choice of the growth promoter
Is also of great importance. For Mogsynthesis, | have used the molybdenum salt with
sodium, while for alloys and W$ synthesis a NaOH DI water solution was used.

10



The purpose of the inert gas is twofold: one is the transfer of precursor vapour onto the
substrate and the other is creating a stable and contamination-free atmosphere in which
the chemical reactions occur. High-purity argon gas>(99.9999 %) was used for synthesis
of all the samples presented in this Thesis. Other than the inert gases, hydrogen gas can
also be used during certain phases of synthesis. Hydrogen etches samples, creating more
defects in the islands, but also it has been used in order to synthesise heterostructures
[91 93].

The most challenging part in the CVD technique is nding the set of optimum growth
parameters. This set of growth parameters yield samples with desired properties: large,
isolated monocrystals, which do not deteriorate due to long atmospheric exposure. Some
of the most important growth parameters are: precursor concentration (or mass ratio in
case of oxide powders), inert gas ow rate, pressure inside the furnace, growth tempera-
ture, sulphur evaporation temperature, duration of synthesis and type of substrate. The
parameters are not independent: for example, high precursor concentration would also
require high degree of sulphurisation, i.e., high sulphur evaporation temperature, in order
to achieve 1L growth. The in uence of the growth parameters on the MeSnorphology
and optical properties is presented in the Chapter 3.

The schematics of the CVD-setup used for all the samples in this Thesis is shown in
Figure 2.1. Through the commercial CVD furnace, a smaller quartz tubed~(= 17 mm)
was inserted. The additional home-made heater was placed5 cm from the right edge of
the CVD furnace, or upstream, in order to have better control of the sulfur evaporation
temperature. Before the synthesis, the Si/Si@substrate was cleaned with argon gas in
order to remove dust particles. Afterwards, the silicon part was heated with propane gas
to minimize organic impurities.

Di erent metal precursors and growth procedures were used in order to synthesise
Mo$; islands, Mo x\WxS, alloys and heterostructures.

Figure 2.1: Schematic illustration of the CVD growth method based on solution-based metal
precursors. Taken and adapted from [94].
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MoS , growth procedure

As a molybdenum (Mo) precursor, the mixture of two DI water solutions in equal parts
were used: ammonium heptamolybdate ((NfjsMo07024 - AHM) and sodium-molybdate
(Naz2Mo0y), both having 15.4 ppm concentration.

Preliminary work done in [94] showed that the mixture of these two solutions in the
equal volume parts gives the best crystal morphology and good optical response. When
using only the AHM solution, the Mo$ islands were small and irregular and the PL
spectra were good. The density of crystal growth was moderate and uniform throughout
the substrate. In the case of sodium-molybdate solution, the islands were dendritic and
their PL spectra were poor. The crystal growth density was high, so there were many
clustered islands as well. This result also indicated that sodium serves as a good catalyst
for the MoS, growth [95]. The proposed chemical reaction for obtaining the MaQOIm
from two DI water-based salt solutions is: (NH)gM07024 H20 + Na,MoO4! 8MoO3
+ 8H20 + 2NaOH + 6NH 3.

A 10 L droplet of this mixture was dropcasted on the previously cleaned Si/SO
substrate and then placed on a hot plate at 12€ until the droplet had dried. The
substrate is than placed in the CVD furnace at 65@ for 30 min in argon atmosphere
(Figure 2.2) with maximum argon ow rate (z = 200 sccnt). After this, the argon ow
rate was stopped and the furnace temperature was raised to the growth temperature
(Tg). The sulphur heater was also turned on and set to the desired sulphur evaporation
temperature (Ts). When both temperatures reached their target values, the argon ow
was set to the desired value, between 50 and 100 sccm, and the synthesis process begins.
After 10 min both heaters were switched o, the furnace was cooled to 65D and the
sample was immediately removed from the heater zone and kept on the left edge of the
furnace until it reached 200 C, under maximum argon ow rate. After that, it was
completely removed from the quartz tube.

Figure 2.2: Temperature and argon- ow pro les during the synthesis process of Mo&

Lstandard cubic centimetres per minute
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Mo 1 W xS»> growth procedure

As a tungsten source, the tungstic acid, pWO4, (99%, Sigma-Aldrich) was rst dissolved

in ammonia, then this solution was diluted to 75 ppm in DI water. As a growth pro-
moter, 5 ppm of NaOH (dissolved in DI water) was used. Resulting W-precursor solution
was a mixture of equal volumes of these two mixtures. For the Mo-precursor, the same
mixture used in MoS growth was used in this recipe, the only di erence being that the
concentration was 200 ppm, instead of 15.4 ppm.

