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Abstract 

As the Moore’s law is approaching its limits. Quantum effects doesn’t allow us to further 

reduce the dimension of the silicon-based transistor to improve the efficiency of electronics. 

Silicon based devices needs to be replaced with new material having better charge carrier 

mobility. The discovery of 2D graphene like semiconducting transition metal 

dichalcogenides TMDs has given a hope to research community to fabricate atomically 

thin devices.  Atomically thin two-dimensional (2D) transition metal dichalcogenides 

(TMDs) are promising candidates for future electronics. Currently, the growth of large area 

TMDs thin films/flakes is one of the biggest challenges. A novel method for the growth of 

ultra-thin and large area WS2 monolayer flakes has been developed by introducing a 

solution-based temperature-dependent process. This two-dimensional WS2 growth process 

is low cost and environmentally friendly. WO3 flakes are grown at the air-liquid interface 

using ammonium tetrathiotungstate ((NH4)2WS4, ATTW) as WS2 precursor. The process 

requires a moderate activation temperature as no flakes are formed at room temperature. 

Successful growth of flakes was observed in an aqueous solution of the precursor at a 

temperature between 70 and 90 oC. These flakes could be transferred to any substrate by a 

controlled dip-coating process. Large 2D WS2 flakes with a lateral size of up to 100 𝜇𝑚 

were obtained after sulfurization. The thickness ranged from a WS2 monolayer to five 

monolayers, as verified by AFM. The mechanism of chemical reaction behind the 

formation of the flakes was investigated by FTIR, Raman, UV-Vis and X-ray photoelectron 

spectroscopy (XPS). The initial flakes were found to be made of WO3, which were 

successfully converted to WS2 by a post annealing step at 500-900 oC. This simple and 

environmentally friendly growth technique can be used to produce large WS2 flakes for 

next generation electronics. 

Similarly, large area MoS2 ultra-thin film deposition is one of the big challenges in the 

recent years. Electrodeposition provides an opportunity to grow such ultra-thin films on 



 

 

 

 

large scale. However, the transfer of the electrochemically grown film to desired substrate 

is challenging. Standard transfer of thin films is done by wet etching in which the 

underlying substrate is etched.  In this work, the polymer coated electrodeposited MoS2 

films on Au are separated mechanically from the underlying substrate by using ultra-

sonication. Collapse of micron-sized bubbles produced by ultra-sonication at the interface 

of Au and silicon substrate provides enough energy for separation due to their weak 

adhesion. The Au layer is then removed by standard Au-etchant (K/KI) and the polymer 

coated film is transferred to a desired substrate. Ammonium tetrathiomolybdate (ATTM) 

has been used as precursor material for the electrodeposition of the films. Initial 

electrochemically grown films consist of MoS3 which is reduced to MoS2 by a post 

annealing step at 450 oC to 900 oC. Obtained films are investigated by AFM, Raman, UV-

Vis and XPS. Crystal quality improves by increasing the post annealing temperature. The 

thickness of the thinnest film was found to be equivalent to 2 monolayers of MoS2, which 

is desirable for future electronics. 

To limit global warming, the emission of greenhouse gases needs to be reduced. For this, 

fossil fuel consumption must be replaced by green energy sources such as H2 gas. The 

hydrogen evolution reaction (HER) is a potential production method for H2 gas, and it does 

not produce harmful byproducts. The HER performance can be enhanced by using a 

catalyst to lower the over-potential and minimize energy consumption. MoS2 has been 

demonstrated to be an excellent catalyst for HER. Here, we used electrodeposition and spin 

coating to produce MoS2 layers. These methods are relatively cheap, fast, solution-based 

and feasible at room temperature. With electrodeposition, MoS2 can be deposited on any 

conducting surface while spin coating can be done on any flat substrate (conducting or non-

conducting). For this purpose, ammonium tetrathiomolybdate (ATTM) and molybdenum 

pentachloride (MoCl5) were used as a single-source precursor materials for 

electrodeposition and spin-coating, respectively. Ultra-thin MoS2 films were obtained by 

such deposition methods followed by sulfurization at 450 oC. The Raman spectroscopy and 



 

 

 

 

X-ray photoelectron spectroscopy (XPS) results show that the deposited MoS2 films (both 

electrodeposited and spin coated) are amorphous and have a sulfur deficiency, which is 

beneficial for HER activity. Due to their high hydrogen evolution efficiency and abundance, 

MoS2 thin films can replace noble metal catalysts such as Pt. The HER activity 

measurements for electrodeposited MoS2 showed an overpotential for 30 nm thick MoS2 

of -0.33 V, whereas for smaller thicknesses below 10 nm a value of -0.22 V was found. 

This indicates that ultra-thin films of MoS2 show a better HER activity than thick films. 

The obtained Tafel slope of 44 mV per decade for 5 nm MoS2 is better than values reported 

for single crystal MoS2 and other 2D materials such as WS2. The performance of the ultra-

thin films of MoS2 is better than thicker films of MoS2. The measured Tafel slope is 43 mV 

per decade which similar to electrodeposited MoS2 films. 



