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Chapter 1
General Introduction

This chapter presents the motivation for this PhD project and a general
introduction to two-dimensional (2D) materials, namely graphene and transition metal
dichalcogenides (TMDs), with a major focus on molybdenum disulfide (MoS2). The
crystal structure, electronic and optical properties of MoS2 are also discussed. Several
types of defects present in MoS2 are explained both from the theoretical and the
experimental point of view, followed by a summary on tailoring MoS2 properties via
surface functionalization. In the last section, the outline of the thesis is provided.

Chapter 1

1.1 Motivation
‘What is next?’ is a common phrase addressed to scientists trying to find a

promising candidate for substituting silicon in the electronics industry. Silicon, the
second most abundant resource in our planet’s crust, has been used to make transistors,
the smallest component in electronic devices. The first type of transistor, the field effect

transistor invented in 1925 by Julius Edgar Lilienfeld,1 consists of three terminals;
source, drain, and gate. The current flowing from the source to the drain is controlled

by the gate voltage. The open gate allows electrons to flow - the 1 state, while the closed
gate means where no electrons are flowing, represents the 0 state.

An electronic device comprises billions of transistors. As devices get smaller,

they perform faster and consume less power. Gordon Moore, Intel Co-Founder,
predicted the development for transistors known as the Moore’s law: “the number of

transistors incorporated in a chip approximately doubles every 24 months”.2 However,

this law is expected to end in the next 6 years because Si-based components cannot be
made any smaller due to quantum effects.

Shrinking down a transistor means scaling down all parts including the gate.

The most recent chip made by Intel has gate length of 14 nm. This size is 5000 times

smaller than the diameter of human hair. However, when the gate gets smaller, typically

below 5 nm, it is no longer able to stop the electron from flowing from the source to the
drain. This means that the transistor cannot be turned off. Consequently, the search for
new materials that can replace Si has already started.

In this regard, graphene, a two-dimensional (2D) allotrope of carbon consisting

of one single layer of atoms offers much hope. Graphene’s era started in 2004 when a

field effect transistor made of graphene performed outstandingly.3 The carrier mobility

in graphene-based devices has been found to be six order of magnitude higher than in

copper. Not only that, graphene is also an excellent heat conductor, it is transparent,
robust and bendable and hence an excellent candidate for flexible electronic devices.4

On the other hand, graphene is a gapless semiconductor, which hinders its utilization
in a transistor application since it cannot be turned off.
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1

Figure 1.1. Honeycomb structure of graphene consisting of two
interpenetrating triangular sub-lattices (represented by different colours).

Some efforts have been made to open up a band gap via chemical modification5 and

physisorption of molecules.6 However, such additional processes make the inclusion of
graphene in the device fabrication procedure more complicated.

The birth of graphene triggered the research community to find other

prospective materials that can be applied in electronic devices. Transition metal

dichalcogenides (TMDs) constitute a vast family of layered materials with diverse
electronic properties. Among all TMDs, molybdenum disulfide (MoS2) has been the

most studied 2D material due to its unique electronic properties suitable for a plethora
of applications including transistors, sensors and photodetectors.7–9

The primary objective in this PhD project was to explore the properties of two

2D materials, MoS2 and graphene. In the case of graphene, the wetting and anti-icing

properties were investigated, while for MoS2 we focussed on how to optimize the

growth for obtaining large single crystalline grains and on how to control the electronic

properties by molecular doping. In the next sections, we present a general introduction
to graphene and MoS2.
1.2 Graphene
Graphene is a two-dimensional (2D) allotrope of carbon with a honeycomb

structure. It consists of two interpenetrating triangular sub-lattices as illustrated in

Figure 1.1. Carbon atoms from a specific lattice (i.e. lattice A) are at the center of the
3|P a g e
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triangle formed by atoms of the other lattice (lattice B). The concept of graphene has
been known since the early 1940s when it was introduced as a first step to describe

complex systems of aromatic carbon; the single layer of graphitic carbon was used to

calculate the band diagram and predict the electrical properties.10 However, the

milestone in graphene research was when A. Geim and K. Novoselov fabricated a
graphene-based field effect transistor in 2004, a work which afforded them the Nobel
prize six years later.3

Graphene is considered as the mother of other carbon allotropes as sketched

in Figure 1.2. When many graphene layers stacked together through Van der Waals

(VdW) interaction, they will form graphite, one of the three-dimensional (3D) carbon

allotropes. Under certain conditions, single or multi-layers of graphene can be rolled in

a particular direction to form a carbon nanotube (CNT), the one-dimensional (1D)
carbon allotrope.11,12 Lastly, when graphene is wrapped into a spherical shape by the

introduction of pentagons, fullerene, a zero-dimensional (0D) carbon allotrope13 is
formed.

(a)

(c)

(b)

(d)

Figure 1.2. Graphene as the mother of other carbon allotropes (a) Graphene
(2D), (b) Graphite (stacked graphene, 3D), (c) carbon nanotubes (rolled-up
graphene,1D), (d) fullerene (wrapped-up graphene, 0D)
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As mentioned above, graphene was successfully mechanically exfoliated from

its bulk form of graphite by a well-known scotch tape method.3 The one-atom thick

layer of graphene is known to be the thinnest material with exceptional electrical and

thermal conductivity. Its zero-band gap allows the electron to flow as a massless
particle, resulting in an excellent carrier mobility up to 105 𝑐𝑐𝑐𝑐2 ⁄𝑉𝑉. 𝑠𝑠.4. Graphene is not

only flexible, highly transparent but also has high tensile strength, which makes it
stronger than steel or even diamond.

The extraordinary properties of graphene can be exploited in applications such

as electronic devices, solar cells, sensors, anti-bacterial and anti-corrosion coatings.14–

16

More than 50.000 papers were published until 2016,17,18 spanning from various

synthesis methods to exploring the mechanical, thermal, optical and electrical
properties as well as to applications in electronic devices, gas storage, batteries, coating,
sensors and the water treatment.15,19–24
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Figure 1.3. Periodic table the transition metals and chalcogen atoms that
compose the TMDs family. The metals from groups 4-7 give rise to layered structures,
while Fe, Pd and Pt form non-layered TMD structures. 25

1.3 Transition Metal Dichalcogenides
Despite the excellent properties of graphene, as already mentioned, it presents

a significant disadvantage when it comes to application in electronic devices: it has no

band gap. Due to that reason, many scientists’ attention shifted to other layered

materials such as transition metal oxide, hexagonal boron nitride (hBN) and transition

metal dichalcogenides (TMDs).26–29 TMDs are particularly attractive because they

comprise a significant number of compounds with different electronic properties, for

example MoS2, MoSe2, WSe2, WSe2 are semiconducting, MoTe2 is metallic and NbSe2

superconducting. These different characteristics stem from the variation in

hybridization of the transition metal d orbital and the chalcogen p orbital.30 Figure 1.3
shows the periodic table highlighting the transition metal and chalcogen atoms giving
rise to stable TMDs.31

Layered TMDs, symbolized by MX2, consist of a sheet of transition metal (M)

atoms of group 4, 5, 6 or 7, sandwiched between two chalcogen (X) layers. This tri-layer

structure can be stacked into a solid held together by Van der Waals (VdW) forces. The

VdW interaction enables the tri-layers to be isolated in the 2D form by mechanical

cleavage. In addition, VdW interaction is responsible for the TMDs’ shearing properties,
which qualify them as solid lubricants.
6|P a g e

General Introduction

Among all the TMDs, molybdenum disulfide (MoS2) has been the most studied material

due to its remarkable optical and electronic properties.32–35 In contrast to graphene,

atomically thin MoS2 is a semiconductor with a modest band gap of 1.29 eV, suitable for

nanoelectronic applications. Furthermore, some promising results have been obtained
application of MoS2 in the fields of the hydrogen evolution reaction (HER), energy

conversion in solar cells, and desalination of water.23,36,37
1.4 Molybdenum disulfide (MoS2)
1.4.1 Crystal Structure

Bulk MoS2 occurs in different polymorphs depending on the stacking alignment

of the S and Mo atoms in the S-Mo-S layers, namely 2H and 3R-MoS2; the digit indicates

the number of S-Mo-S layers, while the letter stands for hexagonal and rhombohedral.

The 2H-MoS2 stacks ABAB whereas 3R-MoS2 follows an ABCABC arrangement.

Single layer (SL) MoS2 is a three-atom thick nanosheets with a thickness around

6~8 Å. Based on the Mo coordination, SL-MoS2 can have two different phases, 2H-MoS2

or 1T-MoS2. In 2H-MoS2 Mo has a trigonal prismatic coordination with a hexagonal
symmetry (D3h group), while in 1T-MoS2 phase Mo has octahedral coordination with a

tetragonal symmetry (D3d group). S-Mo-S arranges with ABA stacking in 2H-MoS2,

meaning that both S atoms have the same position along the z-axis. In contrast, the

second S atom is shifted in the case of 1T-MoS2, which stacks in a ABC sequence as
depicted in Figure 1.4.

The Mo coordination and the d-orbital filling determine the electronic

properties of SL-MoS2; 2H-MoS2 is semiconducting and and 1T-MoS2 metallic. In the

trigonal prismatic coordination, the d orbital of Mo atom has 3 degenerate states, 𝑑𝑑𝑧𝑧 2

(a1), 𝑑𝑑𝑥𝑥 2−𝑦𝑦2,𝑥𝑥𝑥𝑥 (e) and 𝑑𝑑𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦 (e’), while in the octahedral coordination it splits into 2

states, 𝑑𝑑𝑧𝑧 2,𝑥𝑥 2 −𝑦𝑦2 (eg) and 𝑑𝑑𝑥𝑥𝑥𝑥,𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦 (t2g).38 The different polymorphs of MoS2 as well as the
splitting d-orbital of Mo atom are illustrated in Figure 1.4. In this thesis, we only focus
on the semiconducting 2H-MoS2 phase, which will be written as MoS2 for simplicity.

7|P a g e

1

Chapter 1

2H-MoS2

3R-MoS2

1H-MoS2

1T-MoS2

semiconductor
𝑑𝑑𝑧𝑧𝑧𝑧,𝑦𝑦𝑦𝑦

𝑑𝑑𝑥𝑥2 −𝑦𝑦2,𝑥𝑥𝑥𝑥
𝑑𝑑𝑧𝑧2

Mo4+ : [Kr] 5s2 4d2

metal
𝑑𝑑𝑧𝑧2 ,𝑥𝑥2 −𝑦𝑦2

𝑑𝑑𝑥𝑥𝑥𝑥,𝑥𝑥𝑥𝑥,𝑦𝑦𝑦𝑦

Figure 1.4. Schematic illustration of different polymorphs of MoS2 namely
1T-MoS2, 2H-MoS2 and 3R-MoS2 and the d-orbital splitting in Mo atom, which
determines MoS2 electronic characteristics
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a

b

c

d

e

1

exciton

Egap

e-

h

charged
exciton
(trion)
bi-exciton

Figure 1.5. The density functional theory (DFT) calculation of the band
diagram of (a) bulk, (b) quadlayers, (c) bilayers, (d) monolayer MoS2.39 The red and
blue line indicates the CBM and VBM, respectively, the solid black arrow indicates
the lowest transition while the dash arrow in the monolayer MoS2 indicates the
indirect transition. (e) Schematic illustration of excitonic recombination and more
complex quasiparticles; trion and bi-exciton.40

1.4.2 Electronic and Optical Properties
Bulk MoS2 is a semiconductor with the conduction band minimum (CBM)

located between the K and Γ points and valence band maximum (VBM) at the Γ point.41–

43

It has an indirect band gap of 1.29 eV, but when the thickness is reduced, the indirect

band gap drastically increases due to quantum confinement effects in the out-of-plane
direction, as illustrated in the DFT calculation reproduced in Figure 1.5(a-d)41,

resulting for SL-MoS2 in a 1.89 eV direct band gap located at K and K’.42 The calculation

confirms that the band around the Fermi level is mainly derived from the strong

hybridization between the d orbital of Mo atom and the p orbital of the S atom. These

results also show that the interlayer interaction is more affected at the Γ point, resulting
in a blue-shift of the indirect band gap due to the hybridization between the d orbital of

Mo atom and the 𝑝𝑝𝑧𝑧 antibonding orbital of S atom, while the direct band gap at the Κ
point remains the same.

The band gap between VBM and CBM can be probed experimentally by either

optical44 or transport45 measurements, which result in slightly different values. The

obtained band gap from transport measurements is called electronic band gap and

corresponds to the situation where an electron is knocked out and a hole in the valence
band is created. The process involves a decrease in the total number of charge carriers
9|P a g e
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in the material. The band gap obtained from optical measurements refers to the case
when a photon (in direct process; ℏυ > 𝛦𝛦g) creates an exciton, a bound state between

an electron in the energy state below the conduction band and a hole in the valence

band, which interact via Coulomb interaction.40 The optical transition does not alter the
number of charge carriers in the material. The energy difference between the electronic
and optical band gap is therefore a measure of the strength of the Coulomb interaction

between electron and hole, also defined as the binding energy of the exciton.39,42 The

electronic band gap is generally 200-400 meV larger than the optical band gap.46–48 In
addition, the strong binding energy of the exciton allows the observation of other
quasiparticles in the form of charged exciton (bound state of an exciton with an electron

or a hole) and bi-exciton (bound state of two exciton) at room temperature49,50 as
depicted in Figure 1.5(e).

1.4.3 Defects and defect engineering in MoS2
The term defect in 2D materials refers to adatoms, wrinkles, grain boundaries,

edges and vacancies. Vacancies are the most common defect observed in MoS2

irrespective of preparation method, be it by mechanical cleavage, chemical exfoliation,
liquid exfoliation or chemical vapour deposition (CVD).51–54 Theoretical and

experimental studies have shown that vacancies are responsible for decreasing the

photoluminescence (PL) intensity as well as for reducing the mobility in MoS2 based
transistors.55,56 Therefore, understanding their role is crucial to tune the electronic
properties of MoS2 in a more controllable fashion.
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a

b

1

c

d

e

f

g

Figure 1.7(a) Various types of defects present in CVD grown MoS2 as seen
by scanning transmission electron microscopy. 57 Illustration of different structural
defects calculated by density functional theory (b) adatom at S column, (c) S
vacancy, (d) Mo vacancy, (e) MoS divacancies, (f) SS divacancies, (g) adatom at
interstitial site. 58
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From the application point of view, one can utilize the defect density in order

to tailor the electronic properties of MoS2. Zhou et al. 57 reported direct evidence for the
presence of various types of defects in CVD grown MoS2 by using Scanning

Transmission Electron Microscopy (STEM). The authors identified the monosulfur
vacancy (VS), disulfur vacancies (VS2), as well as complex vacancies, where one Mo atom

and three S atoms are missing (VMoS3) or one Mo atom and six S atoms are missing

(VMoS6), or anti-site defects, where a Mo atom substitutes for a S2 column (MoS2) or an

S2 column substitutes a Mo atom (S2Mo), as depicted in Figure 1.7(a). By combining

their observations with Density Functional Theory (DFT) calculation, they confirmed

the relation between the defects and the electronic properties of MoS2. A theoretical

study by Soumyajyoti et al.58 supports this work. These authors classified the defects

based on their stability, and determined the formation energy in different growth
condition. They also investigated the relation between the defects and the modification

of the electronic and optical properties of defective TMDs including MoS2.58 The

calculation identified some stable defects including S vacancies, Mo vacancies, S and Mo

divacancies consisting of either two S atoms or a MoS pair, and an adatom at an
interstitial site, as depicted in Figure 1.7(b-g). The existence of intrinsic defects in MoS2

calls for protocols to not only heal the defects but also to functionalize the nanosheet in

order to tune the physical and chemical properties.
group59,

The first attempt to functionalize MoS2 have been reported by Chhowalla’s

who reacted bulk MoS2 with n-butyllithium in hexane solution. The idea was to

intercalate Li+ ion between MoS2 layers to weaken the interlayer interaction and

increase the repulsive forces between the negatively charged MoS2 sheets. Chemically
exfoliated MoS2 nanosheets were obtained by dispersion in water with the help of a

mild sonication and the additional negative charges on the MoS2 nanosheet exploited

by reacting with strongly electrophilic molecules such as organic halides or diazonium
salts to yield functionalized-MoS2 with improved dispersibility.60 The functionalization

reaction using this approach involves a modification of the MoS2 crystal structure from

the 1H-MoS2 to the 1T-MoS2 phase. However, the semiconducting MoS2 can be

recovered by simply heating the 1T-MoS2.
12 | P a g e
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McDonald et al.61 developed an approach to functionalize MoS2 with M(OAc)2

salts where M are Ni, Cu and Zn without yielding the 1T polytype by employing an

exfoliation in a mild reaction using liquid phase exfoliation (LPE) in a 2-propanol (IPA)
solution. The IPA-MoS2 interaction allows the exfoliation with typically 9-10

nanosheets in the exfoliated flake. The functionalization takes place through the S

atoms at the surface. Similarly, Coleman et al.62 successfully prepared a MoS2 dispersion

in a water-based solution by adding the surfactant sodium cholate; the generated 2-9

layer thick nanoflake of MoS2 remained dispersed for more than 25 days without reaggregation due to the electrostatic repulsion.