Figure 2.3: a) Position of the substrates in the substrate boat for the Mq WS, growth. b)
Temperature and argon- ow pro les during the synthesis process of Ma WS, alloy.

For the alloy synthesis, three previously cleaned substrates were simultaneously placed
in the substrate boat, with con guration shown on the Figure 2.3 a). A droplet of 10 L
W-precursor was dropcasted on the rst and second substrate, while on the third one a
mixture of 5 L Mo- and 5 L W-precursors was used. The droplets were dried on a hot
plate at 130 C. The substrates are then placed in the CVD furnace at 50C for 10 min
in argon atmosphere (Figure 2.3 b) with maximum argon ow rate £ = 200 sccm). After
this, the argon ow rate was reduced to 100 sccm and the furnace temperature was raised
to the Tg = 850 C. When the furnace temperature reached 78G, the sulphur heater
was switched on and the sulphur temperature was set to 140D. When both temperatures
reached their target values (T = 850 C, Ts= 140 C), the argon ow was set to 75 sccm,
and the synthesis process begins. After 5 min both heaters were switched o, the argon
ow rate reduced to 50 sccm, while the samples were kept in the furnace, for2 minutes.
The quartz tube was cooled using compressed air until the samples' temperatures reached
500 C. After that, the samples were kept on the left side of the furnace until they cooled
down to 200 C. Then they were completely removed from the quartz tube.

Optical analysis of PL and Raman spectra on islands from the two substrates with only
W-precursor, showed that they are 1L Mg yWxS; alloys. Detailed PL and Raman spectra
of one island is presented in Section 5.1. These substrates originally had only W-precursor
and the Mo-precursors originate from the third substrate in the boat (Figure 2.3 a). At
high tempertures, the Mo-precursors evaporated and incorporated in the Wéattice. It
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was shown in the literature [90, 96] that one substrate can be used only as a source of
metallic precursor, while the others substrates are referred to as growth substrates. During
the development of have also used a sodium tungstate dihydrate salt (NdO 4 H2O) with

less than 5 ppm molybdenum impurities. Even though the used synthesis process was in
favour of the WS, growth, only MoS, samples were synthesised, which was con rmed with
PL and Raman spectra. These results show that small concentration of molybdenum is
enough for Mo$ synthesis. Further investigation of synthesis parameters for alloys and
heterostructures needs to be conducted in order to fully explore the synthesis phase space.

Heterostructure growth procedure

Sodium-molybdate (40 ppm) was used as a Mo-precursor, while 200 ppm of previously
mentioned W-precursor (HWO,4) was used as a tungsten source. The 1@ of each
solution was directly deposited on the previously cleaned substrate and then the substrate
was placed on the hot plate at 13QC, until the droplet had dried. The substrate was
introduced in the CVD furnace and heated to the growth temperature § = 850 C under
argon atmospherez = 100 sccm (Figure 2.4). When the substrate reached temperature
of 700 C, the sulphur heater was set to 14(@ so the both temperatures reach their target
values at the same moment. During the synthesis, the argon ow rate was set to 75 sccm.
After 6 min, the growth temperature was lowered to 78@C, the sulphur heater was kept
at 140 C, while the argon ow rate was increased to 100 sccm. Second growth stage was
2 minutes long, during which the W$ was synthesised. Afterwards, the substrate was
held outside the heater zone 10 min until it reached temperature of 150C.

Figure 2.4: Temperature and argon- ow pro les during the synthesis process of TMD het-
erostructure.

14



2.2 Structural investigation techniques

In order to determine the crystal quality, multiple scanning techniques were used. The
atomic force microscope (AFM) was used to investigate sample's topography, height and
roughness. With the same instrument, the MoSwork function was determined using
the Kelvin Probe Force Microscope (KPFM) module. The scanning electron microscope
(SEM) was also used to determine the sample's topography for high-resolution images.

2.2.1 Atomic Force Microscope and Kelvin Probe Force Micro-
scope

AFM is non-invasive, high-resolution type of scanning probe microscope technique, which
allows investigation of topography, work function (in the KPFM mode), conductivity and
Young's modulus of a given material.