 

 

 

 

List of Abbreviations and Symbol 

Abbreviations Explanations 

2D Two-dimensional 

AFM Atomic force microscopy 

ALD Atomic layer deposition 

ATTM Ammonium tetrathiomolybdate 

ATTW Ammonium tetrathiotungstate 

CVD Chemical vapor deposition 

FET Field-effect transistor 

FWHM Full width at half maxima 

HRTEM High resolution transmission electron microscopy 

HER Hydrogen evolution reaction 

IR Infrared (spectroscopy) 

ITO Indium tin oxide 

MoCl5 Molybdenum(V)-chloride 

MOCVD Metal organic chemical vapor deposition 

MoS2 Molybdenum disulfide 

MoS3 Molybdenum trisulfide 

MoO3 Molybdenum trioxide 

RMS Root mean square 

Rms  rotation per minute 

PMMA Poly(methyl methacrylate) 

SEM Scanning electron microscopy 

TMD Transition metal dichalcogenides 

XPS X-ray photoelectron spectroscopy 

UV-Vis Ultraviolet visible spectroscopy 



 

 

 

 

µ Carrier mobility 
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Thesis organization 

Based on the content of this Ph.D. work, this thesis is presented in 5 chapters that are 

organized in following way.  

Chapter 1 contains a short introduction and motivation about this research work. TMD 

semiconductors are introduced especially MoS2 and WS2. Crystal structure and band 

structure of MoS2 and WS2 are described. Basic principles of characterization methods, i.e., 

atomic force microscope, Raman spectroscopy, UV-Vis spectroscopy, and x-ray 

photoelectron spectroscopy, used in this work are discussed. Hydrogen evolution reaction 

as an application of MoS2 is also introduced. 

Chapter 2 covers the growth of ultra-thin large sized 2D at air-liquid interface to obtain 

WS2 monolayer flakes.  A novel method for the growth of ultra-thin and large area 

WS2 monolayer flakes has been developed by introducing a solution-based temperature-

dependent process. WO3 flakes are grown at moderate temperature at this air-liquid 

interface for the first time. Grown 2D flakes were successfully converted to WS2 by 

sulfurization. Thickness of the thinnest film was found to be equivalent of a monolayer of 

WS2. Crystal quality of the obtained WS2 flakes was found be improved with increasing 

annealing temperature.  

Chapter 3 presents a mechanical transfer of electrochemically grown ultra-thin MoS2 films 

from the growth substrate to a silicon substrate. For this purpose, ammonium 

teterathiomolydate has been used as a precursor material. Electrodeposited films are 

separated from the growth substrate by ultra-sonication. The Gold layer was etched by 

standard gold etchant (KI). After etching gold layer, floating  polymer coated MoSx layer 

on gold etchant  was picked up by clean silicon wafer. Polymer was removed with acetone. 

Transferred MoSx layers were sulfurized at high temperature (450-900 oC). MoS2 bilayer 
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is successfully obtained as verified by Raman and AFM. Crystallinity of MoS2 was found 

to be improved with increasing post-annealing temperature.  

Chapter 4 presents growth of MoS2 films by electrochemical deposition for hydrogen 

evolution reaction. With electrodeposition thin films can be grown on large scale. 

Electrodeposited MoSx films were sulfurized at 450 oC. The Obtained MoS2 films are 

found to be active catalyst for hydrogen evolution reaction. Thickness dependent HER 

activity is also studied. The HER activity measurements for electrodeposited MoS2 showed 

an overpotential of -0.33 V for 30 nm thick MoS2, whereas for smaller thicknesses below 

10 nm a value of -0.22 V was found. This indicates that ultra-thin films of MoS2 show a 

better HER activity than thick films. A Tafel slope of 44 mV per decade was obtained for 

5 nm MoS2. 

 Chapter 5 presents ultra-thin spin coated MoS2 films for hydrogen evolution reaction. For 

this purpose, a novel single source Mo-precursor molybdenum pentachloride (MoCl5) is 

used. The Spin coated precursor is converted to MoS2 by post annealing at 450 oC with 

additional sulfur in inert environment. The HER activity is presented for available 

thicknesses. The HER activity for 2.2 nm thick MoS2 film is determined at an over-voltage 

of  -0.25 V while for 15 nm films HER activity is observed at -0.44 V. Tafel slope is 43 

mV per decade which is similar to electrodeposited MoS2 films. 

 

Objectives of the thesis 

Graphene and its 2D analogue semiconducting TMDs have been grown by various well-

established growth methods, i.e. chemical vapor deposition and atomic layer deposition for 

various applications (transistor, vellitronic, photovoltaic devices, hydrogen evolution 

reaction). Motivated by the importance for 2D TMDs application, This Ph.D. work is 

focused on: 
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i) Growth of large area 2D TMDs (especially WS2 and MoS2) films/flakes based on 

alternative solution-based deposition methods.  

ii) Improvement of the crystallinity of the grown TMDs films/flakes.  

iii) Hydrogen evolution reaction activity on 2D TMDs.  
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1. Chapter 1. Introduction  

1.1. Introduction & motivation 

Global warming is one of the major challenges of the world. In the past few decades, the 

emission of the greenhouse gases has significantly increased. Fossil fuel consumption and 

industrial processes are the main sources of CO2 emission, which is 78% of the total 

greenhouse gas emission. Increasing human population and economic growth are directly 

linked to the global greenhouse gas emission. In the past two centuries the human 

population is grown from 1 billion to 7.8 billion . The current growth rate is 1.1% per year 

which is around 0.083 billion annually (Source: United Nations (2020)).  The economic 

sector is also increased accordingly to fulfill the requirements of the people. In figure 1.1 

greenhouse gas emission by various sectors are shown. 