Another exciting result has been obtained by Matsuda et al.63 who

demonstrated tunable PL spectra in functionalized-MoS2 obtained by micromechanical
exfoliation with the p-dopants 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

(F4TNCQ)

and

7,7,8,8-tetracyanoquinodimethane

(TCNQ)

and

the

n-dopant

nicotinamide adenine dinucleotide (NADH). The adsorbed p-dopants can effectively

enhance the PL intensity due to the suppression of trion recombination followed by an
increase of exciton recombination. Vice versa, the n-dopant can reduce the PL intensity

due to the injection of additional electron generating more trion recombination.

Most of the covalent functionalization of MoS2 has been obtained by chemical

exfoliation. Only few papers report on functionalization of CVD grown MoS2 due to its
naturally inert basal plane characteristics. One of the efforts has been made by Jin et

al.64 who functionalized CVD grown MoS2 with 4-fluorobenzyl mercaptan. They

revealed the role of sulfur vacancies as active sites for anchoring the molecules. The
molecules partially healed the vacancies and thus enhanced the PL intensity and
decreased the active sites for hydrogen evolution reaction (HER).

Understanding the role of defects is important to facilitate carrier transport,

phase engineering, tuning the electronic band structure and to induce doping. Several
studies have been reported in controlling MoS2 electronic properties by either non-

covalent or covalent surface functionalization via surface charge transfer mechanisms,

which take advantage of the presence defects in the MoS2 nanosheet.

13 | P a g e
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The non-covalent functionalization allows reversible tuning of the electronic

properties: the molecules merely physisorb on MoS2 and can be easily removed by

exposure to solvent.65 On the other hand, the covalent functionalization represents a

robust system where the S atom of a thiol-containing molecule binds directly to a Mo

atom in the MoS2 nanosheet66. Both methods give rise to new MoS2 applications

spanning from optoelectronics, catalysis, sensor, medical and water treatment.23,36,67–70

Table 1.1. summarizes the modification of electronic properties of MoS2 via surface

functionalization using different molecular dopants. The n- or p-type doping is achieved
through the functional group attached to the molecules.

14 | P a g e
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Table 1.1. Studies of molecular doping of MoS2 59,63,65,71–81
Preparation method
Mechanical Exfoliation
Mechanical Exfoliation
Mechanical Exfoliation
Mechanical Exfoliation
Mechanical Exfoliation
Mechanical Exfoliation
Mechanical Exfoliation
Chemical Exfoliation
Chemical Exfoliation
Chemical Exfoliation

Chemical and Liquid
Phase Exfoliation
Liquid Phase Exfoliation
Chemical Vapour
Deposition
Chemical Vapour
Deposition
Chemical Vapour
Deposition
Chemical Vapour
Deposition

Adsorbed molecule
Triphenylphosphine (PPh3)
7,7,8,8tetracyanoquinodimethane
(TCNQ)
Nicotinamide adenine
dinucleotide (NADH)
Benzyl Viologen (BV)
-NH2 terminated thiol;
mercaptoethylamine (MEA)
-CF3 terminated thiol;
1H,1H,2H,2Hperfluorodecanethiol (FDT)
Alkanethiol
L-cysteine

Organohalide: 2-iodoacetamide and
2-iodo-methane
thiol molecules: pmercaptophenol, thiophenol,
1-propanethiol, 1nonanethiol, 1-dodecanethiol

Type of
adsorption
physisorbed

Result

Ref.

n-type

80

physisorbed

n-type

62

physisorbed
physisorbed

chemisorbed
chemisorbed
chemisorbed
physisorbed

chemisorbed
chemisorbed

Aryl diazonium salts

chemisorbed

Graphene quantum dots

physisorbed

graphene oxide

physisorbed

4-fluorobenzyl mercaptan

chemisorbed

Gas adsorbate; O2 and H2O

chemisorbed

Bis(trifluoromethane)
sulfonimide (TFSI)

physisorbed

p-type
n-type
n-type
p-type

Redshifted PL
Oxidized
dopant
Strong PL
in 1TMoS2

62
75
71
71
76
64
58

Redshifted PL

72

p-type

78

n-type

73

n-type

77

p-type

Healing VS
p-type

70
74
79
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1.5 Outline of Thesis
This thesis is divided into two main parts focusing on two 2D materials, namely

MoS2 and graphene. In each part, with our contribution we address the following
specific aims:
•
•

Prepare a high quality 2D material.

•

characterize their properties.

Probe the 2D nanosheets with spectroscopic and microscopy techniques to

Control the properties of the 2D material.

In the next chapter, Chapter 2, we provide the experimental details relevant to

the work described in this thesis, concerning both the preparation and the

characterization techniques employed. CVD as the synthesis method to obtain MoS2 and

graphene will be illustrated. Then we explain the spectroscopic and microscopic
characterization tools, namely X-ray photoelectron spectroscopy (XPS), Raman,

infrared and photoluminescence (PL) spectroscopy, atomic force microscopy (AFM),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), contact

angle, X-Ray diffraction (XRD) and transport measurements. Characteristic results for
graphene or MoS2 will also be presented for some techniques.

Chapter 3 is dedicated to the growth of MoS2 by CVD. This technique is the best

option for obtaining large crystalline domains of MoS2. Many reports82 on SL-MoS2

growth by CVD demonstrate that this low-cost production method affords a high

reproducibility and that single crystalline domains can be obtained if the nucleation

density is low, which in turn depends on the CVD parameters including type of

substrate, precursors, heating temperature and the CVD geometry. However, only few
studies have been done to optimize the CVD geometry. In the study reported here, we

propose an alternative approach in which, by putting the source material in a quartz

cup placed several mm upstream of the substrate, we obtain a continuous film of single
layer MoS2 fully covering the substrate in the region close to the molybdenum

precursor. Our results demonstrate that this geometry produces a gradient in MoO3
16 | P a g e
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vapour concentration during the growth process, which is highest in the edge region of

the substrate closest to the Mo source and lower further away from the edge, where

separate MoS2 flakes are formed. The as-grown samples were characterized by AFM,

SEM and TEM for what concerns the morphology and structure and by XPS to learn

about surface stoichiometry of the obtained nanosheets. We used PL and Raman

spectroscopy to verify the band gap and vibrational fingerprint of SL-MoS2. Last but not
least, to determine the mobility, devices were made with MoS2 flake as active material.

In Chapter 4, we present a study of the intrinsic defects of MoS2 grown as

described in the previous chapter. We first identified different types of defects by X-ray

photoelectron spectroscopy and then monitored how these defect fingerprint peaks

changed upon thermal annealing and surface functionalization. We also characterized
our samples by FTIR to verify the presence of the attached molecules via their

vibrational fingerprint and by PL to study the electronic properties of MoS2 upon
functionalization.

In Chapter 5, we report our study on the control of the photoluminescence

properties of MoS2 by surface functionalization. We first used a derivative of TCNQ,

well-known p-dopant for low dimensional materials, to which a thiol group had been

added. The thiol acts as anchoring group, which heals the S vacancies in MoS2. The PL

results indicate that the chemisorbed molecules efficiently increase the PL intensity via
charge transfer. The successful covalent functionalization was confirmed by XPS and

the quality of MoS2 before and functionalization was monitored by Raman

spectroscopy. We also demonstrated that an n-type thiol-functionalized molecules

quench the PL intensity and thereby confirm that charge transfer is at the origin of the
PL intensity variations induced by surface functionalization.

In Chapter 6, we focus on the application of the oxidized graphene as an anti-

icing coating. Recently, fluorinated graphene was demonstrated to delay ice formation

for more than 30 minutes at subzero temperatures.83 However, the defect-poor
graphene in that study was obtained by CVD on a metallic coating. This approach yields

non-transparent coatings and is therefore not suitable for camera lenses. In the study
17 | P a g e

1

Chapter 1

reported here, we describe an up-scalable method for an anti-icing coating based on

graphene oxide prepared using Langmuir-Schaefer deposition.
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Chapter 2
Experimental Details

This chapter outlines the experimental set-ups utilized in the projects
described in this thesis, namely those employed for synthesis and characterization. A
short theoretical background for each technique is given and typical results for MoS2
are presented for some characterization techniques.

Chapter 2

2.1 Synthesis Method
Right after the first isolation of graphene by micromechanical exfoliation

alternative preparation techniques for 2D materials started to be developed. Although

many breakthrough results were obtained on 2D crystals obtained by the scotch tape
method, this technique is suitable only for proof of principle experiments. To obtain

macroscopic amounts of these materials or to cover surfaces with them in a highly
controlled fashion, other bottom-up approaches such as chemical exfoliation, liquid

phase exfoliation and laser thinning have been proposed.1–4 However, the lack control

of thickness and size hinders the use of the aforementioned techniques when large

domain 2D crystals are needed. In the case of graphene, chemical vapour deposition

(CVD) is known to produce high-quality and large area of the nanosheets on metal

surfaces.5 The self-limiting characteristics of metal substrate where carbon is

immiscible, i.e. Cu, can be exploited for the successful CVD growth of graphene, while

that is not the case for MoS2. The production of single layer MoS2 is not determined by
a specific substrate. Therefore, the research community has focused on controlling and

optimizing the CVD parameters to favour lateral over vertical growth of MoS2. Diverse

approaches concerning the choice of precursors, the use of seeds or promoters, the

growth temperature and conditions (time and gas flow) and the CVD geometry have
been proposed to grow large area of single layer MoS2.5–16
2.1.1 Chemical Vapour Deposition

CVD growth of MoS2 on oxidized Si has received great interest because it allows

to obtain high-quality single layer MoS2 (SL-MoS2) with large size crystalline grains. In

addition, this method is relatively low cost and has the potential for mass production.
The CVD process starts when the solid precursors sublime to form the vapour phase
carried by an inert gas onto the silicium substrate. Adsorption, diffusion and desorption

processes determine how the reaction takes place and regulate the creation of

nucleation sites. The balance between these processes controls the lateral growth of the
MoS2 nanosheet. To enhance the lateral growth, the desorption rate should be kept low

while simultaneously maintaining a high concentration of precursors on substrate. The
adsorbates should have enough time to diffuse and attach to already formed islands. To
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achieve this the CVD parameters such as the quantity and quality of the precursors, the
growth temperature, the flow rate of carrier gas and the distance between precursor
sources and substrate have to be optimized.5,6,15,16,7–14

There are two main approaches of growing MoS2 by CVD: the first one consists

in the sulfurization of a pre-deposited MoO3 film, while in the second one
simultaneously heats the Mo and S precursors.7,16 The first approach has the advantages

of a better control of the S dose. However, a high temperature is required to make S

react with Mo and the balance between the adsorption rate of S and the desorption rate

of Mo determines the size of MoS2 islands.16 In contrast with the second approach, the

S and Mo vapour are likely to react even before reaching the substrate thus increasing
the possibility to form large areas of MoS2.17 Face-down substrate is a common method

to obtain SL-MoS2 for both approaches.18

For the all the projects relative to MoS2 described in this thesis, the material

was grown by CVD from sulfur and MoO3 powder, with the Ar gas as carrier gas. The

substrate is placed 3-5 mm from MoO3 and the two precursors are heated by separate

heating belts as sketched in Figure 2.1. We grew MoS2 at a temperature of about 700 ᵒC;

for single layer deposition the growth time was about 10 min. Details will be explained
in Chapter 3.

Ar

S

MoO3

Si/SiO2

Figure 2.1. Illustration of the CVD set up used to grow MoS2 for the projects
described in this thesis.

A different CVD set up was used for growing graphene to be fluorinated for part

of the project described Chapter 6. The details are given in reference 19. In short,

Graphene was deposited by CVD on an ultra-pure copper foil (purity 99.999%, ESPI

metals) in a quartz-tube vacuum furnace (base pressure 10−5 mbar). The Cu foil was
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prepared with a preliminary etching in a 0.25 M solution of H2SO4 for 5 min and then

rinsed in water. The substrates were then transferred to the furnace and reduced in H2

(0.5 mbar) and Ar (0.1 mbar) for 60 min at 1035 ᵒC. Subsequently graphene was grown
by exposing the Cu foil to Ar (0.1 mbar), H2 (0.5 mbar) and methane (0.5 mbar) for 2

min at the same temperature. After graphene growth, the samples were cooled down
to room temperature in an Ar flow (0.1 mbar).
2.2 Characterization Techniques

In the following section, we explain the characterization techniques that were

used in the projects described in this thesis, namely X-ray photoelectron spectroscopy

(XPS), Raman, infrared and photoluminescence (PL) spectroscopy, atomic force
microscopy (AFM), scanning electron microscopy (SEM), transmission electron

microscopy (TEM), contact angle, X-ray diffraction (XRD) and transport measurements.
2.2.1

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a commonly used technique to

analyze the elemental composition of surfaces in order to gain information on the

chemical environment of each element present in the first few layers of a solid. XPS is

based on the photoelectric effect in which the energy of an X-ray photon is used to emit
the electrons from the surface atoms. The surface atoms are identified by measuring

the kinetic energy of the outgoing photoelectron. Ultra high vacuum (UHV) conditions
(base pressure below 10-8 mbar) prevent the energy loss due to collisions with gas

molecules of photoelectrons on their way between the surface and the analyzer.
Furthermore, the UHV conditions prevent oxidation or gas contamination of reactive
solid surfaces. The X-ray source was in our case monochromatic Al Kα producing

photons of 1486.6 eV, which are able to penetrate up to 1 µm deep into the surface,

however only photoelectrons from the first 10-20 nm below the surface will reach the

electron analyzer without losing energy. These photoelectrons are the ones that carry

information on the surface stoichiometry. Photoelectrons, which have lost energy due

to inelastic scattering, will contribute to the secondary electron background of the

spectrum. The measured kinetic energy (EK) of the photoelectron is linked to the
binding energy (EB) by Equation 2.1:
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𝐸𝐸𝐾𝐾 = ℎ𝜐𝜐 − 𝐸𝐸𝐵𝐵 − 𝜑𝜑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

( 2.1)

where ℎ𝜐𝜐 is the photon energy and φ is the work function of the

spectrometer.

In the XPS spectrum, the number of ejected electrons is plotted as a function of

their binding energy determined from Equation 2.1. Due to the low cross section of

photoelectrons emitted from valence levels20 when exciting with X-rays, we focus only

on the core levels. Although the core levels do not contribute to the chemical bonding,

their binding energy is very sensitive to the oxidation state. The valence electron charge

density determines how easily the core electron is extracted (initial state effect) and

how much the core hole is screened, causing the photoelectron on its way away from

the photoemitting atom to be more or less attracted/slowed down (final state effect).
Therefore, XPS allows for the identification of multiple oxidation states;
photon

kinetic energy

photoelectron

vacuum level (EV)

work function

Fermi level (EF)

binding energy (EB)

valence band

2p
2s
1s

core levels

Figure 2.2. Schematic diagram of the photoemission process

the higher oxidation state will appear as a component at higher binding energy. XPS can

be used to determine the chemical composition of the sample. The elemental
quantification can be calculated from the area under the core level photoemission peak

and taking into account the photoemission cross section, the mean free path of the

photoelectrons and the transmission function of the analyzer for electrons with
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different kinetic energies. Equation 2.2 expresses the intensity of the core level
photoemission line (counts/s) of a certain element A:
𝐼𝐼𝐴𝐴 = Φ ρ σ θ Κ λ A

(2.2)

where: Φ is the photon flux; ρ is the number of atoms per cm3; σ is the

photoemission cross section for the photon energy used; θ is an angular efficiency

factor which takes into account the electron takeoff angle; A is the analyzed area; λ the

attenuation length, which amounts to 0.9 of the inelastic mean free path and varies with

the electron kinetic energy; 𝐾𝐾 is the transmission factor of the analyzer. The

transmission function of the instrument is provided by the supplier of the
spectrometer; the inelastic mean free path vs kinetic energy is tabled. Often suppliers

provide directly tables with the atomic sensitivity factor SA for a certain core level of a

determined element, specific for the particular instrument and the experimental
geometry, so that

ρ = 𝐼𝐼𝐴𝐴 /𝑆𝑆𝐴𝐴

(2.3)

This is also the case for our spectrometer. With this sensitivity factor the atomic

fraction of element A in the sample can be calculated as
𝐶𝐶𝐴𝐴 =
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Figure 2.3. The XPS spectrum of a single crystal of MoS2 21

For all projects described in this thesis, XPS spectra were acquired with a

Surface Science SSX-100 ESCA spectrometer, equipped with a monochromatic Kα X-ray

source generating hυ = 1486.6 eV. The base pressure was kept below 2.10-9 mbar in the
analysis chamber during acquisition. The analyzed spot size was 600 µm in diameter

on the sample and the step size for data acquisition was 0.1 eV. The experimental

resolution was set to 1.67 eV for overview spectra like the one presented in Figure 2.3,
and to 1.26 eV for the detailed scans of the various core level regions. XPS binding

energies were referenced either to the C1s core level binding energy of adventitious

carbon at 284.8 eV or to the Si2p core level binding energy of silicon substrate at 103.5

eV. The XPS spectra were analyzed using the least-squares curve fitting program

WINSPEC developed at the University of Namur, Belgium.22 Deconvolution of the

spectra included a Shirley background subtraction and fitting with a number of peaks
consistent with the structure of the film, taking into account the experimental

resolution. The profile of the peaks was taken as a convolution of Gaussian and
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Lorentzian functions. The binding energies of components deduced from the fits are
reported ± 0.1 eV.

