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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. 
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 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. 

 

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 

Si/SiO2 MoO3 S 

Ar 
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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; 

 

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 

1s 

2p 
binding energy (EB) 

work function 

kinetic energy 

photon photoelectron 

vacuum level (EV) 

Fermi level (EF) 

valence band 

core levels 2s 
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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 = ρ𝐴𝐴
∑ρ𝑖𝑖

=
𝐼𝐼𝐴𝐴

𝑆𝑆𝐴𝐴
�

∑𝐼𝐼𝑖𝑖
S𝑖𝑖

�
      (2.4) 
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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 
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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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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 

molecule laser (E0) 
Raman scattered light 
E>E0 

Rayleigh line 
E=E0 

Raman scattered light 
E<E0 

light Rayleigh 
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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 

(a) 
(b) 

E2g A1g 
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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 

(a) (b) 

excitation 
photon 

luminescence 
photon 

conduction band 

valence band 

e- 

h 

A exciton 

B exciton 

(c) (d) 
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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 X-

rays, 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 𝛾𝛾𝑠𝑠𝑠𝑠  the one between liquid and vapour as 

illustrated in Figure 2.8(a).  

 0 =  𝛾𝛾𝑠𝑠𝑠𝑠 −  𝛾𝛾𝑠𝑠𝑠𝑠 −  𝛾𝛾𝑠𝑠𝑠𝑠 cos 𝜃𝜃  (2.5)  

 

Figure 2.8(a) Three interface tensions, namely those between solid and 
liquid (𝜸𝜸𝒔𝒔𝒔𝒔), solid and vapour (𝜸𝜸𝒔𝒔𝒔𝒔), and liquid and vapour (𝜸𝜸𝒔𝒔𝒔𝒔) 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).  

Hydrophobic Hydrophilic 

a b c 
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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. 
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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 

(a) 

(b) 

MoS2/SiO2 PMMA/MoS2/SiO
 

Au/PMMA/MoS2/SiO2 electrodes/MoS2/SiO2 

e-beam exposure 

development 
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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 𝑠𝑠

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 10-

19 C) 
 
The calculated 𝑛𝑛2𝐷𝐷 can be used to determine the electron mobility by using 

Equation 2.7: 

𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹 = 𝜎𝜎
𝑛𝑛2𝐷𝐷  𝑠𝑠

     (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 = 𝑊𝑊
𝑠𝑠

𝑅𝑅𝐹𝐹    (2.8) 
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where ρ is the resistivity ( 𝜎𝜎 = 1
𝜌𝜌

 ), W the width, l the length and RT  the 

resistivity at T K. 

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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