 

Figure 1-1 Emission of greenhouse gas by different sectors (2010) adapted from IPCC 

(Cambridge University Press, 2014) 
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To reduce the emission greenhouse gas, European Union is trying to replace fossil fuel 

consumption with clean energy sources. The target is to reduce 80-95% greenhouse gas 

emission by 2050 [1]. There are many proposed alternative options to avoid fossil fuel 

consumption such as windmills, solar energy, hydraulic energy, and hydrogen gas. 

Replacing the consumption of the fossil fuel is not an easy task because the alternative 

green energy sources are not consistent and stable temporally. For example, the solar 

energy cannot be used effectively in Germany especially in winter due to the lack of the 

sunlight. Similarly, for the wind energy, a constant significant wind is required. Among 

other proposed alternation options, hydrogen evolution reaction provides a long-term and 

best solution because of the abundance of water and higher energy density of hydrogen . 

Production of hydrogen gas through hydrogen evolution reaction can replace fossil fuel 

consumption and support economic section such as energy production, industries, and 

transportation. Hydrogen is one of the best green energy sources because it produces 

harmless by-products. In the past three decades, Germany has increased the production of 

green energy significantly (6 times). Currently in 2020, green energy consumption is only 

18% of the net energy-consumption (Eurostat report). Intensive study has been done to 

consider hydrogen as an alternative energy source to fossil fuel to reduce greenhouse gas 

emission in Germany. In fact, a theoretical study shows that investment in hydrogen 

production is more beneficial for Germany due to high share of renewables in EU [2]. In 

simple words production of the hydrogen gas through hydrogen evolution reaction is one 

of the most promising ways to reduce emission of greenhouse gases in future. Hydrogen 
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gas can be obtained by the electrolysis of water. A suitable catalytic electrode can reduce 

the overpotential and minimize energy consumption. Currently the state-of-the-art catalyst 

for the electrolysis of water is platinum [3]. But due to its high cost and low abundance 

platinum cannot be used for mass production of hydrogen gas. MoS2 and WS2 has been 

demonstrated to be an alternative catalyst for hydrogen evolution reaction because of their 

abundance in nature and suitable band structure [4], [5]. In my work, I have also 

demonstrated MoS2 to be an active catalyst for hydrogen evolution reaction. We produced 

MoS2 thin layers by two different solution-based processes, i.e. electrochemical deposition, 

and spin-coating. These solution-based processes are large area deposition methods and 

doable at room temperature followed by a sulfurization step.  These deposition methods 

can be used for mass production of MoS2/WS2 for hydrogen evolution reaction in future. 

Furthermore, TMDs semiconductors are also potential candidates for future electronics. 

Ever since the transistor was invented, its size is getting smaller and smaller which is the 

building block of electronic devices. Similarly, the number of transistors per unit area on 

an integrated circuit doubles every eighteen months (see figure 2). Based on this 

observation Gordon Moore derived Moore’s law in 1965 [6].  The performance of the 

electronic devices is also getting better and better as the size of transistor gets smaller and 

number of transistors increases on the electronic chip. The performance of the field effect 

transistor depends on certain parameters, i.e. charge carrier mobility, channel length, 

threshold voltage and contact resistance. High performance transistor requires low 

dimensions and high carrier charge mobility. Researcher are trying to further reduce the 
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dimension of the transistor to improve performance further. Currently, dimensions of a 

transistor in modern electronics is in the range of few nanometers. So, the transistor is less 

than 100 atoms across. Dimensions of the transistor is already approaching the limits of 

the Moore’s law. At the nanoscale, quantum effects play its role, i.e. quantum mechanical 

tunneling. We will have leakage currents because the electrons can cross the barrier in the 

transistor due to quantum tunneling. Quantum effect pose a limit to Moore’s law. This is a 

big challenge for the researchers. Quantum effects prevent us to further reduce the 

dimensions of the transistor.  

 

Alternative way to improve performance of a transistor is to use a material with higher 

charge carrier mobility than silicon. Silicon based transistors need to be replace by other 

semiconducting material which has higher charge mobility. The discovery of atomically 

Figure 1-2 Year vs number of transistors on an integrated chip and evolution of electronic 

devices [93] 
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thin graphene has opened a completely new research area and a hope for scientists. High 

performance graphene-based field effect transistor has been reported with carrier mobility > 

120000 cm2V-1s-1 [7] but due to a conducting nature of a graphene, this transistor cannot 

be properly switched-off. So, graphene is not an appropriate material for switching devices. 

Scientists were looking for analogue materials which has similar properties like 2D-

graphene but with finite bandgap (semiconducting materials). It is found that transition 

metal dichalcogenide (TMDs) are similar two-dimensional (2D) materials [8], [9]. Among 

other TMDs, MoS2 and WS2 show best properties [10]. TMDs semiconductors possess a 

non-zero bandgap (1-2 eV) [10].  It has been demonstrated that MoS2 and WS2 show good 

properties such as high mobility, thickness dependent band structure [11][12][13]. Now the 

next challenge is to grow TMDs semiconductors thin films on large scale for different 

applications. In this research, new deposition methods are developed, i.e. electrochemical 

deposition, dip-coating, and spin-coating to produce MoS2/WS2 ultra-thin films/flakes. The 

electrochemically deposited MoS2 films have been successfully transferred from a 

conducting growth-substrate to a silicon substrate by a mechanical transfer method 

followed by gold etching. MoS2 has also been deposited by spin-coating on ITO and silicon 

wafers. Similarly, large lateral sized WS2 flakes have been obtained by dip-coating process 

[14]. TMDs thin films/flakes obtained by such processes are candidates to be used for 

transistor fabrication in future.  