For the projects described in this thesis, XPS was employed to determine the

chemical composition of the sample and the changes induced by thermal annealing or
surface functionalization. Figure 2.3 shows the characteristic XPS survey spectrum of
MoS2. The most intense peaks are the ones corresponding to photoemission from the

Mo3d and S2p core levels. The C1s and O1s peaks derive from contamination due to

exposure to air prior to the analysis. Oxygen can also stem from MoO3 precursor

residues in the case of CVD grown MoS2. The peak labeled O KLL stems from the decay

of the O1s core hole via the Auger process. Lastly, the unlabeled peaks in the vicinity of

the Mo3d, S2s, S2p, Mo4s, Mo4p and S3s are due to the surface plasmons excited in the

photoemission process. The detailed attributions of the various peaks in the XPS
spectrum are summarized in Table 2.1.
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Table 2.1. The assignment of the photoemission lines in the spectrum of MoS2 21

2

31 | P a g e

Chapter 2

2.2.2

Raman Spectroscopy

Raman spectroscopy is a sensitive technique to study vibrational modes of

molecules or crystals by irradiating a sample with monochromatic light or photon, e.g.

a laser. The Raman effect occurs when a photon is scattered inelastically by a crystal,

with creation or annihilation of a phonon.23 The light, mostly from a laser source

because the cross section for Raman scattering is very low, creates an induced electric
dipole moment in a molecule or crystal, which scatters light. While for IR light to be

absorbed a change in dipole moment has to be associated with the vibrational

excitation, Raman scattering requires a change in polarizability. Therefore the selection
rules for IR absorption and Raman scattering are different. The Raman scattered light

is then detected by a CCD camera and the Raman spectrum is generated by plotting the

scattered light intensity as a function of Raman shift (cm-1), a reciprocal of wavelength.
Figure 2.4 illustrates the phenomena when a molecule interacts with light in

Raman spectroscopy. The incident light excites the electron cloud of a molecules to a
higher (virtual) energy state. Figure 2.4(a) shows the Rayleigh scattered light

generated when the excited electron falls back to its initial level (elastic scattering),
which is the dominant phenomenon (accounting typically for more than 99,9% of the
scattered light intensity). When the scattered light involves energy transfer as shown

in Figure 2.4(b), it is called Raman scattering. The Stokes Raman scattering occurs

when the excited electron falls back to a higher vibrational energy level emitting a less
energetic photon (longer wavelength) than the initial incident light. The molecule

remains in a higher vibrational and rotational energy state after the scattering process.

On the contrary, Anti-Stokes Raman scattering takes place when an electron from a

higher vibrational energy level is excited and falls back to the ground vibrational energy

level giving rise to scattered photons of a higher energy (shorter wavelength) than the
incident light as depicted in Figure 2.4(c).
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(a)
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Raman

Vibrational
energy level

Figure 2.4. Schematic illustration of scattered light (a) an electron is excited
and falls back into the same energy level. (b) an electron is excited and falls back
into a higher vibrational energy level. (c) An electron is excited from higher
vibration energy level and falls back into the ground energy level.

In the projects described in this thesis, Raman spectroscopy was utilized to gain

information about the thickness of MoS2 as well as on the presence of defects and on

charge transfer induced by grafted molecules. MoS2 has two Raman active modes,25 E2g

(in-plane vibration of Mo and S atoms in the basal plane) peaked at ~384 cm-1 and A1g
(out-of-plane vibration of S atoms along z axis) peaked at ~403 cm-1, as shown in

Figure 2.5. The frequency difference between the two modes informs on the thickness

of MoS2. Lin et al.26 reported that SL-MoS2 has the frequency different of ≈ 18 cm-1. The
A1g mode blue-shifts as the layer thickness increases from single layer to bulk MoS2

depicted in Figure 2.5(a).27 Furthermore, sharp peaks corresponding to the two modes

indicate good crystallinity of MoS2; shifts can also be caused by tensile or stress strain.28
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(a)

(b)

E2g

A1g

Figure 2.5(a) Raman spectra of MoS2 obtained by exfoliation and CVD
growth measured on different spots.24 (b) An illustration of the active Raman
vibration modes in MoS2; E2g and A1g.

Raman spectra were acquired in the Device Physics and Complex Materials

group using an Andor SR-500i-D1-R spectrometer equipped with a Cobolt Samba 25

diode pumped solid-state green laser producing 532 nm wavelength light. The diameter
of the laser spot was around 2 µm. A low laser power of 300 µW was used to prevent

overheating of the samples. Each spectrum was the sum of 10 scans with a resolution

of 0.5 cm-1.
2.2.3

Fourier-transform Infrared Spectroscopy

While Raman spectroscopy measures the relative frequencies

at which

scattered light is produced by a crystal that scattered lights, Fourier-transform infrared
spectroscopy (FTIR) measures the IR frequencies at which the sample absorbs

radiation. Technically, the spectrometer consists of a source, typically a black body, a
Michelson interferometer and a detector. The emission spectrum of the IR source is

recorded first, followed by the emission spectrum of the IR source with the sample in
place. The ratio of the sample spectrum to the background spectrum is directly related

to the sample's absorption spectrum. In practice interferograms are collected while the
optical path length between the two arms in the interferometer is changed and the
spectrum is generated by Fourier transform. For thin films one uses the attenuated
34 | P a g e
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internal reflection variant of this spectroscopy, where a specific crystal, in our case
diamond, is put in contact with the sample and infrared light is passed through in such

a way that it reflects off the contact surface with the sample. This reflection forms the
evanescent wave, which extends into the sample and by creating a number of

reflections through variation of the angle of incidence one can get a higher signal. The

detector, in our case a dual-channel ADC DigiTect, is placed where the beam finally exits
the crystal.

We specifically investigated the absence of S-H vibration in the functionalized

MoS2 to confirm covalent functionalization as detailed in Chapter 4. The attenuated

total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy was performed

with a Bruker VERTEX 70 spectrometer in the Macromolecular Chemistry and New

Polymeric Materials group. Each spectrum was the sum of 16 scans, collected with a

resolution of 4 cm-1. Data analysis and background correction was done with the OPUS
spectroscopy software version 7.0.
2.2.4

Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a non-destructive technique to

investigate the optical band structure of materials. PL spectrum is generated when the
sample is illuminated with monochromatized light and the intensity of the emitted light
is recorded as a function of wavelength as depicted in Figure 2.5(b).

For a 2D semiconductor, PL spectroscopy is used to determine the band gap by

detecting the radiative recombination of an excited electron in the conduction band
with the hole in valence band, as sketched in the Figure 2.6(a). This process only takes

place in a direct gap semiconductor where the electron and hole have the same k-vector,

as in the case of MoS2. In the case of an indirect gap semiconductor, an additional
process that involves absorption or emission of a phonon is needed to satisfy the

conservation of energy and momentum. CVD grown MoS2 shows pronounced PL peaks

at ~680 nm and ~620 nm, attributed to A and B excitons respectively, which stem from
the valence band splitting in the Brillouin zone due to spin-orbit interaction.29
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Figure 2.6(a) Simplified illustration of the photoluminescence process. (b)
PL spectrum of CVD grown MoS2. (c) Typical step height of monolayer MoS2 adapted
from 17; (d) A triangular characteristic crystal of CVD grown MoS2 observed by SEM.

For the studies reported in this thesis, PL spectra were collected in the Device

Physics and Complex Materials with an ANDOR SR-500i-D1-R spectrometer equipped

with a 600 l mm−1 grating and coupled to an ANDOR DV420A-OE CCD camera. The laser

excitation source with a wavelength of 532 nm produces a 10 µm spot on the sample;
the laser power was 300 µW and the spectral resolution 0.5 nm. Each spectrum was

recorded with 1 s acquisition time to avoid a local overheating induced by the laser.
2.2.5

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe microscopy, where a tip

mounted on a cantilever is positioned close to a surface. The Van der Waals, dipole-

dipole or electrostatic forces between the tip and the surface cause the cantilever to
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deflect and this deflection is detected by an optical system equipped with a laser, which
reflects off the cantilever. Monitoring the laser deflection on the detector while the

sample is scanned under the tip allows to reconstruct the topography of the surface. In
the case of MoS2, AFM was employed to obtain the thickness of the flakes. As shown in

Figure 2.6(c), single layer MoS2 has a thickness around ~0.9 nm.17

AFM topography images were recorded with a Scientec 5100 microscope

equipped with a silicon cantilever (BudgetSensors) with a resonant frequency of 300

kHz and a force constant of 40 N/m. All images were recorded in tapping mode, where

the cantilever oscillates up and down with constant amplitude. A feedback circuit

couples to the amplitude changes when the tip interacts with the surface and adjusts
the height to go back to the constant value. Topography images created from the height
profiles during the scan were analyzed using the WSXM program developed by
Nanotech.30
2.2.6

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a visualization technique utilizing an

electron beam, which is scanned over a surface and collecting the electrons scattered

and emitted from the sample. This results in better resolution images compared to

those obtained with an optical microscope since the electrons have a shorter

wavelength. An electron gun produces the electron beam, which is accelerated and

focused by several electromagnetic lenses before hitting the sample. When the
electrons with a kinetic energy of few hundred eV penetrate into the sample, they are
in part backscattered and in part generate secondary electrons and characteristic Xrays, which are then detected as a function of the position where the electron beam is

directed. These scattered electrons and X-rays give information regarding the surface

topography and the atomic composition of the sample. In the case of MoS2, SEM was
used to investigate the topography of the surface. Figure 2.6(d) depicts a characteristic
triangular flake of MoS2 observed by SEM.

In this work, SEM characterization was performed in the clean room of the

NanoLab at the Zernike Institute for Advanced Materials with a JEOL JSM 7000F
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Scanning Electron Microscope, equipped with a field emission source operated at
5.0 kV. The resolution is 1.5 nm with 20.000x magnification.
2.2.7

Transmission Electron Microscopy

The basic principle of the Transmission Electron Microscope (TEM) is quite

similar to SEM; it utilizes an accelerated and focused electron beam to generate a high-

resolution image. In TEM, the electron beam energy is much higher than SEM and the
very thin sample is placed in the electron beam, allowing the non-scattered electrons

pass through the sample and strike the fluorescent screen located at the bottom of the
microscope column. The electron density and thickness of the sample determine the

image on the fluorescent screen and make it possible to observe the structure, as well
as grain boundaries and dislocations. Furthermore, the atomic scale images and
diffraction patterns can also be observed by TEM.

Sample preparation for TEM measurements is important since the specimen

needs to be transparent enough to transmit the electrons with least energy loss to form
an image. The atomically thin structure of MoS2 is ideal for TEM measurements as

shown in Figure 2.7(a-c). Since MoS2 is grown on a substrate, the flake needs to be

transferred from the growth substrate onto the TEM grid. We used a dry-transfer

process with a polymer, polycarbonate (PC)31, as a mediator as illustrated in Figure
2.7(d). PC is spin-coated on the freshly grown MoS2 and heated at 150 °C for 2 min in
order to increase the MoS2-PC interaction. The PC acts as a glue, which can easily be

peeled off using tweezers. After transfer onto the TEM grid, the PC can be removed by
dissolving in chloroform to produce the free-standing MoS2. We always observed PC

residue on the transferred MoS2 on the TEM grid, as indicated by the red circles in

Figure 2.7(e).
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Figure 2.7(a,b) High-resolution TEM image of CVD grown MoS2. (c)
Selected area electron diffraction of a MoS2 crystal, adapted from 17; (d) sample
preparation for TEM measurements. (e) SEM image of transferred MoS2 on TEM
grid; red arrow point to MoS2 flakes while the red circles point to PC residue. The
white scale bar corresponds to 20 µm.
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TEM characterization was carried out in the Nanostructured Materials and

Interfaces research group and Groningen Biomolecular Sciences & Biotechnology

Institute. SL-MoS2, suspended on 2 µm carbon on gold grid (Ted Pella Inc.), was

analyzed by using a FEI Tecnai T20 electron microscope operated at 200 keV. The
images were acquired with a Gatan slow-scan CCD camera with 280k magnification in

low dose conditions to avoid damage to the SL-MoS2.
2.2.8

Contact angle measurements

The surface properties of a solid determine the contact angle formed by a

droplet on a solid surface. To calculate the contact angle, (θ), Young's equation as stated

in Equation 2.5. is used, where 𝛾𝛾𝑠𝑠𝑠𝑠 is the interface tension at the solid/liquid interface,

𝛾𝛾𝑠𝑠𝑠𝑠 that between solid and vapour and 𝛾𝛾𝑙𝑙𝑙𝑙 the one between liquid and vapour as
illustrated in Figure 2.8(a).

a

0 = 𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑙𝑙𝑙𝑙 cos 𝜃𝜃
b

(2.5)
c

Hydrophobic

Hydrophilic

Figure 2.8(a) Three interface tensions, namely those between solid and
liquid (𝜸𝜸𝒔𝒔𝒔𝒔 ), solid and vapour (𝜸𝜸𝒔𝒔𝒔𝒔 ), and liquid and vapour (𝜸𝜸𝒍𝒍𝒍𝒍 ) determine the
contact angle of a liquid droplet with a solid surface. Water droplet on (b)
hydrophobic, and (c) hydrophilic surfaces.

The contact angle measurement is a fast, yet non-destructive technique to

obtain information about the wettability of a substrate. Since the contact angle depends

on the polarity of the surface, changes can be introduced by adsorbing e.g. a self-

assembled monolayer (SAM) or by doping. Very hydrophilic surfaces have contact
angles between 0-20ᵒ, while hydrophobic surfaces produce contact angles larger than
90ᵒ as depicted in Figure 2.8(b).
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Experimentally, Milli-Q water is mostly used for contact angle measurement.

However, other liquids including formamide and diiodomethane can also be used. The
exact amount of liquid deposited on a surface should be large enough to prevent

evaporation before the measurement but small enough to neglect the gravitational
force on the droplet; 2-4 µL of liquid is considered to produce reliable results.32 We used

contact angle measurements to verify the hydrophilicity of both MoS2 and graphene

oxide on a substrate. Grafting molecules onto MoS2 changes the hydrophilicity resulting

in a slightly different contact angle than that of pristine MoS2. We also used contact

angle measurements to study the ice formation on the graphene oxide coating in
Chapter 6.

The contact angle measurements were performed in the Molecular Inorganic

Chemistry group of the Statingh Institute using a DataPhysics OCA 20 instrument
(DataPhysics GmbH, Germany). The image of a 4 µL droplet was captured by a high-

speed CCD camera connected to a computer, which controls the automatic droplet

dispensing unit system and temperature of the Peltier element. A Milli-Q water droplet

was deposited on the surface and the liquid-solid contact profile analyzed by using the

SCA 20 software, which comes with the instrument. More than 10 spots were measured
for better statistics as well as to confirm the homogeneity of the sample.
2.2.9

X-ray Diffraction

X-ray diffraction (XRD) is a powerful technique to determine the crystal

structures based on the constructive interference of monochromatic X-rays diffracted

by the sample. In this thesis, XRD was used only in Chapter 6 to determine the interlayer
spacing in graphene oxide (GO). X-ray diffraction spectra of GO were acquired using a

D8 Advance Bruker diffractometer with Cu Kα radiation (λ=1.5418 Å) employing a

0.25° divergent slit and a 0.125° anti-scattering slit; the patterns were recorded in the
2θ range from 2° to 80°, in steps of 0.02° and a counting time 2 s per step.
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2.2.10 Transport measurements

Figure 2.9. Schematic illustration of MoS2-based transistor with HfO2
gating.33

Transport measurements refer to the electrical characterization where a

semiconductor is put as active material in a field effect transistor (FET) configuration.