Figure 2.5: lllustration of the AFM probe. Taken from [97].

The main part of the instrument is a oscillating cantilever, which on the free end has
a very sharp tip, as shown in Figure 2.5. During the scanning, the AFM tip is several nm
away from the sample's surface. The photodiode detects the changes in the cantilever's
positions during its oscillations, using a laser beam re ected from the cantilever, while the
feedback loop transforms that change in the information about the sample's topography.
The sample position can be precisely controlled via the piezoelectric xy-stage. There are
two basic AFM modes of operation: the AC mode and the contact mode. In the contact
mode the AFM tip is always in the contact with the sample, while in the AC mode the
AFM tip is maintained at a constant distance above the sample's surface. This constant
distance is maintained either by the amplitude modulation (AM) or by the frequency
modulation (FM) of the cantilever's oscillation. In the case of AM mode, the changes
in the amplitudes are the signal for the feedback loop and surface of the sample can be
imaged, because the amplitude modulation is directly related to the force between the
sample's surface and the AFM tip. In the case of FM mode, the oscillation's frequency
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is modulated and it is connected to the force gradient between the sample's surface and
the AFM tip. This mode of operation has a higher spatial resolution than the AM mode
[98].

Atomic force microscope images of M@Swvere taken with a JPK Nanowizard Ultra
Speed AFM under ambient conditions. Non-contact AC mode was used for the acquisition
with a set point of around 70%. NCHPt tips from Nanoworld with a nominal spring
constant of 42 N/m were used. Images were processed with JPK Data Processing software.

Figure 2.6: Energy levels of the sample's surface and the AFM tip for three regimes: a) sample's
surface and the AFM tip are not in electrical contact, b) sample's surface and the AFM tip are in
the electrical contact, c) bias voltage Vpc is applied in order to null the contact point di erence
(Vcpp) and the force between the sample's surface and the AFM tip. Eis the vacuum energy,
E¢s and Ey; are the Fermi energies of the sample's surface and the AFM tip, respectively. Taken
from [98].

For the KPFM measurements, the same AFM tips were used. When using this mode,
both topography images and samples' surface potential are simultaneously obtained when
the AFM tip moves above the sample. In Figure 2.6 energy levels of the sample and the
AFM are shown in three dierent regimes. When the AFM tip is far away from the
sample's surface (i.e. not in electrical contact), then their vacuum levels (Eare levelled,
but their Fermi energies (&) are di erent (Figure 2.6 a). As the AFM tip and the sample's
surface come in the electrical contact (Figure 2.6 b), their Fermi energies are equal, but
their vacuum energies are di erent by \.pp. The di erence in the vacuum energies is
called contact point di erence. The levelling of the Fermi energies enables the ow of
electrons from the sample's surface to the AFM tip. External bias voltagépc is applied
in order to null the V¢cpp (Figure 2.6 c). This bias voltage is equal to the di erence of the
work functions of the AFM tip (F;) and the sample's surfaceKs). The work function of
the material can then be calculated using following equation [98]:

Fs= e Vcppt Fi: (2.1)
The calibration of the instrument for KPFM measurements was done using a freshly
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cleaved highly ordered pyrolytic graphite (HOPG) sample, for which the work function is
well de ned: Fyopc = 4.6 eV [99]. The work function of the AFM tip was determined
to be equal toF{ = 4.87 eV.

2.2.2 Scanning Electron Microscope

Scanning electron microscopy (SEM) is a high-resolution scanning technique for deter-
mining the quality and chemical compound of the sample. Figure 2.7 shows a schematic
of the SEM and its components. The electron beam is generated by the electron source
and accelerated by the anode. The voltage applied to the anode determines the scanning
resolution, but one must be careful not to damage the sample. A set of magnetic lenses is
used for focusing and improving spatial resolution, while the scanning coils are used for
steering the electron beam over the sample's surface. There are many physical processes
which happen during the interaction between the electron beam and the sample [100].
These processes generate electrons and photons which are collected in order to determine
sample's quality, chemical composition and topography.

Figure 2.7: lllustration of the SEM components. Taken from [101].