TMDs semiconductors are 2D materials with monolayer thickness less than 1 nm [15]. 

MoS2 and WS2 has been demonstrated to be the best among other TMDs semiconductor 
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because of their interesting band structure and moreover MoS2 is an abundant in nature. To 

make ultra-thin layers of TMDs for different applications proper deposition methods need 

to be developed. Primary goal is to grow uniform ultra-thin sheets of TMDs (ideally 

monolayers) on large scale for industrial applications. In 2011, the first MoS2 high 

performance transistor has been reported by Kiss research group [8]. MoS2 flakes were 

obtained by mechanical exfoliation (scotch-tape method). The reported MoS2 transistor’s 

performance was great with a carrier mobility of ~ 200 cm2V-1s-1. However,  with 

mechanical exfoliation, the size and the thickness of the flakes cannot be controlled. The 

reported lateral size of MoS2 flake was in the range of 10 𝜇𝑚 so this method is not suitable 

for mass production of TMDs. MoS2 and WS2 monolayer have also been deposited by 

vacuum processed deposition methods, i.e. atomic layer deposition (CVD) [9], [16], metal 

organic CVD [17] and atomic layer deposition [18]. Currently above mentioned vacuum 

processes are well-established deposition methods yielding monolayers flakes with lateral 

size of few centimeters [9]. Deposition by such methods are done at high temperature and 

under low pressure vacuum. The substrate must be nonflexible. Sometimes the precursor 

used is a toxic material. Alternative solution-based deposition methods are presented here 

such as electrochemical deposition, dip-coating, and spin-coating. These solution-based 

deposition methods combine several advantages, i.e. cheaper precursor material, ability for 

mass production, and to be compatible with wide range of substrates.  
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1.2. Transition metal dichalcogenides 

Transition metal dichalcogenides (TMDs) are the 2D material analogue to conducting 

graphene. They possess a non-zero bandgap ranging from 1-2 eV [19], [20], are important 

for hydrogen evolution reaction and for switching devices such as field effect transistors. 

TMDs are a group of materials with chemical formula MX2, where M represents a 

transition metal atom from the chromium family (group IVB, particularly molybdenum 

and tungsten) and X represents an atom from the oxygen family (group VIA, particularly 

sulfur and selenium). Within the 2D sheets, the atoms are covalently bonded that’s why 

TMDs are mechanically strong materials while the sheets are connected with each other by 

a weak van der Walls force which make TMDs flexible. Due to the weak van der Walls 

force between the sheets, they can slide over each other so TMDs (specially MoS2) can be 

used as lubricant. The transition metal in MX2 is sandwiched between chalcogen atoms. 

This structure is extended into 2D sheet and makes a hexagonal structure. The 2D sheets 

are stacked together in different ways (polytypes) which has different stacking orders and 

M-coordination. The TMDs have either hexagonal or rhombohedral crystal structure and 

the metal atom in the crystal has octahedral or trigonal prismatic coordination [20]. The 

commonly known prototypes are 1T, 2H and 3R, where T represents trigonal, H represents 

hexagonal and R represents rhombohedral (see figure1.3). The digits in the prototypes 

represents the number of TMD molecules present in the unit cell. The lattice constant varies 

between 0.31 nm to 0.37 nm depending on TMDs material. The spacing between the 

interlayers is 0.65 nm. The letter “c” is the stacking index with defines the number of the 
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sheets in each prototype. So stacking index is different for each protype, i.e. c is 0.65 nm 

for 1T-prototype, 1.95 nm for 3R-prototype and 1.3 nm for 2H-prototype. 

 

 

 

Figure 1-3 a) Schematic illustration of TMDs crystal structure, with metal atoms 

(M, blue) sandwiched between chalcogen atoms (X, yellow). b) Schematic 

illustration of different prototypes of TMDs [20] 
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This work is mainly focused on 2H MX2, which is stable semiconductor.  From the family 

of TMDs, MoS2 and WS2 show interesting properties and are intensively studied. They 

have been used in many areas such as catalyst for hydrogen evolution reaction [21], [5], 

spintronics [22], photocatalyst [23], and field effect transistor [8], [11], because of their 

characteristic band structure.  Monolayer of MoS2 and WS2 are direct semiconductors with 

a bandgap of 1.8 and 2.3 eV, respectively [20]. The bandgap of the monolayer originates 

from the transition at the K point in theebrillouin zone. The optical bandgap (transition at 

K symmetry point) is independent of the thickness of the TMDs [20]. As the thickness of 

the TMDs increases, the band structure switches from direct semiconductor to indirect 

semiconductor. The transition from the direct semiconductor to indirect semiconductor 

happens because the valance band at the Γ symmetry point moves up and the conduction 

band at the middle of Γ  and K points moves down with increasing thickness of TMD. Bulk 

MoS2 and WS2 is an indirect semiconductor with bandgap of 1.23 and 1.32 eV, respectively. 