The conventional FET consists of three terminals, the source (S), drain (D) and gate (G)
electrodes. The applied electrical field of the gate controls the current (IDS) flowing from

source to drain via the channel. By measuring the IDS at certain drain-source voltage,

the on/off ratio of a channel (usually made of a semiconductor) is determined.

The first MoS2-based transistor was realized by Fuhrer et al.34 demonstrating

high mobility of the order of tens cm2V-1s-1 with on/off ratio higher than 105. Four years

later, Kis and coworkers33 successfully achieved MoS2-based FETs with the mobility of

200 cm2V-1s-1 and 106 on/off ratio as illustrated in Figure 2.9. The use of high-κ HfO2 as
gate electrode allows an efficient gating of the MoS2 channel, resulting in less power

consumption of the FET. Recently, electrical double layer transistors (EDLT) have been

proven to induce huge amounts of charge carriers at the surface of 2D solids.35,36 In the
EDLT configuration, ionic liquid is used to replace conventional solid oxides as the gate
electrode, generating two orders of magnitude higher amounts of charge carriers than
in conventional FETs.

42 | P a g e

Experimental Details

(a)

MoS2/SiO2

electrodes/MoS2/SiO2

PMMA/MoS2/SiO

Au/PMMA/MoS2/SiO2

e-beam exposure
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(b)

Figure 2.10(a) Schematic flow chart to put an electrode on a MoS2 flake by
electron beam lithography; first the resist is spin-coated on the surface, then a
pattern is created by e-beam exposure and the resist is developed. Au is evaporated,
followed by the lift-off of the resist. (b) Schematic diagram of the EDLT.

For the transport measurement on MoS2 electrical contacts were deposited via

a standard electron beam procedure as depicted in Figure 2.10(a). PMMA resist was

spin-coated onto the freshly grown MoS2 at a speed of 4000 rpm for 60 s, followed by

post-annealing at 150 ̊C for 2 min. The Raith e-LINE lithography system was used to

write the electrode pattern on the wafer. Development was done by simply soaking the

wafer in a MIBK:IPA = 1:3 solution for 45 s. This process leaves holes on the written

regions, which were then filled by Ti/Au (5/45 nm) to create the electrodes. Ti and Au
deposition was performed with the help of a Temescal FC/BJD2000 deposition system

in the clean room of the NanoLab of the Zernike Institute for Advanced Materials. The
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last step was the lift-off of the PMMA by soaking the wafer in the acetone at 50 ̊C for 5

min.

We performed the ionic liquid gating in the electrical double layer transistor

(EDLT) configuration as shown in Figure 2.10(b). The liquid gate can be controlled

electrostatically by applying a bias voltage to the gold pad/tip. The temperature of the

device was kept at 220 K to avoid electrochemical reactions. Then liquid helium was

used to cool down the system and the resistivity of MoS2 was simultaneously measured

as a function of temperature. It is worth to note that below the glass transition of the
ionic liquid T = 180 K, the electrostatic gating using EDLT no longer takes place due to
the static cations on the MoS2 surface. The low temperature transport measurements

were performed by using several SR830 (Stanford Research) lock-in amplifiers and a

DC Keithley 2450. The sample was cooled down to 1.6 K with the help of a closed-loop

liquid helium cryostat equipped with superconducting magnet up to 9 Tesla

(Cryogenics UK). The charge carrier density (n2D) is linked to Hall coefficient as detailed

in Equation 2.6.

𝑅𝑅𝐻𝐻 =

1

𝑛𝑛2𝐷𝐷 𝑒𝑒

𝐵𝐵

(2.6)

where RH id the Hall coefficient, B is the magnetic field, 𝑛𝑛2𝐷𝐷 is the charge carrier
density of two-dimensional material and e
is the elementary charge (~ 1.6 x 1019 C)
The calculated 𝑛𝑛2𝐷𝐷 can be used to determine the electron mobility by using
Equation 2.7:
𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹 =

𝜎𝜎

𝑛𝑛2𝐷𝐷 𝑒𝑒

(2.7)

where µFET denotes the mobility, σ the conductivity, 𝑛𝑛2𝐷𝐷 the charge carrier
density of the two-dimensional material and e the elementary charge (~ 1.6 x 10-19 C).
In addition, the conductivity can be calculated by using Equation 2.8:
𝜌𝜌 =
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where ρ is the resistivity ( 𝜎𝜎 = ), W the width, l the length and RT the

resistivity at T K.

𝜌𝜌

All the transport measurements reported in this dissertation were performed

by Abdurrahman Ali El Yumin (Device Physics and Complex Materials group).
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Chapter 3

Controlling the MoO 3 precursor provision to obtain

high quality single layer MoS 2 by chemical vapour

deposition

This chapter presents a new approach to optimize the MoO3 precursor
provision for single layer molybdenum disulfide (MoS2) growth by chemical vapour
deposition. The obtained MoS2 not only comprised of large single layer flakes but also a
continuous film of single layer MoS2. We used a quartz cup instead of a boat for MoO3
and located it 1 cm upstream of the substrate. The quartz cup limits the precursor
provision and creates a concentration profile allowing MoS2 to form a continuous film
in the substrate region closest to the MoO3 source. The quality of MoS2 was
characterized by optical, atomic force, scanning electron and transmission electron
microscopy as well as by Raman, photoluminescence and X-ray photoelectron
spectroscopy. Transport measurement in electric double layer transistor geometry
demonstrated a good charge carrier mobility.

The same research idea was published1 when we had prepared the manuscript based
on the results presented in this chapter: Ali Syari’ati, Abdurrahman Ali El Yumin,
Tashfeen Zehra, Bart Kooi, Jianting Ye, Petra Rudolf, Controlling the MoO3 precursor
provision to obtain high quality single layer MoS2 by chemical vapour deposition

Chapter 3

3.1 Introduction
After graphene, transition metal dicalchogenides (TMDs) have become the

most studied materials among two-dimensional (2D) solids because their physical and

chemical properties are promising for future electronic and optoelectronic devices.2,3

TMDs are layered materials consisting of transition metal (M) and chalcogen atoms (X)

in the form of an MX2 bonded layers held together by weak Van der Waals interaction.

Interestingly, depending on which transition metal and chalcogen atom are combined,
the resulting TMD can be an insulator, a semiconductor, a metal, or even a
superconductor.4–7

Among the TMD family, single layer (SL) MoS2 has been the most studied

because it is a promising candidate for transistor8–10, catalysis11, and sensor

applications.12 Its band structure changes from an 1.29 eV indirect to a 1.89 eV direct

band gap when the thickness decreases from a bulk crystal to a single layer and
therefore the latter has been considered as complementary to gapless graphene.13

Various methods have been investigated to obtain SL-MoS2, including mechanical

exfoliation14, liquid-phase exfoliation15,16, and chemical vapour deposition (CVD).17–19
However, when large single domain flakes are required, CVD with its high

reproducibility and its relatively low cost20 is an ideal choice. Previous studies have

identified optimized CVD parameters like growth-temperature21, flow rate22,23, pre-

treatment24,25 and the effect of different substrates and source materials.26,27 However,
only a few studies focus on the CVD configuration.

As already mentioned in Chapter 2 the proposed mechanism20 to grow MoS2

by CVD identifies the evaporation of source materials, the transport of gaseous source

materials to the substrate by the carrier gas, as well as the simultaneous diffusion of

adsorbed precursors and their reaction on the substrate to form MoS2 as crucial steps

in the process. During the transport of the gaseous species, one expects reduction of

MoO3 to the intermediate product MoO3-x to take place. Wang et al.19 showed that the
position of the precursor in the CVD set up allows to control the concentration of the
intermediate product MoO3-x to obtain a continuous film of SL-MoS2.
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a

b

3

c

Figure 3.1. CVD setup for growing single layer MoS2. (a) An illustration of CVD set
up which shows the quartz cup placed in an up-stream position just before the substrate;
(b) the alumina boat and the quartz cup for sulfur and MoO3, respectively, (c) the
temperature control scheme as used in the CVD growth for heating MoO3 and S.

In this work, we used a different approach to control the provision of the

precursor by putting the source material, MoO3 powder, in a small quartz cup. The

quartz cup assures that the source concentration is low during growth, thus hampering

the formation of new nucleation sites. This low source material concentration therefore
promotes lateral growth of a few initially formed islands, yielding a highly crystalline,
wafer scale sized SL-MoS2.28 The scheme of the CVD setup for this method is illustrated

in Figure 3.1.(a) and in the following we shall discuss the results of optical, atomic force
(AFM), scanning electron (SEM), and transmission electron microscopy (TEM), as well
as of Raman, photoluminescence (PL), and X-ray photoelectron spectroscopy (XPS) and
electrical measurements, which demonstrate that this method indeed yields high

quality and uniform films of SL-MoS2. We also performed MoS2 growth with the
common face-down method for comparison.
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3.2 Results and discussion
MoS2 growth by CVD
As depicted in Figure 3.1(a), MoO3 and S powder were placed in

correspondence of different heating belts of the oven to achieve better temperature

control of the two source materials. Unlike common CVD growth of MoS2, where the

substrate is placed facing downwards24, we placed a 1x1 cm piece of an n-doped silicon

wafer covered with a 300 nm oxide layer in correspondence of the same heating belt as
MoO3, but facing upwards. 3.0 mg of MoO3 were put inside a quartz cup (depicted in

Figure 3.1(b)) positioned 3-5 mm before the substrate, while 500 mg of sulfur powder

in an alumina boat (depicted in Figure 3.1(b)) was placed in correspondence of the up-

stream heating belt (first heating belt). This distance between quartz cup and substrate

was found to be an ideal distance to keep the nucleation density low all over the
substrate. We grew MoS2 in Ar atmosphere at ambient pressure.

The temperature control scheme depicted in Figure 3.1(c) shows three

different stages during the CVD process. The first is called the purging stage, where the

adsorbed water is removed from the system by heating up the second heating belt at
200 °C in a 300 sccm Ar flow. The second is called induction stage and it was started

subsequently by heating up the second belt up to a temperature of 700 °C with the

constant heating rate of 17 °C/min. At the same time, we also started to heat the first
heating belt up to 150 °C with a lower heating rate of 3 °C/min. In the induction stage
the CVD tube is saturated with MoO3 or MoO3-x vapour. This stage is crucial for growing

large domains of SL-MoS2 because it determines the density of early nucleation sites on
the substrate.
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e

Zone 3

Figure 3.2(a) Schematic illustration of the location of the different zones on the
substrate with respect to the position of the precursor sources. Scanning electron
microscopy (SEM) images (b) of zone 1 and 2 show the border between the continuous
film and partially merged big flakes (indicated by a red dashed line); (c, d) of zone 2
showing partially both merged and isolated big flakes; (e) of zone 3 showing small
flakes. The white scale bar corresponds to 100 µm in each case.
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Figure 3.3. Optical microscopy images of (a) zone 1, where the substrate is fully
covered by a continuous film; (b) zone 2; (c) zone 3; (d) close-up on an 86.3 µm wide
flake; small flakes grown by the conventional method without quartz cup; (e) overview
of the substrate after growth when the substrate is placed facing upwards and (e)
downwards. The red arrow indicates the edge of the substrate.

In a previous study, Chen et al.28 applied a different gas flow direction in the

induction stage (away from the substrate) than in the growth stage (towards the

substrate) to avoid unintentional nucleation in the former, while Tao et al.29 modified
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the substrate position to control the diffusion of precursors and found that too short

distance between molybdenum source and substrate lead to multilayer growth, too

long distance to negligible nucleation rate. In our case, a separate moveable heating belt

for the sulfur assures that S vapour is present only during the growth stage thus
preventing undesired reactions before that stage. In the third, the growth stage, we kept

the maximum temperature (700 °C) of the MoO3 heating belt for 10 min in a 10 sccm Ar
flow but added an additional 20 min for the S heating belt to achieve larger domains

and avoid cracks in the MoS2 layer.30 We turned off and move the S heating belt right

after the growth stage, whereas the MoO3 heating belt was turn off only after the

temperature reached 550 °C to assure a low cooling rate. Then we let the setup reach
room temperature naturally.

Scanning electron and optical microscopy
We first checked our samples by SEM to gain an insight on the morphology of

the grown MoS2. Different coverages were found at different locations on the substrate

as depicted in Figure 3.2. We divided the substrate into 3 zones as illustrated in Figure

3.2(a). The zone 1 is fully covered by a continuous film, while the zone 2 contains both
merged flakes and isolated large flakes. Figure 3.2(b) shows the border region of zones
1 and 2, divided by a red dashed line. In zone 3 only small flakes with the size ranging
from 1-15 µm are observed, as depicted in Figure 3.2(e). The size distribution of MoS2

flakes is shown in Figure 3.4.

Zone 2

Zone 3

Figure 3.4. Flake size distribution in Zone 2 and 3.
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We also employed optical microscopy to further investigate the different zones

on the substrate. The MoS2 shows an excellent contrast on SiO2; both the continuous

film and the islands exhibit purple colour, while SiO2 is seen orange. Figure 3.3(a-c)
shows images taken at different magnifications, namely 20x and 50x. Millimeter size

films resulting from the merger of several large flakes were found on the up-stream

zone near the source (Figure 3.3(a)). The uniform contrast over the whole area

confirms that the islands have coalesced without any deformation or buckling on the

macroscopic scale and represents a first indication that we have the same height of the

adsorbed material everywhere. The green dot inside the black dashed line circle marks
the initial nucleation site, from which the island enlarged laterally.

We believe that the quartz cup located before the substrate, combined with a

low Ar flow during the growth is responsible for controlling the MoOx concentration
profile across the substrate and thus favours lateral growth. In addition, how much

MoOx is transported in the Ar stream and how the precursors reach the substrate (easily
or more difficulty) also play an important role in the growth of a continuous film of MoS2

on the parts of the substrate nearest to the precursor source. The MoOx concentration

decreases as the distance between the source and location of the zone increases,
resulting in isolated flakes further out on the substrate as depicted in Figure 3.3(c).

Equilateral triangular flake with edges reaching sizes up to nearly 100 µm could be

identified, as depicted in Figure 3.3(d). It is worth to note that the growth conditions
reported rely on optimized parameters, which were determined by studying the effect
of parameters such as the distance between substrate and source materials, growth

temperature and duration, carrier gas flow rate, source material (purity, amount and
freshness).
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MoS2 film

MoS2 flake

Energy (eV)

d

Intensity (arb. units)

Intensity (arb. units)

c

f

Raman Shift (cm-1)

Figure 3.5. Characterization of MoS2: AFM images of (a) a single flake and (b) the
edge of the continuous film - the insets show the step height; (c) photoluminescence
spectra of the continuous film and of a single flake. (d) Raman spectra of the continuous
film and of a single flake; XPS spectra of the (e) Mo3d/S2s and (f) S2p core level regions
collected on the continuous film; raw data (O) and mathematical reconstruction of the
experimental line (—). The different components are discussed in the text.
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To convince the reader of the superior quality of our results, we also grew MoS2

by the commonly used face-down method19,31 with the same temperature control
scheme and the same Ar flow as those adopted in our new method. Figure 3.3(e) shows

the optical image of the sample grown with MoO3 in an alumina crucible boat instead of

in the quartz cup with the substrate facing up; the result of the same growth with the

substrate facing down is presented in Figure 3.3(f). The optical microscope images do

not show a film with uniform thickness but small flakes ranging from 1 to 15 µm in size.
The presence of a large number of small flakes on these samples confirms that more

nucleation sites are formed when not using the quartz cup. The multilayer growth

testifies to an excessive amount of source material reaching the substrate at any time
so that lateral island growth is not favoured.

The thickness of the film and of the flakes was confirmed by AFM. Tapping

mode AFM images over a 5x5 µm size area were acquired to measure the step height at

the edge of single flakes and of the continuous film, as depicted in Figure 3.5(a, b),
respectively. The cross section line shown in the insets indicates that both film and flake

are 0.7 nm thick, which in good agreement with previous results32 for single layer MoS2.
This observation agrees with the uniform contrast of the optical microscopy images and
confirms that we grew SL-MoS2 all over the substrate.