For the research presented in this Thesis, Tescan VEGA3 SEM with a tungsten cathode
was used for observation of MoS Imaging was performed at a working distance of 10
mm and with 5 kV accelerating voltage in resolution mode, while the image acquisition
was done with a secondary electron (SE) detector.
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2.3 Optical techniques

Photoluminescence (PL) is a process in which a photon is emitted from a material after
it absorbs light from an external source. In the case of semiconductors, the electrons in
the valence band absorb high-energy photons and are excited to the conduction band.
The electrons are cooled down to the bottom of the conduction band via electron-phonon
scatterings. Once they are at the bottom of the conduction band, they bind to the holes in
the top of valence band and form excitons. During the recombination of bright excitons,
light emitted from the material is detected using CCD camera (Figure 2.8 a).

Figure 2.8: a) lllustration of di erent types of excitons in 1L TMDs. b) lllustration of excitons
in a heterostructure. Taken from [102].

Described process is common in materials with a direct bandgap, when the conductive
band minimum (CBM) and valence band maximum (VBM) are located in the same point
of the Brillouin zone. In the case of indirect bandgap, the exciton recombination is phonon-
assisted and its e ciency is smaller. Apart from the bright excitons, di erent types of
dark excitons exist, namely spin-forbidden and momentum forbidden. In molybdenum
based TMDs, the spin-allowed bright excitons have the lowest energy, but for tungsten
based TMDs, this is not the case, as shown in Figure 2.8 a). This type of dark excitons can
be investigated in low-temperature magneto-optic measurements [102]. The momentum
dark-excitons involve exciton-phonon interactions and these states can be made bright by
introduction of strain or with probing intra-excitonic 1s-2p transition [102].

As mentioned in Chapter 1, defects in material create localized in-gap states. Electrons
and holes can be trapped in these states and their properties are presented in Chapter
4. Because these states are close to the CBM or VBM, they are thermalised and cannot
be distinguished at room temperature. Low-temperature PL measurements are needed in
order to directly investigate these localized states.

In Figure 2.8 b) the interlayer excitons are illustrated. As mentioned in Chapter 1,
type-1l band alignment in a TMD heterostructure has CBM in one material and VBM in
the other. After the photoexcitation, electrons or holes can tunnel to the lowest energy
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level, and thus are located in di erent materials forming an interlayer exciton (ILE). This
type of excitons can also be observed at the room temperature, due to its relatively large
binding energy ( 100 meV).

Photoexcitation of a semiconductor changes the occupation of electronic levels and
populations of photoexcited free charges and related quasiparticles, such as excitons, tri-
ons, and biexcitons, in uencing the optical properties of materials. Photoluminescence
is a widely used technique for studying the electronic and optical properties of semicon-
ducting materials and quantum dots and it provides information about the material's
steady-state properties upon the absorption of light. On the other hand, ultrafast optical
spectroscopy gives insights into the dynamics of the excited state upon photoexcitation,
including relaxation times, energy transfer processes, and other transient phenomena.
Due to its time resolution in tens of femtoseconds to picoseconds, it is an ideal technique
for capturing ultrafast processes and disentangling all of the multiple scattering processes
occurring after photoexcitation.

Ultrafast transient absorption experiments require two temporally and spatially over-
lapped pulsed lasers: pump and probe. With the pump pulse, the electrons in the material
are excited to a high-energy level and with the probe pulse, which arrives on the sample
after a certain time delay, the relaxation processes are investigated. Pump pulse usually
has narrow energy distribution, while the probe pulse is a broad white-light continuum,
so the changes in the material's optical response can be investigated. Depending on the
time-scales of the process one wants to investigate, di erent laser pulse durations are
utilised. For relaxation and recombination processes in TMDs, femtosecond lasers are
employed.

2.3.1 Optical measurements

All PL and Raman measurements presented in this Thesis have been done at the Institute
of Physics, Zagreb on two setups. The ultrafast transient absorption measurements have
been done at the Physics Department in Politecnico di Milano during an ERASMUS+
internship. The optical micrographs (OM) were taken with a commercial optical micro-
scope Leica DM2700 M, Leica Microsystems, Wetzlar, Germany. Setup schematics and
descriptions are presented in the following sections.

Home-made PL and Raman confocal microscope

Home-made PL and Raman confocal microscope in backscattered coniguration, shown in
Figure 2.9 was used for the investigation of optical properties of CVD-grown Mgsamples.

It is equipped with 532 nm (2.33 eV) and 488 nm (2.54 eV) single-mode laser sources, a
white-light source for the optical microscopy and contrast re ectivity measurements and
objectives with 5x, 10x and 50x magni cation. For all the measurements 532 nm laser
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