The indirect bandgap comes from the transition between conduction band at the mid of K 

and Γ points and valence band at the  Γ point.   The band structure of MoS2 is shown in 

figure 1.4.  
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The TMDs show a wide range of interesting properties depending on their band and crystal 

structure. Some TMDs are insulator such as HfS2, some have semiconducting nature such 

as 2H MoS2 and WS2, some behaves like a metal such as VSe2 and interestingly some are 

superconductors, i.e. TaSe2 [20]. The monolayer of TMDs has attracted the attention of the 

research community because of its unique properties in electronics. The monolayer of 

MoS2 can easily be obtained using scotch tape method or mechanical exfoliation. The 

mobility of a MoS2 monolayer transistor is ~200 cm2V-1s-1 at room temperature [8]. The 

current on/off ratio is 1×10-8. Similarly, MoS2 and WS2 have also been demonstrated to be 

a good catalyst for hydrogen evolution reaction because of their suitable band structure 

[24], [5]. MoS2 and WS2 have been deposited by various deposition methods, i.e. chemical 

vapor deposition (CVD) [9], spin-coating [25], dip-coating [26], [14], electrochemical 

deposition [3], and spray coating [27]. TMDs have also been demonstrated to be active 

Figure 1-4 Band structure of MoS2 and WS2 from monolayer to bulk, calculated using DFT. 

The green curves represent conduction band edge and blue curves represent valence band 

edge [20] 
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catalyst for hydrogen evolution reaction because of their suitable band structure. 

Electrochemically deposited MoS2 show good HER active with a small Tafel slope of 40 

mV per decade [28].  

 

1.3. Characterization methods 

1.3.1. Atomic force microscope (AFM) 

Atomic force microscopy (AFM) is a characterization technique used to get a detailed 

topological information of a surface of a thin film on nanometer scale. It is done by 

measuring forces between the film’s surface and a fine tip. AFM consists of a fine tip which 

is attached to a cantilever. A laser beam shines on the tip that is reflected onto a 4 quadrant 

photodetector which produces an electric current and the cantilever is scanned across the 

surface. Due to the microscopic roughness of the layer, the tip is deflected during the 

scanning process. This deflection causes a change in the position of the reflected laser beam 

on the 4-quadrant photodetector. The photocurrent of the 4-quadrant photodetector changes 
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accordingly. This is how topology of the surface is recorded. The basic working principle 

of AFM is shown in figure 1.5. 

 

The AFM can be operated in mainly three modes, a) Contact mode: the tip physically 

touched the surface of the film and deformation of the cantilever due to the roughness of 

the surface is recording, b) tapping mode: The cantilever taps the surface and oscillates 

close to its resonance frequency. The vibration in cantilever is obtained by piezo element. 

The frequency and amplitude remains constant until tip interacts with the surface of the 

sample. As tip approaches the surface, the amplitude changes due to possible interacting  

forces, i.e. weak Van der Wall force, dipole interaction or electrostatic forces. The 

controller adjust the height of the tip accordingly. In this mode, the AFM topological image 

is produced by recording the interacting forces between the tip and surface of the sample.  

Sample

Feedback 
and 

Processing
system

Tip

Figure 1-5 Working principle of atomic force microscopy 

(AFM). 
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c)  non-contact mode: The cantilever oscillates but doesn’t physically touch the surface of 

the film. In this mode, the cantilever is vibrated at is resonance frequency. The interacting 

forces between the tip and the surface of the sample changes resonance frequency of the 

cantilever. This change in resonance frequency allows the controller to maintain distance 

between the sample and the tip. The topological AFM image is obtained by measuring the 

distance between the tip and surface of the sample. In this research, the AFM (Nanosurf) 

was operated in tapping mode. AFM is a very sophisticated method to measure the 

thickness and roughness of the films. For topological information the AFM measurements 

are performed on the middle of the film. In order to get the thickness of the films the AFM 

measurements are performed on the edge of the film and part of the underlying substrate. 

The difference between the top of the film’s edge and the substrate along perpendicular 

axis to the surface is the height of the film. Since the thickness of the TMDs monolayer is 

well-defined [20]. The number of MoS2/WS2 sheets present in a grown film can be obtained 

from the thickness of the film.  

1.3.2. Raman spectroscopy 

Raman spectroscopy is a non-destructive way to study the structural fingerprint of a 

material by addressing the vibrational modes, e.g. of a  WS2 and MoS2 crystal. It gives us 

information about the lattice dynamic, i.e Raman active modes. Raman scattering 

phenomenon was discovered by an Indian physicists Sir Chandrasekhara Venkata (CV) 

Raman. He found that the wavelength of the incident light changes (increase or decrease) 
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when interact with some materials. This phenomenon was found to be a new type of light 

scattering (inelastic scattering) and was called  Raman scattering, named after its discoverer 

Sir CV Raman. Sir CV Raman was awarded a Nobel prize in physics in 1930 for the 

discovery of the Raman scattering. When the light hits the surface of a material, it can be 

reflected, refracted, transmitted or scattered. If the energy of incident photon is equal to the 

energy difference between two energy level in a crystal system, then the incident photon 

can be absorbed by the system and the system will be excited. Absorption spectroscopy is 

based on this phenomenon. If the bandgap of a material is larger than the energy of an 

incident photon, the light will pass through the material without absorption. Scattering 