We also acquired the photoluminescence (PL) spectra for both the continuous

film and for an isolated flake to identify the band gap of the material grown by the

quartz cup method. Figure 3.5(c) shows both PL spectra, which are identical. Due to
the splitting of the valence band in MoS2,33 two peaks appear, attributed to the A and B

excitons, respectively. The energy of the A exciton of ~ 1.8 eV is in good agreement34

with the band gap of SL-MoS2.

We performed Raman spectroscopy to study the typical vibration modes in

MoS2. Figure 3.5(d) shows the two characteristic peaks of MoS2, namely E2g and A1g,

located at 389.9 cm-1 and 405.5 cm-1, respectively and associated with in-plane and out-

of-plane vibrations as explained in Chapter 2. For both the MoS2 film and the flake the

distance between the two peaks is 17.5±1.5 cm-1, which is in good agreement with SL-
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MoS2.35,36 We measured different spots on the continuous film and different flakes to

check the uniformity of our MoS2. Moreover, the sharpness of the peaks indicates29,37
good crystallinity of our MoS2.

To confirm the chemical composition of MoS2 grown using the quartz cup

method, we collected XPS spectra of the Mo3d/2s and S2p core level regions, as depicted
in Figure 3.5(e, f), respectively. The most intense doublet peak, located at a binding

energy (BE) of 229.6 eV, is attributed to Mo4+ (i-Mo4+), the charge state of molybdenum

in MoS2. The doublet peaked located at 1.7 eV higher BE stems from defect

Mo4+

(d-

Mo4+), i.e. from Mo atoms close to sulfur vacancies (VS).38,39 Finally, the doublet peak at

232.9 eV in BE is due to Mo6+ of the unreacted precursor MoO3,40 which is always found

as contamination on CVD grown MoS2. The most intense singlet peak is due to the S2s

emission from defect free regions of MoS2, while the additional singlet peak at 227.6 eV

corresponds to sulfur close to a defect. The sulfur chemical environment can be more

clearly studied by means of the S2p core level spectrum, shown in Figure 3.5(f), where
two doublets, peaked at 162.3 eV and 163.1 eV respectively, are observed.24 We

attribute the most intense one to intrinsic S (i-S) in defect free regions of MoS2, and the
higher binding energy doublet to sulfur near S vacancies (d-S). This observation is very

important because it constitutes the spectroscopic proof of the presence of unsaturated

Mo atoms in CVD grown MoS2, already observed microscopically by Zhou et al.41 The
S/Mo ratio deduced from the spectral intensities normalized by the sensitivity factor
typical of the element and the spectrometer used, amounts to 1.8±0.2 and hence

indicates a n-type nature of MoS2 due to a deficiency in S in our MoS2, which in

agreement42 with the presence of intrinsic sulfur vacancies in MoS2.

The TEM image of SL MoS2 is shown in Figure 3.6(a). The HRTEM image

together with its fast Fourier transformation (FFT) pattern in the inset presented in

Figure 3.6(b) shows the hexagonal lattice pattern of the MoS2 crystal. The blurry
features are due to amorphous carbon of the PC residue, also clearly visible in Figure

3.6(c). Some polymer residue is commonly found43,44 on the transferred MoS2 after the
PC was removed by dissolving in chloroform.
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a

b

c

d

e

f

Figure 3.6. Further characterization of CVD grown MoS2: (a) TEM image of single
layer MoS2 suspended on a Au grid covered by holey carbon; (b) high resolution TEM
image with the corresponding FFT pattern in the inset; (c) SEM image showing the PC
residue remaining on MoS2 after cleaning; (d) optical microscopy image of a patterned
SL-MoS2 flake with Ti/Au electrodes; (e) electrical measurement of CVD grown MoS2 the IG vs VG curve, showing that no leakage current was observed; (f) the transport curve,
shown in the inset is the logarithmic transport curve.
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a

b

3

Figure 3.7.(a) The logarithmic plot of transport curve showing the on off ratio of
104. (b) The maximum Hall mobility (µ) as a function of charge carrier density (𝑛𝑛2𝐷𝐷 ) in
our electric double layer transistor device.

Figure 3.6.(d) shows the electric double layer transistor (EDLT) device based

on our MoS2. We used the EDLT technique to accumulate larger amounts of charge

carriers on the MoS2 surface, allowing for a more effective gating as compared to a

conventional

FET.9

N,N-diethyl-N-methyl-N-(2-methoxyethyl)

ammonium

bis

(trifluoromethylsulfonyl) (DEME-TFSI) was used as ionic liquid. The electrical

measurement was carried out at low temperature (220 K), just above the glass

transition temperature of DEME-TFSI to avoid any chemical reaction between MoS2 and

ionic liquid.9,45

We first checked the quality of our device by plotting IG as a function of VG, as

presented in Figure 3.6(e). Since no leakage current was observed, we conclude that
our device is in good condition to further investigate the transport properties. We
measured the transport curve, which is the current in MoS2 (IDS) as a function of applied

gate voltage (VG); the voltage between drain and source (VDS) was kept constant at 0.2

V during this measurement. The transport curve Figure 3.6(f) shows that a current in

MoS2 (IDS) started to be detected when the applied voltage gate was around 0.8 V. The

current was only observed when a positive bias was applied, confirming electrons as
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charge carriers. This fact supports the XPS results, which indicate the n-type nature of

our MoS2.

A logarithmic plot of the transport curve in Figure 3.7(a) reveals the on/off

ratio in the device of 104, indicative of a highly tunable device. We also performed Hall
effect measurements as a function of the external magnetic field to calculate the charge

carrier mobility in MoS2. Figure 3.7(b) shows the maximum Hall mobility (µ) as a

function of charge carrier density (𝑛𝑛2𝐷𝐷 ); µ reaches a value of 12.8 ± 0.3 cm2 V-1 s-1 at a

charge carrier density of (2.0 ± 0.1) x 1014 cm-2. This value is comparable with the
mobility values obtained for MoS2 produced by the scotch tape method and other CVD

approaches and ranging from 6-200 cm2 V-1 s-1.46
3.3 Conclusion

In conclusion, we demonstrated that successful CVD growth of continuous

films of single layer MoS2 can be achieved by controlling the MoO3 source material

provision via the quartz cup method. The quality and uniformity of MoS2 obtained using
this approach were confirmed by optical microscopy, AFM, Raman photoluminescence

and X-ray photoelectron spectroscopy, SEM, TEM and electrical measurements.
Although other studies have obtained continuous films of monolayer MoS2 by

sulfurization of thin Mo films, the undesired sulfur desorption at the high temperature

necessary in that protocol causes a drastic decrease of the carrier mobility. Our

alternative method allows to obtain high quality continuous films of single layer MoS2

with much higher carrier mobility and can potentially be applied to fabricate wafer-size
MoS2 for future electronic devices.
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Chapter 4

Photoemission Spectroscopy Study of
Structural Defects in Molybdenum disulfide (MoS 2 )

Grown by Chemical Vapour Deposition (CVD)

This chapter presents a study of the spectroscopic fingerprint of structural

defects in CVD grown MoS2 by means of X-ray Photoelectron Spectroscopy (XPS). We

show that these defects can be partially healed by covalent functionalization with thiol-

functionalized cysteine and that this functionalization does not alter the

semiconducting properties of MoS2, as confirmed by the photoluminescence spectra.

Results of this chapter are based on:
Ali Syari’ati, Sumit Kumar, Amara Zahid, Abdurrahman Ali El Yumin, Jianting Ye, Petra
Rudolf, Photoemission Spectroscopy Study of Structural Defects in Molybdenum disulfide
(MoS2) Grown by Chemical Vapor Deposition (CVD), Chem. Commun. 55, 10384 – 10387
(2019); DOI : 10.1039/C9CC01577A.

Chapter 4

4.1 Introduction
The extraordinary properties of graphene have sparked increasing interest in

other layered materials like Transition Metal Dichalcogenides (TMDCs). TMDCs consist

of layers held together by Van der Waals (VdW) interaction like graphene but here one
layer comprises of a transition metal atom sheet sandwiched between two chalcogen
atom sheets via covalent bonds. The weak VdW interaction between layers can be

exploited to isolate two-dimensional (2D) flakes by mechanical1,2, chemical3 and liquid

exfoliation4–6, but these ultrathin crystals can also be synthesized on suitable substrates
by Chemical Vapor Deposition (CVD)7–9 or Molecular Beam Epitaxy (MBE).10

MoS2 has received special attention among TMDCs because its electronic and

optoelectronic properties promise well for application in transistors2,11,12, sensors13,
and as catalyst.14,15 CVD is the only up-scalable method that allows to obtain large
domains of single crystalline MoS2 with sizes reaching hundreds of μm and an electron

mobility which approaches that of exfoliated MoS2.16 However, so far defects seem
unavoidable in CVD grown and exfoliated MoS217, and can be exploited as catalytic sites

for e.g. hydrogen evolution reaction (HER).18 On the other hand, these defects decrease
the mobility and photoluminescence (PL) intensity of MoS219–21 and strategies to heal

them need to be developed. Zhou et al. reported the direct observation by scanning
tunneling microscopy of intrinsic structural defects in CVD grown MoS222, namely sulfur

and molybdenum vacancies. Sulfur vacancies can be filled by adsorption of thiol

molecules23 and this strategy can also serve to tune the properties of MoS2 crystal by

functional groups attached to the thiol moiety.24–26

In this project, we monitored structural defects in CVD grown MoS2 before and

after annealing as well as after functionalization with thiol-terminated cysteine by

means of X-ray Photoelectron Spectroscopy (XPS). We demonstrate that the defect

density can be increased by thermal annealing, which also introduces another type of

structural defect. We prove that cysteine molecules can partially heal the defects and
that they covalently bind to MoS2 as depicted in Figure 4.1. This result differs from the

findings of Chen et al.,27 who reported that cysteine molecules merely physisorb on the
surface.
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Figure 4.1. Functionalization of MoS2 with cysteine molecules via first
creating defects through thermal annealing and then filling them with cysteine with
a thiol end group.

4.2 Results and discussion
MoS2 grown by the CVD and characterization
MoS2 was grown by CVD on oxide-passivated Si wafers as explained in the

previous chapter, where we detailed our reproducible approach to obtain MoS2 with

large crystalline domain. The characterization of the as-grown material by atomic force

microscopy (AFM), photoluminescence (PL), Raman and X-ray photoelectron

spectroscopy (XPS) was reported in Chapter 3. Because they serve for comparison, in

Figure 4.3(a) and Figure 4.3(d) we present here again the XPS spectra, which are

identical to those presented in Figure 3.5 of the previous chapter. As discussed there,

the Mo3d/S2s core level region (Figure 4.3(a)) can be fitted with three Mo3d doublets
peaked in binding energy (BE) at 229.6 eV, 231.3eV, 232,9 eV, which are attributed the
first to Mo4+ (i-Mo4+) in MoS2, the second to Mo4+ (d(1)-Mo4+) close to single sulfur

vacancies, and the third to Mo6+ in MoO3 residues and two singlet peaks, peaked at 226.5

eV (S2s) and 227.6 eV (d-S2s), which stem respectively from S in defect-free regions of
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MoS2 and from S near a defect. Analogously, the S2p core level spectrum, shown in

Figure 4.3(d), comprises two doublets, peaked at 162.3 eV (i-S) and 163.1 eV (d-S)

respectively and arising from S in defect-free regions of MoS2 and from S near a defect.

Thermal annealing is known to induce desorption of S atoms from the MoS2

nanosheet.28 Annealing was carried out in the same furnace as CVD growth. We

annealed the freshly grown MoS2 in ambient pressure under 300 sccm Argon flow. We

raised the temperature to 250 °C in 40 minutes and kept the samples at the maximum
temperature for 2 h. Figure 4.3(b) shows the XPS spectrum of the Mo3d/S2s core level

region of the annealed sample, which clearly presents a different line shape than the
pristine sample and requires an additional Mo component in the fit of the spectrum. We

attribute this new doublet peaked at 232.1 eV (d(2)-Mo4+) to unsaturated Mo atoms

close to a more complex defect present in the MoS2 crystal.

We observe a decrease in the Mo and S spectral intensities as well as in the ratio

of between the S and Mo intensities after annealing. The calculation of the formation
energy of the various defects in MoS2,29 namely of a molybdenum vacancy (VMo) and

divacancies implying either a missing MoS moiety (VMoS) or two missing sulfur atoms

(VSS) gives the lowest value for VMo, and only a 0.2 eV higher value for VMoS and VSS
making it difficult to discriminate which defects are formed after annealing.

Since the d(2)-Mo4+ component appears at a higher BE than the d(1)-Mo4+ and

i-Mo4+ components, we can conclude that it is associated with the loss of S atoms; in fact
more than one missing S implies even more positive charge on the surrounding Mo

atoms.29 After annealing, we also observe a 10±2% intensity increase of the component

attributed to d(1)-Mo4+, confirming the assignment to VS in the MoS2 nanosheet;

moreover the, d(1)-Mo4+ component is shifted to lower BE, confirming additional loss
of S in the surroundings of Vs.30
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4

Figure 4.3. XPS spectra of the Mo3d/S2s and S2p core level regions for MoS2
as grown (a,d), annealed (b,e) and functionalized samples (c,f); raw data (O) and
mathematical reconstruction of the experimental line (—). The different
components are discussed in the text.

71 | P a g e

Chapter 4

The desorption of S atoms is also observed in the S2p spectrum of the annealed

sample, depicted in Figure 4.3(e), where the intensity of the component assigned to dS peak increased 11±2 %. The rigid binding energy shift was also observed for S2p

spectral lines upon annealing, similar to the result reported by Donarelli et. al.28

To explore whether these structural defects can be healed by thiol-

functionalized molecules, we exposed the annealed MoS2 to thiol-terminated cysteine.

Functionalization was performed following the procedure reported in the literature.31
The annealed samples were first soaked for 72 h in an aqueous solution prepared by

dissolving 1 mg cysteine (Sigma Aldrich, purity 97%) in 10 mL MilliQ water. The
samples were then rinsed three times with ethanol, acetone, isopropanol and water and

blown dry with Ar. To remove any unbound cysteine molecules from the surface of the

samples, we immersed again in ethanol for 45 minutes and rinsed again with ethanol,

acetone, isopropanol and water before drying with an Ar flow.

The XPS spectra of the Mo3d and the S2s core level region and of the S2p core

level region after functionalization are shown in Figure 4.3(c) and Figure 4.3(f),
respectively. In the spectrum of Figure 4.3(c), one notes that the exposure thiol-

functionalized cysteine induced a 8±2 % decrease in the d(1)-Mo4+ spectral intensity

and a 3±2 % decrease in the d(2)-Mo4+ spectral intensity. Chu et al.32 reported that,

monosulfur vacancies can act as the centre for functionalization because when one thiol
molecule is attached, it facilitates the adsorption of other molecules to neighbouring

vacancies in the range of 9-35 Å2 from the first adsorbate. The two components are also
shifted towards lower BE, with the d(2)-Mo4+ doublet now peaked at 232.0 eV and the

d(1)-Mo4+ doublet at 231.2 eV. This observation indicates that adsorbed molecules not

only heal the structural defects but also promote charge transfer, a mechanism, which
could be used to tailor the electronic properties of MoS2.

In agreement with the discussion of the Mo3d/S2s spectrum, also in the S2p

spectrum, shown in Figure 4.3(f), a noticeable decrease of 10.8 % of the intensity of the
d-S component was observed upon functionalization, confirming the preferential

healing of single vacancies. Furthermore, a new contribution appears, peaked at

164.0 eV, attributed to S-S bonds, corrobating the adsorption of a second cysteine
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molecule close to a first one, which also supports the result of the Mo3d/S2s spectrum.33

The details of the XPS peaks position are summarized in Table 4.1.

Confirmation for the presence of cysteine grafted to the MoS2 basal plane comes

from the XPS spectra of the C1s and N1s core level regions of the functionalized MoS2

shown in Figure 4.4. Spectral components due to C-C and C-O bonds are observed for

the as-grown sample due to the presence of adventitious carbon. Upon
functionalization, as expected, the spectral intensity of these components increases and

a new component at a BE of 286 eV appears, testifying to the presence of C-S bonds. In

Figure 4.4(b), the nitrogen peak observed at 403.4 eV corresponds to N-C bonds.
Figure 4(c) shows the survey photoemission spectra of as-grown MoS2 before and after

annealing and after functionalization with thiol-terminated cysteine of the annealed

sample, where the decrease in S2p peak intensity after annealing MoS2 and the increase
in C1s peak intensity after functionalization are also clearly visible.