(elastic or inelastic) can also occur when a photon interacts with the material. For scattering 

phenomenon, the energy of the incident photon does not have to match with the bandgap 

of the material. In fact, virtual states are involved in the scattering process. The lifetime of 

those virtual states are extremely short (~ 𝑓𝑒𝑚𝑡𝑜𝑠𝑒𝑐𝑜𝑛𝑑). In scattering process when a 

photon interact with a crystal, the system goes from a vibrational ground state to a virtual 

states and it comes back to vibrational ground state by releasing a photon. If the energy of 

the incident photon and the scattered photon is equal, this type of scattering is called 

Rayleigh scattering. But if the system comes back from the virtual state to vibrational 

excited state, so the energy of the incident photon will be larger than that of the scattered 

photon. This type of inelastic scattering is called Stokes Raman scattering. If a photon 

interacts with a crystal which is already vibrationally excited and crystal comes back to the 

ground state after scattering, the energy of the scattered photon will be higher than that of 
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incident photon. This inelastic scattering is known  as anti-Stokes Raman scattering. At 

low temperature the Stokes Raman scattering is dominant because most of the crystals  are 

in the vibrational ground state, while at high temperatures anti-Stokes process becomes 

dominant because more crystals are in the vibrational excited state due to available thermal 

energy.  Different types of scattering are shown in figure 1.6.  

 

The scattering process can also be explained in a different way. Light is an electromagnetic 

wave. When light interacts with a crystal, it distorts the electron cloud around the nucleus. 

𝐸 

𝐸    

Vibrational
states

Virtual states

Rayleigh
Scattering

Stokes
Scattering

Anti-Stokes
Scattering

Raman scattering (inelastic)

           

  

     

Figure 1-6 Energy scheme of Rayleigh and Raman (Stokes and anti-Stokes) 

scattering process. 
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If the nuclear motion is not involved in this interaction, the energy of the incident photon 

will be equal to the scattered photon. This scattering is called Raleigh scattering. The mass 

of the nucleus is very high compared to electrons. If nuclear motion is involved in a 

scattering process then there will be either transfer of energy from the photon to the system 

(Stokes Raman scattering) or from the system to the scattered photon (anti-Stokes Raman 

scattering). The distortion of the electron cloud depends on the excitation source (the 

energy of a laser used in experiment). In other words, the energy of virtual states depends 

on the energy of the incident photon or frequency of laser source. 

The crystal can be modeled as solid spheres (atoms) connected with each other by a spring. 

If there are N atoms in a molecule, then there will be 3N-3 modes of vibrations. The energy 

or frequency of each mode of vibration depends on the masses of each sphere (atom) at the 

end of the spring and the spring force constant. In the case of a real crystal the spring 

constant is defined by the bond between (among) the atoms. Hook’s law can be applied to 

this model of a crystal system. We can determine the frequency of different modes of 

vibrations that depends on the mass of atoms and the bond between the atoms [12]. The 

following equation is for diatomic molecule with mass m1 and m2 attached with a bond. 

𝜈 =
1

2𝜋
× √

2𝐾

𝜇
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Where 𝜈 is the frequency, 𝐾 is the force constant , c is the speed of light and 𝜇 is the reduced 

mass (
1

𝜇
=

1

𝑚1
 

1

𝑚2
) of the atoms involved in the vibration. If the mass of the atoms in a 

crystal is small, then the frequency will be high. Similarly, if the bond between the atoms 

is strong then the frequency of the vibration will be high. Raman spectra are typically 

plotted in wavenumber scale instead of wavelength because wavenumber is directly 

proportional to energy. The Raman shift can be expressed as 

�̅� = (
1

𝜆𝑖𝑛∗
 

1

𝜆𝑠𝑐𝑎𝑡𝑡𝑒𝑟
) 

Where 𝜈 ̅ is the Raman shift given in a wavenumber, 𝜆𝑖𝑛∗ is the wavelength of incident 

photon and 𝜆𝑠𝑐𝑎𝑡𝑡𝑒r is the wavelength of a scattered photon in vacuum.  

In the Raman spectroscopy, the shift in the energy of incident photons and the scattered 

photons gives us information about the structural fingerprints of material. Theoretical study 

shows that MoS2/WS2 has four Raman active modes [29], i.e A1g (an out of plane vibration),  

𝐸2𝑔
1

 (an in-plane vibration in basal plane of Mo and S atoms), E1g (an in-plane vibration in 

basal plane of S atoms), 𝐸2𝑔
2  (an in-plane vibration in basal plane of Mo and S atoms). In 

our work 𝐸2𝑔
1  and A1g are studied. The peak position of these two modes depends  on the 

thickness of the TMDs layers. As the thickness of TMD layers increases from monolayer, 

the peak position of 𝐸2𝑔
1  moves to lower wavenumbers (Red-shift) while the peak position 
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of A1g moves to higher wavenumbers (blue shift). So the peak position of these two Raman 

active modes (𝐸2𝑔
1 and A1g) can give us information about the thickness of the obtained film. 

In this work, the Raman measurements (Horiba Jobin-Yvon T64000 spectrometer) were 

carried out with a green laser (Ar+ ion) as an excitation source with 514.5 nm wavelength. 

50x objective was used to collect the signal and dispersed with 2400 lines/mm grating. The 

Raman scattered light was detected by charged-coupled device (CCD) detector which was 

cooled by liquid nitrogen to -110oC. The Raman experimental setup is illustrated in figure 

1.7. The beam splitter shown in figure 1.7 is an optical device that split the laser beam into 

two beams. The Notch filter used in Raman setup is a type of filter that stops light with a 

range of frequencies. Light with frequencies below and above this range is allowed to pass 

through the Notch filter. The purpose of this filter is to stop the primary laser beam’s entry 

to spectrometer.   

 

Laser

SpectrometerCCD

Notch filter Lens

Beam
splitter

Optical
Microscope

Sample

Mirror

Figure 1-7 Cartoon of Raman spectrometer 
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1.3.3. UV-Vis spectroscopy 

UV-Vis spectroscopy is an optical spectroscopy based on the interaction of the material 

with visible and ultraviolet light. This spectroscopy is used in many areas, i.e research, 

industries, production and quality control, to characterize different materials. Tungsten 

lamp is usually used as a light source in UV-Vis spectroscopy. In this work, UV-Vis 

measurements were done in absorption mode.  The light is shine on the sample and it absorb 

light with specific wavelength. The transmitted light is first diffracted  and then directed 

onto the photodetector. The absorption of the light  has a direct relation with the amount of 

substance present in the sample, thickness of the sample  and extinction coefficient. The 

extinction coefficient is specific to each material. Furthermore, the absorption is indirectly 

proportional to the transmitted light. The absorption of the light can be explained by Beer-

Lambert law 

𝐴 = 𝜀. 𝑐. 𝑑 

Where A is the absorbance, c is the concentration of the substance, d is the pathlength of 

the sample and 𝜀 is the extinction coefficient. The above equation is applicable to liquid 

samples. In this work, UV-Vis measurements of ATTW are done in liquid phase. For solid 

samples, the concentration is 100%. The UV-Vis measurements are performed in reflection 

or absorption mode in order to get excitonic fingerprints of the material. When a material 

is exposed to light with range of energies, the photon energy is transferred to the crystal. 

Absorption (A) is the ratio between the transferred energy to the material and the incident 
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energy. The absorption can be presented in terms of transmition (T) and reflection (R). In 

this work, the UV-Vis measurements are done in an absorption mode.   

𝐴 = 1  𝑅  𝑇 

In other words, the absorbance (Abs) measurement is telling us about the amount of energy 

transferred to the sample. It is also called the optical density of the sample. The absorbance 

can be expressed in terms of reflectance or transmittance  

𝐴𝑏𝑠 =  𝑙𝑜𝑔1 (𝑇) 

For above relation, it is assumed that either R or T is equal to zero. Which means that the 

sample is either transparent or highly reflective.  In this work, the absorption spectrum (see 

figure 3.2) exhibits excitonic peaks at 612 , 674 nm which corresponds to A and B exciton 

of MoS2, respectively. These excitons are assigned to the direct optical transition between 

valence band and the conduction band at the K symmetry point in Brillion zone. 

Furthermore, there is another broad peak in the absorption spectrum around 400-450 nm 

which is assigned to the C and B excitons. The experimental set of UV-Vis spectrometer 

is shown as follows.  
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1.3.4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is surface sensitive spectroscopic method used to 

find composition and chemical state of atoms in a material.  The basic physics behind XPS 

is the photoelectric effect experimentally discovered by Heinrich Hertz in 1885. German-

American physicist Albert Einstein explained photoelectric effect theoretically by 

introducing the concept of an energy packet called photon. Albert Einstein got a Nobel 

prize for the explanation of this effect. The photoelectric effect describe the process when 

a photon hits an atom and this photon is absorbed, that an electron is ejected with finite 

Monochromator
Concave grating

Slit Sample

Light source

Detector

Figure 1-8 Schematic drawing of an UV-Vis Spectrometer 
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kinetic energy. In this process the total energy is conserved. The kinetic energy of the 

ejected electron can be explained by the following equation 

𝐾𝐸 = ℎ𝜈  𝐵𝐸  𝜃 

In the above equation, KE represents the kinetic energy of the ejected electron, ℎ𝜈 

represents the energy of the incident photon, BE represents the binding energy of the 

electron in the atom  with respect to the Fermi energy of the material and 𝜃 is the work 

function of material. In XPS, X-rays are produced by hitting an Al/Mg anode with 

accelerated thermionically generated electrons. In our experiment, X-rays (1253.6 eV) are 

shined on the surface of the material which results in the ejection of the electrons called 

photoelectrons. The ejected electrons leave an empty space behind. This empty space is 

refilled by electrons from the upper energy levels by either emitting another photon or 

kicking out another electron called Auger electron. The energy of the Auger electron does 

not depend on the incident photon’s energy that’s why Auger spectrum is often represented 

on kinetic energy scale. In the XPS process, when the ejected electron passes through solid 

material, it can be scattered either elastically or inelastically. If the electron loses kinetic 

energy upon collision (inelastic scattering) then the desired information about the material 

can’t be obtained. Therefore, mean free path of the electrons in the material should be 

considered in order to interpret the intensity information correctly. Mean free path is the 

average distance between two scattering events. So the corrected electron intensity can be 

obtained by using Beer-Lambert law 
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𝐼 = 𝐼 exp (
 𝑥