Table 4.1. The peak positions of all components in the XPS spectra.

Region

As-grown

Annealed

d-1

229.6

229.2

MoO3

233.0

Peak
i-MoS2

Mo3d/S2s

d-2

i-S2s
d-S2s

S2p

S-S

i-S2p
d-S2p
S-S

BE (eV)
231.3
226.5
227.6
162.4

163.1

BE (eV)
230.8
233.2
231.6
226.1
227.2
161.9

162.6

Annealed and

functionalized
BE (eV)
229.6
231.2
233.6
232.0
226.7
227.7
228.4
162.4

163.2
164.2
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(c)

Figure 4.4. XPS spectra of the C1s (a) and Mo3p/N1s (b) core level regions
of the as-grown MoS2 and the functionalized sample. (c) XPS survey spectra of asgrown MoS2, and of annealed MoS2 before and after functionalization with thiolterminated cysteine; The C1s, S2p and Mo3d core level regions are highlighted in
pink.

To support the XPS data, we collected the Attenuated Total Reflection Fourier

Transform Infra-Red (ATR-FTIR) spectrum of functionalized MoS2, shown in Figure

4.5(a) together with the spectrum of cysteine for reference. FTIR spectroscopy is a fast
and non-destructive tool to confirm the covalent functionalization of the MoS2
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nanosheet.27,34,35 The S-H stretching vibration (νS-H) at 2549 cm-1, clearly observed in

cysteine but absent for functionalized MoS2, points to H splitting off when the molecules
bind to the MoS2 basal plane.36 Furthermore, the presence of a band at 700 cm-1, typical

of the C-S stretching vibration, can be taken as evidence of the successful
functionalization.37 The presence of this feature in both samples proves the presence of
cysteine on MoS2 and supports the XPS data.

Unlike another covalent functionalization strategy38,39, which requires

transformation of the semiconducting 2H-MoS2 phase into metallic MoS2 (1T-MoS2), the

covalent functionalization described in this chapter preserves the semiconducting

nature of the TMDC, as demonstrated by the photoluminescence (PL) spectrum in
Figure 4.5(b). Upon functionalization, MoS2 shows a PL peak at 668 nm, which is absent

in 1T-MoS2.40 However, the PL intensity decreased and the peak is slightly blue-shifted.

After annealing, the PL intensity increased due to the removal of physisorbed
contaminants, in good agreement with the previous reports.41,42
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(a)

(c)

(b)

Figure 4.5.(a) ATR-FTIR spectra of cysteine and of annealed MoS2 after
immersion in a solution of thiol-functionalized cysteine. (b) PL spectra of annealed
MoS2 before and after thiol-functionalization. (c) Photoluminescence spectra of asgrown and annealed MoS2.

Functionalization of as-prepared MoS2
After the success with healing defects in the annealed MoS2, we also attempted

functionalization of as-grown MoS2 but did not find any undisputable evidence for the
presence of cysteine molecules.
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(d)

(e)

4

(c)

Figure 4.6. XPS spectra of the N1s core level region of (a) annealed MoS2
after functionalization with thiol-terminated cysteine, (b) as-grown MoS2 after
functionalization with thiol-terminated cysteine; (c) superimposed XPS spectra of
the N1s core level region of as-grown MoS2 before and after functionalization with
thiol-terminated cysteine. XPS spectra of the Mo3d core level region of as-grown
MoS2 before (d) and after (e) functionalization with thiol-terminated cysteine.

Figure 4.6 shows the XPS spectra collected after functionalization of annealed

MoS2 and before and after functionalization of as-grown, not-annealed MoS2. The

spectra of the Mo3d core level region of the as-grown, not-annealed MoS2 before and

after functionalization looked similar except for a very small decrease in intensity of the
d(1)-Mo4+ hinting to a small amount of cysteine functionalization. Unfortunately, the

small N1s cross-section makes it impossible to reliably detect N from the cysteine
77 | P a g e

Chapter 4

molecules in the functionalized as-grown MoS2 (see comparison Figure 4.6(c)). We

attribute this lack of success of functionalizing the as-grown sample to the fact that the
S vacancies are quite reactive and tend to adsorb gas molecules from the environment
as observed in the wide scan of XPS results (see Figure 4.6 above), in agreement with
other reports.43,44 In addition, the adventitious carbon contamination present in our

samples was considerable (more than ~20%, see the XPS survey scan in Figure 4.4(c)).
This hinders the functionalization with cysteine molecules because less active sites
remain available on the surface.
4.3 Conclusions
In conclusion, we identified the XPS fingerprint of the structural defects in CVD

grown MoS2 and demonstrated that when thermal annealing causes sulfur to desorb

from the basal plane of MoS2, vacancies with more than one missing S atom are created.

Most importantly we proved that covalent functionalization of defective MoS2 with
thiol-terminated cysteine is possible via filling of vacancies. After functionalization,
MoS2 maintains its semiconducting characteristics.
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Chapter 5
Enhancing the photoluminescence efficiency
of CVD grown MoS 2 via defect engineering

Defects formed during CVD growth affect the photoluminescence in single
layer molybdenum disulfide. In this chapter, we demonstrate that chemisorption of
electron-withdrawing molecules bearing a tetracyanoquinodimethane unit (TCNAQ)
can effectively enhance the photoluminescence efficiency, resulting in a seven times
higher photoluminescence intensity. TCNAQ causes free-carrier depletion, which
engenders the suppression of non-radiative trion recombination in the MoS2 nanosheet.
Moreover, chemisorbed TCNAQ passivates the reactive MoS 2 surface, preventing the
adsorption of contaminants during air exposure.

The results of this chapter are ready for submission as:
Ali Syari’ati, Oreste De Luca, Marco Carlotti, Saurabh Soni, Davor Čapeta, Ryan C.
Chiechi, Petra Rudolf. Enhancing the photoluminescence efficiency of CVD grown MoS 2
via defect engineering.

Chapter 5

5.1 Introduction
Molybdenum disulfide (MoS2) has been the most studied transition metal
dichalcogenide (TMD) owing to its unique chemical and physical properties.1,2 The high
carrier mobility of single layer MoS2 makes it very promising for both fundamental
research and applications such as transistors3,4, photodetectors5, sensors6, solar cells7
and light-emitting diodes.8 This semiconductor material possesses a 1.29 eV indirect
gap but a 1.89 eV direct band gap is detected when bulk MoS2 is thinned down to a single
layer.9 The decreased dielectric screening of the Coulomb interaction between charge
carriers in single layer MoS2 results in photoluminescence (PL) at room temperature.10
However, the low PL intensity of MoS2 grown by chemical vapour deposition hinders
its use for some applications. Defects such as S vacancies, always present in CVD grown
MoS2, are responsible for the low PL intensity.11 The defects create mid-gap state in the
electronic band structure of MoS2 (similarly to what happens in amorphous
semiconductor) and act as non-radiative recombination sites in CVD grown MoS 2.12
Rafik et al. pointed out that the n-type nature of MoS2 is also due to these surface
defects.13
To address this challenge, passivation method by using thiols or superacids to
a freshly prepared MoS2 has been proposed.11,14–16 Kim et al.14 achieved a two orders of
magnitude increase in the PL intensity by passivating the MoS 2 surface using a superacid, bis(trifluoromethane)sulfonamide (TFSI). Kiriya et al.15 protonated the MoS2
surface with H2SO4, and also showed an increase in PL intensity. However, additional
treatment with a strong acid can introduce additional unfavourable defects, which can
affect the performance of MoS2-based devices.17,18 The defects generate additional
states within the MoS2 band gap, which impair the charge mobility19 and hamper the
exciton screening.20
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(a)

(b)

5
Figure 5.1. Chemical structure of (a) TCNAQ, (b) ATTF.

Scheme 1. Illustration of surface functionalization with TCNAQ of defective
CVD-grown MoS2. The colours represent different atoms: red = molybdenum, yellow
= sulfur, grey = carbon, blue = nitrogen.

TCNQ is an effective p-dopant for low dimensional materials such as
graphene21 and carbon nanotubes.22 Mouri et al.23 used TCNQ on MoS2 and
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demonstrated the modification of the PL intensity via surface charge transfer between
the molecules and MoS2. However, since TCNQ was merely physisorbed on the
nanosheet, the molecules could not sustain solvent exposure, which is unfavourable for
some applications where a robust system is required.24 Therefore, a non-destructive
yet effective approach to realize a robust PL enhancement of MoS2 is required.
In the project described in this chapter, we used a derivative of TCNQ, S,S’(((9,10-bis(dicyanomethylene)-9,10-dihydroanthracene-2,6-dyl)bis(ethyne-2,1dyl))bis(4,1-phenylene)) (TCNAQ), which has been modified with phenylene-ethylene
arms terminated by thioacetate anchoring groups25 as depicted in Figure 5.1(a) for
surface functionalization to increase the PL intensity of MoS2. As illustrated in
Scheme.1, the idea behind using TCNAQ is that after in situ reduction of the thioacetate
group to a thiol group, the molecule should bind to MoS2 covalently by splitting off the
H atom and thereby fill the intrinsic S vacancies. Consequently, the PL intensity should
increase and the TCNAQ-Mo bond should be robust enough to withstand solvent
exposure. To prove this concept, we also investigated the functionalization with an
electron

donor

molecule,

S,S’-(((9,10-di(1,3-dithiol-2-ylidene)-9,10-

dihydroanthracene-2,6-diyl)bis(ethyne-2,1-dyil))bis(4,1-phenylene)) diethanethioate
(ATTF), sketched in Figure 5.1(b).
5.2 Results and discussion
Single layer MoS2 on an oxide-terminated silicon wafer was prepared using the
same procedure as described in Chapter 3. For this project we specifically selected
single layer MoS2 flakes in the middle region for X-ray photoelectron spectroscopy
(XPS) characterization, and made sure (by markers combined with optical microscopy)
that the same flakes were used for Raman and PL measurements.
The synthesis of TCNAQ and ATTF was performed as described in detail in
references 25,26 by Marco Carlotti of the Chemistry of Molecular Materials and Devices
group of the Stratingh Institute for Chemistry of the University of Groningen. The
functionalization of MoS2 was carried out in N2 atmosphere. Freshly grown MoS2
samples were incubated in 3 mL of 50 µM solution of TCNAQ or ATTF for 1 h. Right
86 | P a g e

Enhancing the photoluminescence efficiency of CVD grown MoS2 via defect
engineering
before incubation, 0.05 mL of 17mM diazabicycloundec-7-ene (DBU) solution in dry
toluene was added to de-protect the thiol functional group. The functionalized samples
were rinsed with pure ethanol and blown dry with a N2 flow. Then they were soaked
again for 4 h in the pure solvent and blown dry with a N2 flow. The solvent-onlyexposure removes physisorbed molecules from the MoS2 surface.27
X-ray photoelectron spectroscopy
We first confirmed the successful functionalization using X-ray photoelectron
spectroscopy (XPS). XPS is a powerful characterization technique to investigate the
chemical environment of atoms in 2D solids.28,29 In this work, we collected the XPS data
of the as-grown MoS2 before and after functionalization with TCNAQ; the spectra are
depicted in Figure 5.2. Figure 5.2(a) and (c) show the Mo3d/S2s and S2p core level
regions for the as-grown MoS2 sample, which have already been discussed in Chapter 3
(and shown again in Chapter 4). In short: the fit of the Mo3d/S2s core level region
requires three doublets and two singlets; the most intense component, peaked at a
binding energy (BE) of 230.1 eV (red line), stems from Mo4+ (i-Mo4+), the charge state
of molybdenum in MoS2, while the component (d-Mo4+) shifted 1.1 eV towards higher
BE corresponds to Mo atoms close to sulfur vacancies (purple line).30 The doublet
located at a BE of 233.3 eV is ascribed to unreacted MoO3 residues (blue line), always
present in CVD-grown MoS2. In the S2s core level region, two components are present,
peaked at BE’s of 227.3 eV (green line) and 228.7 eV (orange line) and assigned
respectively to S in defect-free regions of MoS2 and S located close to monosulfur
vacancies. Figure 5.2(c), which shows the S2p core level region consistently with the
fit of the S2s line, also comprises two doublets, with the most intense one peaked at
162.9 eV (green line) and attributed to intrinsic S in MoS2 (i-S2p), while the minor
component peaked at 163.9 eV (orange line) is again the signature of S atoms near
vacancies (d-S2p).31
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Figure 5.2 XPS spectra of the Mo3d/S2s and S2p core level regions of (a),
(c) as-grown MoS2 and (b), (d) of MoS2 after functionalization with TCNAQ; raw
data (O) and mathematical reconstruction of the experimental line (—), for the
colour-coding of the fits and the attribution of the various components see text.

Figure 5.2(b) and (d) show the Mo3d/S2s and S2p core level spectra after
functionalization. The XPS spectra of the functionalized samples show a rigid band shift
of 0.5 eV towards higher BE. In Figure 5.2(b), the Mo6+ component is absent, probably
because the cleaning and the additional soaking for functionalization removed the MoO3
residues. The decrease in intensity of the d-Mo4+ component is a strong evidence for
covalent bonding of TCNAQ, since only such bonding can heal S vacancies; this
interpretation is also supported by, the S2p intensity increase seen in Figure 5.2(d).
The S/Mo ratio of the spectral intensities for the as-grown material was 1.8±0.1,
pointing to a S deficiency in the MoS2 nanosheet, which is responsible for its inherent
n-type characteristics.32 After functionalization, this ratio increased to 2.3±0.1, pointing
to the introduction of additional S from TCNAQ.
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Figure 5.3 XPS spectra of the Mo3d/S2s and S2p core level regions of (a, c)
as-grown MoS2, and (b, d) after functionalization with ATTF.; raw data (O) and
mathematical reconstruction of the experimental line (—); for the colour-coding of
the fits and the attribution of the various components see text.

As seen in Figure 5.3(b, d), ATTF functionalization induces a rigid band shift
towards lower BE, pointing to even stronger n-doping than in the as-grown sample. The
intensity of d-Mo4+ component in the Mo3d core level region (colour coding is the same
as in Figure 5.2) decreased by 11±2% indicating partially healed vacancies as for
grafting of TCNAQ. Also, here the presence of additional S atoms from ATTF is
confirmed by the increase in S/Mo ratio of the spectral intensities of 2.2±0.1 after
functionalization.
In addition, as presented Figure 5.4(a, b) the increased intensity of C1s and
the presence of N1s peak after TCNAQ functionalization and of the C1s after ATTF
functionalization corroborate the successful grafting of both molecules on MoS2. The
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binding energies of all the various components resulting from the fits of the core level
lines are summarized in Table 1. Up to this stage, we can conclude that XPS confirms
the covalent binding of TCNAQ and ATTF to MoS2. The molecules not only partially heal
the S vacancies but also induce charge transfer as demonstrated by the rigid BE shifts
after functionalization. This observation is essential to describe the physics behind the
results of the PL measurements as described below.

(a)

MoS2

(b)

TCNAQ

TCNAQ/MoS2

TCNAQ/MoS2
ATTF/MoS2

Figure 5.4. XPS spectra of the (a) C1s before and after TCNAQ and ATTF
functionalization; (b) N1s core level regions of MoS2 after TCNAQ functionalization
- the spectrum of TCNAQ is shown for comparison.
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Table 1. Peak positions in the deconvoluted XPS spectra of as-grown MoS2,
TCNAQ/MoS2 and ATTF/MoS2

MoS2

TCNAQ/MoS2

ATTF/MoS2

BE (eV)

BE (eV)

BE (eV)

i-Mo4+

230.1

230.6

229.7

d-Mo4+

231.2

231.7

230.8

Mo6+

233.3

i-S2s

227.3

227.8

226.9

d-S2s

228.7

229.0

228.3

i-S2p

162.9

163.4

162.5

d-S2p

163.9

164.4

163.5

Core level

Peak

region
Mo3d/S2s

S2p

5

Raman spectroscopy
After confirming the successful functionalization, we performed Raman
measurements to evaluate the quality of MoS2 after grafting TCNAQ or ATTF by
investigating the so-called LA(M) mode and the first-order strong in-plane and out-ofplane Raman-active vibrational modes.33 As in the project described in Chapter 4, also
here we used the same flake to perform the Raman measurements before and after
functionalization to avoid flake-to-flake variations. As explained in Chapter 2, the LA(M)
mode located at ~227 cm-1 is associated with structural defects in MoS2.34,35 Figure
5.5(a) shows the absence of the LA(M) mode in the as-grown MoS2, TCNAQ/MoS2 and
ATTF/MoS2 samples, confirming that grafting the TCNAQ and ATTF does not alter the
structural quality of MoS2.
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(b)

(a)

Figure 5.5.(a) The absence of LA(M) mode in the Raman spectrum of MoS2
after TCNAQ and ATTF functionalization. (b) The shifting in the E’ and A’1 modes
upon TCNAQ and ATTF functionalization.

Figure 5.5(b) shows the two fingerprint modes of single layer MoS2 before and
after functionalization with TCNAQ and ATTF. In the as-grown sample, the strong inplane (E’) and out-of-plane (A’1) vibrations appear at the Raman shifts of 384 cm-1 and
402.7 cm-1, respectively. As already discussed in Chapter 3, the 18.7 cm-1 frequency
difference between these two vibration modes points to the presence of single layer
MoS2 and the narrow linewidth of the E’ and A’1 bands confirms the excellent quality of
starting material.36 After TCNAQ functionalization, the A’1 peak slightly blue-shifts,
accompanied by a decrease of full width at half maximum (FWHM); conversely the E’
peak red-shifts and broadens. In the case of ATTF, we observe a decrease of frequency
difference in ATTF/MoS2, caused by the shifting of E’ and A’1 modes. As already
discussed in Chapter 3, shifting of these two modes is related to local tensile strain37
and doping38, whereas the FWHM mirrors the crystalline quality of the nanosheets.39,40
Upshift of the A’1 mode after functionalization with TCNAQ can be explained by the fact
that the molecules interrupt the translational symmetry, similarly to what was pointed
out by a study26 of alkali metal doping of MoS2. Furthermore, the significant red-shift of
the A’ mode in
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(a)

(b)

(c)

5
(d)

Figure 5.6(a) PL spectra of the as-grown sample, after TCNAQ (red) and
after ATTF (blue) functionalization. (b) Analysis of PL spectra of the as-grown and
functionalized MoS2, where the raw data (O) are shown together with the
deconvolution with Lorentzian functions corresponding to the A trion (orange), A
exciton (purple) and B exciton (pink). (c) PL spectra of TCNAQ/MoS2 samples taken
from the as-functionalized sample (red line) and aged sample (black line). (d)
Schematic illustration of charge transfer between MoS2 and TCNAQ or ATTF.

the ATTF/MoS2, confirms the n-doping by ATTF, which is in good agreement with the
PL results from references

16,41,42.

On the other hand, the downshift of the E’ peak is

associated with the tensile strain due to the additional C-S bonds formed when TCNAQ
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or ATTF chemisorb.43 According to these Raman results, the functionalization with both
molecules was successful and preserved the high crystalline quality of MoS2.
Photoluminescence spectroscopy
Photoluminescence (PL) measurements were carried out to investigate the
effect of the chemisorbed molecules on the optical properties of MoS 2. Figure 5.6(a)
shows the PL spectra of the as-grown MoS2 (black line), which shows two superimposed
peaks located at 1.82 eV and 2.0 eV and attributed to the A and B excitons, which arise
from the splitting of the valence band in single layer MoS2.44–47 After functionalization
with TCNAQ (red line) the PL intensity of the A peak increases by seven times, while
after grafting of ATTF (blue line), the PL intensity is lower that for the as-grown sample.
To further study the changes in the PL spectra, we deconvoluted these spectra
using the same methodology adopted by previous reports41,42,48, as depicted in Figure
5.6(b). In the as-grown MoS2, the asymmetric shape of the A exciton peak combined
with the shoulder due to the B exciton requires a fitting with at least three
components42, where the first, peaked at 1.82 eV, is ascribed to the A¯ trion (orange),
the second with its maximum positioned at 1.85 eV to the A exciton (purple) and the
third at 2.0 eV to the B exciton (pink). The PL spectrum is dominated by the contribution
of A¯ trion peak testifying to the n-doped nature of CVD-grown MoS2. After
functionalization with TCNAQ, the A exciton increases in intensity, while the intensity
of the A¯ trion peak decreases. This observation proves an excitonic efficiency
enhancement by charge transfer between MoS2 and TCNAQ. The strong electron affinity
of cyano group in TCNAQ molecules can effectively reduce the exciton screening and
this leads to the suppression of the non-radiative trion recombination. This mechanism
is also supported by the calculation by Cai et al. 49
We also investigated the temporal stability of the TCNAQ-functionalized
samples. Figure 5.6(c) shows the comparison of the PL spectra of the freshly prepared
sample and of the aged sample subjected to 10 days of exposure to ambient air. The
same intensity of both spectra confirms the robust PL enhancement of chemisorbed
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TCNAQ molecules on MoS2, which can act as the passivating layer by reducing the active
vacancy sites in the basal plane of MoS2.
A further confirmation of the mechanism of excitonic enhancement via charge
transfer comes from the PL measurements of the samples functionalized with the
electron rich electron-donor molecule containing tetrathiafulvalene (TTF) functional
group, ATTF. As expected, grafting of ATTF quenches the PL intensity as shown in
Figure 5.6(a). The fit of the ATTF/MoS2 spectrum (Figure 5.6(b)) shows that the main
contribution comes from the A¯ trion peak. Electron transfer from the ATTF to MoS2
promotes exciton screening and hence increases non-radiative trion recombination.49
Figure 5.6(d) illustrates the mechanism of surface charge transfer between MoS 2 and
TCNAQ/ATTF molecules centred at the vacancy sites, which has also been observed for
other p-doping and n-doping strategies of MoS2.23,42,50,51

5
5.3 Conclusion
In conclusion, we successfully demonstrated the PL intensity enhancement of
MoS2 using surface functionalization with TCNAQ molecules. The chemisorbed TCNAQ
effectively increases the PL intensity through the suppression of the non-radiative trion
recombination. The cyano groups in TCNAQ promote charge transfer from the MoS 2
nanosheet to the molecule as shown by the XPS results. The preservation of MoS2
crystal quality was verified by Raman measurements. Our approach to irreversible
enhance PL intensity of MoS2 can pave the way for robust optoelectronic applications
because this type of defect engineering resists solvent exposure and does not degrade
with prolonged exposure to ambient air.
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Up-scalable production of an anti-icing

coating based on graphene oxide

Langmuir Schaefer deposition was chosen as upscalable production method
for an anti-icing coating based on graphene oxide. Low temperature contact angle
measurement confirmed a lower freezing temperature on the graphene oxide coating
due to the presence of oxygen functional groups. The oxygen content of the graphene
oxide was confirmed by X-Ray photoelectron and Raman spectroscopies, while the
topographic characteristics of the coating layer surface were studied by means of
atomic force microscopy. This work paves the way for the large-scale production of the
anti-icing coatings based on two-dimensional materials.

The results of this chapter will be part of a publication currently being prepared as:
Ali Syari’ati, Theodosis Giousis, Vincent Goossens, Feng Yan, Naureen Akhtar, Bodil
Holst, Dimitrios Gournis, Petra Rudolf, Up-scalable production of an anti-icing coating
based on graphene oxide.

Chapter 6

6.1 Introduction
Ice formation is an important issue for aircrafts, drones, wind turbines, sensor

and other outdoor facilities.1–3 For these, icephobic materials have been used as coating

layers to prevent or delay ice formation. The research community has focused on icing

delay4,5 and ice adhesion6 to tackle the ice formation challenge. Icing delay refers to a

material that can decrease the ice formation temperature under supercooling condition

or extend the time before freezing occurs at a fixed temperature.2 For this,
hydrophobic7,8 and biphilic9 (which combine hydrophilic and hydrophobic regions)

surfaces repel water and decrease the temperature required for freezing through

different mechanisms. Biphilic surfaces influence the size and number of droplets
present and thereby delay the time required for a surface to freeze even more than a

purely hydrophobic surface. Ice adhesion influence how easily the ice once formed can

be removed from the surface. Lubricant-based coatings suppress ice nucleation and ice

adhesion by making the surface ultra-slippery.10,11 Despite their remarkable

performance as icephobic material,12 they are not an optimal solution because they do

not show the desired stability13 in harsh environments. The work described in this

chapter focuses on a icing delay coating.

Recently, Akhtar et al.14 found that very defect poor, fluorinated graphene on

top of a sapphire surface could decrease the freezing onset temperature from -15 °C on

pure sapphire to -23 °C on the coated one. Moreover, they found that at -5 °C the

fluorinated graphene coating could delay freezing by nearly 7 h, and at -15 °C by 1.5 h,14

which is the highest freezing delay ever reported for comparable conditions.15 Akthar
et al. attribute this outstanding anti-icing performance of fluorinated graphene to a

robust liquid layer arising from interface confinement effects that increase the viscosity

of water near the surface. While these results are extremely encouraging and inspiring
for future studies, they are not an answer to the practical need because the sapphire
treated with this coating was no longer transparent. In fact, to achieve a defect poor

graphene, they first deposited a ruthenium intermediate layer and then grew graphene
on that. An additional point which is not ideal in this method is that fluorination was
performed by XeF2 plasma etching, which is rather cumbersome. On the other hand,
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Geng et al. demonstrated the use of graphene oxide to restrict the growth of ice crystals.

They highlighted the importance of the O-bearing groups on the nanosheet in

controlling the ice formation suggested that these groups mimic the function of an

antifreeze protein in some organisms such as fish, insects or fungi.16–18

In this chapter, we discuss the freezing temperature lowering produced by

graphene oxide (GO) sheets, coated onto a surface to form a continuous layer by using

Langmuir-Schaefer (LS) deposition. The LS method is easily upscalable to the practical

dimensions of lenses and allows for arbitrary substrates to be coated. The
characteristics of the as-prepared GO were studied by X-ray diffraction (XRD), Raman

and X-ray photoelectron spectroscopy (XPS), while the ice formation temperature of

GO-coated samples was evaluated by optically monitoring the appearance of water
droplets at subzero temperatures.
6.2 Results and discussion

Graphene oxide was synthesized following a modified version of the

Staudenmaier method employing concentrated sulfuric acid and nitric acid in the
presence of potassium chlorate as described in ref. 19. In detail, 5 g of graphite powder

(flake size<20 μm, Aldrich) were added into a round long neck flask, containing a

mixture of 200 mL of H2SO4 (95%-97%, Aldrich) and 100 mL HNO3 (65%, BOOM B.V.)

and while cooling in an ice water bath. 100 g KClO3 (≥99%, Aldrich) were added into

the mixture in small portions to avoid explosion due to the exothermic reaction, while

cooling and stirring. The oxidation reaction was kept going for 18 h, then quenched by

pouring the viscous mixture into a large amount of MilliQ water. The product was
precipitated and washed with MilliQ water until a pH of 6.0 was reached. The resulting

material was dried by spreading it onto glass plates. We used the dried GO as depicted
in Figure 6.1 for the experiment in this chapter.
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Figure 6.1 The photograph of GO after drying

6.2.1 Characterizations of graphene oxide
The structural investigation was carried out using X-ray diffraction (XRD) on

the freshly prepared GO collected as detailed in Chapter 2. In the diffraction pattern of
GO depicted in Figure 6.2(a) the most intense peak at 10.9° corresponds to the (001)

diffraction. The calculated d(001) spacing using Bragg’s law of our GO is 8.0 ± 0.3 Å,
which agrees with previous results of our group.20 Taking into account that a GO layer

has a thickness of 6.1 Å,21 the interlayer separation of Δ = 8.0 – 6.1 = 2.1 Å must be due

to intercalated water molecules.22 In fact, Sasha et al. reported the variation of d(001)

spacing in GO varied from 6.1 Å to 12 Å, depending on the amount of adsorbed water.23

We also observed the minor peak at 21.9° that attribute to (002) diffraction of GO.
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(a)

(b)

6

Figure 6.2 (a) Powder XRD pattern of GO; (b) Raman spectrum of GO.
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Figure 6.3 X-ray photoelectron spectra of the C1s core level region of
graphene oxide.

We performed a Raman measurement to further confirm the presence of

functional groups on the GO nanosheets. Figure 6.2(b) shows the Raman spectrum of

GO (collected as described in Chapter 2), where the D, G and 2D peaks figure

prominently at 1339 cm-1, 1586 cm-1 and 2652 cm-1, respectively. The G peak and the
2D peak result from the vibrations of sp2 hybridized carbon-carbon bonds in graphene,

while the D peak correlates with the presence of sp3 hybridized carbon24 and is

associated with the presence of lattice defects and functional groups. The broad D peak
accompanied by the high ratio of I(D)/I(G) of 0.9 confirms that the graphene lattice is

distorted25 due to the presence of a large amount of functional groups resulting from

the oxidation process. Furthermore, the low intensity of 2D peak indicates that in GO

the sp2 network is highly disordered.24,26

To gain more insight into the type of functional groups and their relative

abundance, we characterized the GO by XPS. As explained in Chapter 2, XPS is a surface

sensitive technique that allows to determine the chemical composition of a solid

surface. Figure 6.3 shows the XPS spectra of C1s core level region, where the
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component at a binding energy (BE) of 284.9 eV stems from the C-C bonds in GO and

contributes 24.1% of the total carbon intensity.20 The 5.0 % contribution of the C1s
photoelectron peak located at 286.4 eV is ascribed to C-O bonds. The main contribution
of 41.4 % of the C1s peak at 287.4 eV assigns to epoxy group on the basal plane of GO.

Finally, the component peaked at 289.4 eV can be assigned to carboxyl groups.23,27 The

high contribution of carbon-oxygen bonds to the C1s spectral intensity confirms the

successful oxidation of graphite, in agreement with the XRD and Raman results.

6.2.2. Graphene oxide deposition by the Langmuir-Schaefer method

We employed the Langmuir-Schaefer (LS) method to deposit the GO flakes on

a SiO2 substrate. LS is known as a well-controlled method for large scale deposition on
arbitrary substrates whose dimensions are limited only by the size the LS trough.

Gengler et al.28 demonstrated coverage of a 3 inch Si wafer by GO deposited by the LS

method. Moreover, the deposited layer has been shown to exhibit good physical
properties and was not affected by harsh treatments such as a lithography process28,
which is promising for coating applications.

For film assembly a Nima Technology thermostated 612D LB trough, equipped

by a Wilhelmy paper to measure the surface pressure, was filled with a subphase
consisting of a stirred dispersion of 20 mg/L GO in MilliQ water. The GO-octadecylamine

hybridization via covalent bonding was achieved by injecting 200 μL of octadecylamine

(ODA, Sigma Aldrich, used as received) in chloroform:ethanol (9:1) solution at the
surface of the subphase using a microsyringe. The ODA-GO layer floats at the air-water

interface with the long chain of ODA facing towards the air and when the film is
compressed at a rate of 20 cm2/min the grafted GO flakes follow that movement. The

final GO coverage on the substrate depends on the applied surface pressure at which

the transfer is done. Here the GO layer was transferred onto the Si/SiO2 substrate when

the surface pressure was either 0, 20 or 30 mN/m by horizontal lowering of the
substrate at a speed of 4 mm min-1 (downstroke) and retraction at 2 mm min-1

(upstroke). The transferred layer was then rinsed with MilliQ water several times and

dried with a N2 flow.
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6.2.3 Characterization of graphene oxide on oxidized silicon
Figure 6.4 shows the optical microscopy images of the GO flakes deposited on

SiO2 substrate at applied surface pressures of 0 mN/m, 20 mN/m and 30 mN/m. Due to
white light interference between the SiO2 dielectric layer and the GO, one is able to

observe the GO flakes on Si/SiO2 substrate: the bare substrate is seen in purple, while

the GO flakes appear in green. As expected, the low surface pressure results in low

coverage of GO flakes on the substrate, as depicted in Figure 6.4(a). As shown in Figure

6.4(b) a denser packing of GO was achieved by raising the surface pressure to 20 mN/m
for transfer. Transfer of a full coverage GO film can be obtained by further compressing
the LS barrier to a surface pressure of 30 mN/m, as can be seen in Figure 6.4 (c). We

used only full coverage samples for contact angle measurements.
(a)

(b)

(d)

(e)

(c)

(f)

Figure 6.4 Optical microscope images of the GO deposited on a Si/SiO2
substrate at applied surface pressures of (a) 0 mN/m, (b) 20 mN/m, (c) 30 mN/m.
The white scale bar corresponds to 20 µm. AFM micrographs of a fully GO covered
sample collected from areas of different size: (d) 14 x 14 µm and (e) 4 x 4 µm. (f)
Topogical height profile across a second layer GO flake.
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To investigate the topography of the surface, we characterized the sample fully

covered by GO using atomic force microscopy (AFM) (for the experimental details see
Chapter 2). As depicted in Figure 6.4(d, e) GO forms a closely packed array with the

folded/wrinkled sheets and some areas with a 2nd layer on top of the first. Figure 6.4(f)

shows the topological height profile extracted from a 2nd layer GO nanosheet (red

dashed line in Figure 2(d)) indicating that its thickness is 1.0±0.1 nm. The average

height of the GO film was found to be 1.0 – 1.5 nm. The trace bears clear witness to the

presence of the functional groups in agreement with earlier AFM studies29 of GO, which

assigned the 0.2-0.4 nm “protrusions” to the presence of isolated epoxy and hydroxyl

groups; the latter can in fact attract adsorbants from the air and give rise to visible
features in AFM images. As expected, the thickness value is larger than that predicted

for a single GO layer (0.6 nm).21 For this, the ODA molecules beneath the GO layer might
be one of the reasons, another reason is probably due to the adsorbed water molecule
as reported by Gomez et al.30 and Hannes et al.29 , who observed a thickness 1.1 ± 0.2

nm for a single GO layer.

6.2.4 Ice formation on bare and GO-covered oxidized silicon

6

We evaluated the ice formation on GO making use of a low temperature contact

angle measurement set up. By cooling down the sample stage, we were able to follow
the wetting properties until ice was formed. Previous studies14,31 employed the same

approach to obtain the onset temperature of freezing of a sessile droplet by observing

the optical appearance during cooling process. Figure 6.5(a-c) shows the images of a

water droplet on bare Si/SiO2, while Figure 6.5(d-f) presents the images of the droplet

on the same substrate covered with graphene oxide. The water droplet profile on

Si/SiO2 depicted in Figure 6.5(a) was taken at room temperature at a humidity of 50%

and confirms that the surface is wettable with a contact angle of 46°±1°.
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(a)

Clean SiO2
25 °C

(b)

-17 °C

(c)

-19 °C

(d)

GO/SiO2
25°C

(e)

-20 °C

(f)

-22 °C

Figure 6.5. Water droplet image taken from low temperature contact
angle set up. The water droplet on clean SiO2/Si when temperature of (a) 25 °C, (b)
-17 °C, (c) -19 °C. The water droplet on Si/SiO2/GO when temperature of (d) 25 °C,
(e) -20 °C, (f) -22 °C.

We then cooled down the substrate at a constant rate of 5 °C/min. As shown in

Figure 6.5(b), when the temperature reached -17 °C, freezing commenced as seen from

an increase of the contact angle to 53±1° accompanied by a change in the appearance
of the droplet as recorded by the CCD camera. The freezing onset makes the reflection

on the droplet become hazy because solid ice mixes with liquid water in the droplet.

Due to the quite large distribution of the freezing onset temperature in our experiment,
we observed the uncertainty of ±1 °C. After passing the freezing onset, we observed no

change in droplet profile as well as the contact angle until the droplet was completely

frozen at -19 °C, as shown by the image in Figure 6.5(c).

Figure 6.5(d) shows the water droplet profile on Si/SiO2/GO as observed at

room temperature (humidity 50%). The contact angle is 70°±1°, i.e. 24° higher than on
the bare substrate. The presence of the GO layer therefore renders the surface more

hydrophobic.32 Here upon cooling the optical appearance of water droplet changed

when the temperature reached -20 °C, as depicted in Figure 6.5(e). The blurry

reflection of the droplet and the increase of the contact angle by 5°±1° indicate the
freezing onset was reached. Complete freezing of droplet was observed when the

temperature reached -22 °C. As seen in Figure 6.5(f) a little point forms on top of the

droplet when the freezing process is complete. We can therefore conclude that the GO
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layer decreases the freezing onset by 3 °C. We also examined the stability of the coating

by repeating the icing and de-icing cycles, and found that that the freezing onset occurs
always at the same temperature. However, different samples a decrease of the freezing

onset by 5 °C was observed and again found to be stable on the specific sample.
Unfortunately there was no time within this thesis project to study in detail how these
differences are linked to the specific morphology of the coating.

The explanation of the reduced temperature of ice formation on GO is the same

as put forward by Zhang et al.33 when studying the icephobicity of graphene and

graphene functionalized with sodium ions, chloride ions and methane molecules using

molecular dynamics simulations. Unlike for three-dimensions system, microscopic

theories of melting of 2D system exist and the Kosterlitz-Thouless-Halperin-Nelson-

Young (KTHNY)34 is best known one that can be used to explain the ice melting and ice
formation in 2D. The KTHNY theory predicts the melting process in two steps, from the
crystal to hexatic phase, then from hexatic phase to liquid.35 The reverse process then

describes ice formation. It was shown that ice formation starts with a two-dimensional
(2D) wetting layer of ice molecules, on which three-dimensional (3D) ice islands

nucleate and continuously grow.33 The formation of a 2D ice layer is also supported by
another report.36 Furthermore, the ice nucleation rate is determined by the diffusion of

water molecules and inversely proportional to the viscosity of the water molecules.37
The functionalization of graphene with sodium ions, chloride ions and methane
molecules results in an increase of the viscosity of water near the surface thus reducing

the temperature of ice formation. Our study suggests that oxygen-containing groups on
GO also push the freezing onset down based on the same mechanism.

Another study by Geng et al.38 concerns the influence of GO in various

concentrations in liquid water in controlling the growth and shape of ice crystals. GO

prefers to adsorb on the ice crystal surface in water droplets and this gives rise to

curved ice crystal surfaces.38 This curved ice crystal surface suppresses the ice
formation by lowering the ice formation temperature owing to the Gibbs-Thomson

effect.17 Gibbs-Thomson effect refers to the observation that high curvature surfaces

melt at lower temperature than low curvature surfaces. In addition, molecular dynamic
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simulations38 revealed that the amount of hydrogen bonding in the water-GO mixture

is less than in the ice-GO mixture, leading to a control of the ice formation at the
molecular level. Geng et al.38 also pointed out that such a behaviour mimics the

mechanism by which the antifreeze protein (AFP) regulates the extensive network of
hydrogen bonds to reduce the ice formation onset.16
6.3 Conclusion

In conclusion, we demonstrate that a continuous layer of GO on SiO2/Si

effectively lowers the freezing onset. The reason for the lower freezing temperature

presumably resides in the increase of the viscosity of water near the surface. The

upscalability of the Langmuir Schaefer method and the robustness of GO when subject

to harsh treatments like lithography promises well for the technological development
of GO coatings to lower ice formation in practical applications. It remains to be seen

whether the freezing delay is similarly important as for F-functionalized graphene

studied by Akhtar et al.14 A future direction of this research could be to use LSdeposition for coating a quartz or sapphire surface with F-functionalized graphene

(Fluorographene, a commercially available graphene derivative) and test its potential
for lowering the freezing onset.
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Research on two-dimensional (2D) materials has exploded since 2004,
when A. Geim and K. Novoselov demonstrated the remarkable properties
graphene, which they had successfully isolated by using scotch tape.
Subsequently, the research community has shown great interest to explore
others 2D materials, namely transition metal dichalcogenides (TMDs), hexagonal
boron nitride (h-BN), black phosphorus (BP), germanene and MXenes. Their
physical and chemical properties identify them as promising candidates for
application in electronic devices, sensors, catalytists, and coatings. Many
researchers from different fields such as device physics, surface chemistry,
biochemistry, biology and polymer chemistry have investigated 2D materials in
order to learn how to control their properties. For example, semiconducting 2D
materials can be stacked together to form heterostructures. On the other hand,
the surface to volume ratio of 2D materials makes them suitable for sensor and
catalytic applications. Moreover, atomically thin and transparent 2D material
offers great benefit for coating purposes.
Despite the plethora of applications that can be realized with 2D
materials, obtaining high quality and large size nanosheets remains a challenge.
This thesis summarizes our contribution to the development of preparation
methods for 2D materials. In addition, we also highlight our efforts in controlling
their properties. We start in Chapter 1 by providing a general introduction to the
field and explain the primary objective of this Ph.D. research project. We describe
the two 2D materials discussed in this thesis, graphene and MoS2, and detail the
electronic and optical properties of MoS2.
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Chapter 2 outlines the experimental details relative to the projects we
report on in this thesis. Chemical vapour deposition is explained and the basic
theoretical background as well as the instrumental details is given for all
employed characterization techniques, namely X-ray photoelectron, Raman,
infrared and photoluminescence spectroscopy; atomic force, scanning electron,
and transmission electron microscopy; X-ray diffraction as well as contact angle
and electrical transport measurements.
Chapter 3 focuses on the growth of MoS2 by chemical vapour deposition.
We optimized the geometry of the deposition set up by using a quartz cup for the
Mo source material and placing it several mm upstream of the substrate. The
quartz cup generates a gradient of MoO3 vapour concentration during the growth
stage that gives rise to a MoS2 film that fully covers the substrate in the region
closest to the Mo source, and to separate MoS2 flakes further away from the Mo
source. The step height of the film edge and of the flakes were measured by
atomic force microscopy and found to be that of single layer MoS2, 0.7 nm. The
high quality of MoS2 grown using our approach was verified by Raman
spectroscopy and transmission electron microscopy; a mobility of 12.8 ± 0.3 cm2
V-1 s-1 and a 104 on/off ratio were determined when the material was inserted in
a field-effect transistor.
In Chapter 4, we describe how to identify the intrinsic defects of MoS2
grown by chemical vapour deposition with the help of X-ray photoelectron
spectroscopy. In the Mo3d core level photoemission spectrum monosulfur
vacancies and complex defects, which had only been revealed by scanning
tunneling microscopy, give rise to distinct peaks at higher binding energy than
the peak originating from Mo in a perfect bonding environment. In addition, we
demonstrate that surface functionalization with thiol-terminated molecules can
fill sulfur vacancies while preserving the semiconducting properties of MoS2.
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In Chapter 5 we expand our study on surface functionalization of MoS2
grown

by

chemical

vapour

deposition.

We

demonstrate

how

the

photoluminescence intensity of MoS2 can be enhanced via functionalization with
p-doping TCNAQ. The seven times intensity results from the suppression of the
non-radiative trion recombination. As the control experiment we also
functionalized our MoS2 with n-doping ATTF and found that that
photoluminescence intensity decreased. The surface functionalization described
in this chapter preserves the MoS2 crystalline quality but is robust at the same
time, which is crucial for optoelectronic applications.
In Chapter 6, we shift our focus on another 2D material namely
graphene and report on the wetting properties of a coating based on graphene
oxide layer for anti-icing applications. We employed Langmuir-Schaefer
deposition as an up-scalable method to deposit graphene oxide on an arbitrary
substrate and obtain full-coverage. The functional groups of graphene oxide
were shown to reduce the ice formation temperature by influencing the amount
of hydrogen bonding in the wetting layer.
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Samenvatting
Onderzoek naar 2D materialen is geëxplodeerd sinds 2004, toen A. Geim
en K. Novoselov de uitzonderlijke eigenschappen aantoonden van grafeen, wat
ze succesvol hadden geïsoleerd met plakband. Vervolgens heeft de
onderzoeksgemeenschap grote interesse getoond in andere 2D materialen,
namelijk transitiemetaaldichacogeniden, zwarte fosfor, zeshoekig boronnitride,
germaneen en MXenen. Hun fysische en chemische eigenschappen identificeren
hen als veelbelovende kandidaten voor toepassingen in sensoren, katalysatoren,
deklagen en elektrische apparatuur. Hierdoor worden deze system onderzocht
binnen verscheidene velden zoals fysica van apparaten, oppervlakte scheikunde,
materiaalkunde, biologie en scheikunde van polymeren, om te leren hun
eigenschappen te beheersen. Een voorbeeld van een interessante toepassing is
dat halfgeleidende 2D materialen op elkaar kunnen worden gestapeld om een
heterostructuur te vormen. Daarnaast zijn 2D materialen geschikt voor
toepassingen in sensoren en katalysatoren vanwege hun hoge oppervlakte tot
volume verhouding. Bovendien tonen lagen ter dikte van een atoom en
transparante 2D materialen interessante toepassingen voor deklagen.
Ondanks de overvloed aan toepasingen van 2D materialen, blijft het
vooralsnog een uitdaging om deze nanolagen op grote schaal en met hoge
kwaliteiten te produceren. Middels dit proefscript communiceren wij onze
bijdrage aan ontwikkelingen in bereidingsmethodes van 2D materialen.
Daarnaast benadrukken wij onze inspanningen tot het controleren van hun
eigenschappen. We beginnen in Hoofdstuk 1 met een algemene inleiding en de
toelichting van het primaire doel van dit promotie onderzoek. We beschrijven de
volgende 2D materialen: grafeen en MoS2, alsmede de electronische en optische
eigenschappen van MoS2.

117 | P a g e

Samenvatting

Hoofdstuk 2 beschrijft de experimentele details gerelateerd aan de
projecten die wij verslaan. Chemische dampafzetting wordt uitgelegd en de
theoretische achtergrond en instrumentele aspecten van de gebruikte
karakteriseringstechnieken worden worden gegeven. Deze technieken zijn
röntgenfotoelektron-, Raman, infrarood en fotoluminescentiespectroscopie;
atoomkracht- ,

rasterelektronen-

en

transmissie-elektronenmicroscopie;

contacthoekmetingen, röntgendiffractie en elektrische transportmetingen.
Hoofdstuk 3 richt zich op de groei van MoS2 door chemische
dampafzetting. We hebben de geometrie van de chemische dampafzettingopstelling geoptimaliseerd met behulp van een kwartsbeker voor het Mo
bronmateriaal, geplaatst enkele millimeter stroomopwaarts van het substraat.
De kwartsbeker genereert een gradiënt van MoO3-dampconcentratie tijdens de
groeifase, wat leidt tot een volledig dekkend MoS2-film in het gebied het dichtst
bij de Mo bron, en tot vorming van afzonderlijke MoS2-vlokken verder van de Mo
bron. De staphoogte van zowel filmrand als vlok zijn gemeten middels
atoomkrachtmicroscopie, met een gevonden waarde van 0,7 nm. De hoge
kwaliteit van MoS2 gegroeid middels onze aanpak wordt geverifieerd door
Raman spectroscopie en transmissie-elektronenmicroscopie; een mobiliteit van
12,8 ± 0,3 cm2 V-1 s-1 en een aan / uit-verhouding van 1014 zijn gemeten toen het
materiaal werd ingebracht in een veldeffecttransistor.
In Hoofdstuk 4 beschrijven we hoe de intrinsieke defecten van MoS2
opgedampt

middels

chemische

dampafzetting

te

identificeren

met

röntgenfotoelectronspectroscopie. In het Mo3d kernniveau fotoemissiespectrum
geven monozwavelvacatures en complexe defecten, die tot op heden alleen zijn
onthuld door rasterelektronenmicroscopie, aanleiding tot duidelijke pieken met
een hogere bindingsenergie dan de intrinsieke Mo3d-piek stemmend uit een
perfecte

bindingsomgeving.

Bovendien

demonstreren

we

dat

oppervlaktefunctionalisatie met moleculen met thiol-terminatie via de
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zwavelvacatures kunnen vullen terwijl de halfgeleidende eigenschappen van
MoS2 behouden blijven.
In hoofdstuk 5 breiden we onze studie van oppervlaktefunctionalisatie
van chemische dampafzetting gegroeid MoS2 uit. We demonstreten hoe de PLintensiteit van MoS2 verhoogd kan worden via functionalisatie met met pdoterend TCNAQ. De fotoluminescentie-intensiteit wordt zeven keer verhoogd
door de onderdrukking van de niet-stralende trion-recombinatie. Als controleexperiment hebben we de n-doping van MoS2 uitgevoerd met ATTF en vonden
dat fotoluminescentie-intensiteit afnam. De oppervlaktefunctionalisatie die in dit
hoofdstuk wordt uitgevoerd, behoudt de MoS2-kristalkwaliteit, en is
tegelijkertijd robuust, wat cruciaal is voor opto-elektronische toepassingen.
In hoofdstuk 6 verschuiven we onze focus naar een ander 2D-materiaal,
namelijk grafeen, en verslaan de bevochtigingseigenschappen van een coating op
basis van een grafeenoxidelaag tegen ijsvorming. We gebruiken de LangmuirSchaefer depositie als de opschaalbare methode om de grafeenoxidelaag op
willekeurig substraat af te zetten en bereiken volledige dekken. We tonen aan dat
de functionele groep op grafeenoxidelaag de ijsvormingstemperatuur verlagen
door de hoeveelheid waterstofbinding in de deklaag te beïnvloeden.
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