𝜆𝑐𝑜𝑠𝜃⁄ ) 

In the above equation, I represent the reduced electron signal, I0 represents the surface 

electron signal, x represents the penetration depth,  𝜆 represents the mean free path of an 

electron and 𝜃 represents the emission angle. Mean free path of electrons (𝜆𝑒) depends on 

the kinetic energy of the electrons for different elements. The dependence of  𝜆𝑒 on kinetic 

energy is strong and it depends weekly on the elements. So, the mean free path of electrons 

is denoted by 𝜆𝑒=𝜆𝑒(Ekin). The binding energy of the electrons depends on the chemical 

state and is a fingerprint of a material. That is why the XPS spectrum is presented on 

binding energy scale. The kinetic energy of the emitted electron depends on the incident 

photon energy.  
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In photoelectron spectroscopy, the kinetic energy of ejected electrons is measured, and the 

number of the electrons is analyzed. Hemispherical electron analyzer is used to select 

electrons with specific energy.  Since electrons are charged particles and heavily interact 

with material so XPS is surface sensitive. Only a few nm at the surface of the material can 

by analyzed due to the small mean free path  𝜆𝑒. In order to avoid the interaction of the 

ejected electrons with the atmosphere, XPS measurements are performed in high vacuum 

(~10-6 mbar). In this work, XPS measurements are done in an ultra-high vacuum (~ 10-10 

mbar). We can study all the elements with XPS except hydrogen and helium because they 

have extremely small cross-section or do not have 2 electrons. The binding energy of the 

Figure 1-9 Schematic illustration of X-ray photoelectron 

spectrometer. 
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electron in an orbital depends on the atomic number of an element. As the numbers of the 

electrons in an atom changes, the difference between the energy shell and fermi energy 

also changes accordingly. The binding energy of an electron also depends on the chemical 

environment, i.e., an atom bonded to another atom or atoms. This chemical shift depends 

on the electronegativity of the atoms bonded. The valence electrons in a molecule are 

attracted more toward the atom having higher electronegativity. This phenomenon also 

effects the binding energy of the core electrons. Using this knowledge, we can identify 

different elements or compound by XPS. The relation between the atomic number and the 

binding energy is shown in the figure 1.10. 

 

 

 



Chapter 1: Introduction 

 

26 

 

 

 

1.4. Hydrogen production and hydrogen evolution reaction (HER) 

In order to overcome the problem of global warming, emission of the greenhouse gases 

needs to be reduced. For this purpose, fossil fuel must be replaced with green energy source. 

One of the potential candidates is H2 gas because of its high energy density. H2 gas does 

Figure 1-10 Plot of orbital binding energies versus atomic number [94] 
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not exist in appreciable concentration freely in the atmosphere or on the Earth. It must be 

extracted from other hydrogen containing compounds, i.e., water (H2O) or natural gas. 

Hydrogen is a potential fuel due to its high energy density. The burning of hydrogen gas is 

an exothermic chemical process. The chemical reaction of hydrogen burning is given as 

follows 

2𝐻2(𝑔)  𝑂2 (𝑔) → 2𝐻2     (∆𝐻 =  286.0 𝑘𝐽/𝑚𝑜𝑙) 

The above equation implies that 286 kJ energy is released when 1 mol of hydrogen and 

oxygen reacts with each other. Due to high energy density and low molecular weight, 

hydrogen has been consumed as fuel in many areas such as transportation and space 

vehicles since middle of 19th century. Currently established way to produce hydrogen gas 

is reforming of a natural gas. One of the final reaction products of the reforming of natural 

gas is hydrogen together with carbon dioxide and even carbon monoxide. Although this is 

a widely used way to produce hydrogen gas it’s drawback is, that fossil consumption is still 

involved in this process. The chemical reaction for reforming of natural gas is given below 

𝐶𝐻4  𝐻2𝑂 → 𝐶𝑂  3𝐻2 

An alternative way to generate hydrogen gas is water splitting. One of the most studied 

ways of H2 production is electrolysis of water. In the process of the electrolysis of water, 

the water molecule is split into hydrogen and oxygen with no harmful byproduct. The 

electrolysis of water was first done Jan Rudolph Deiman Adriaan in 1789 using 
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electrostatic generator. In 1890, Charles Renard invented a water electrolysis unit to 

produce H2 gas as fuel for airships. In the 1960s, General Electric invented a proton 

exchange membrane for electricity production for the Gemini space program. Later it was 

used for electrolysis of water as well. In the simple electrolysis of water, electric energy is 

used to break the bond between hydrogen and oxygen. The electrolysis of water can be 

explained by the following chemical equation 

𝐻2𝑂  𝑒𝑛𝑒𝑟𝑔𝑦 → 𝐻2 ↑  
1

2
𝑂2 ↑ 

The efficiency of the electrolysis of pure water is very small ~10-7 moles/liter due insulating 

nature of pure water. Therefore in our experiment H2SO4 aqueous solution (pH=0) was 

used as an electrolyte. Acidic solution has positive and negative ions which makes that 

electrolyte a good conductor for electricity. The choice of electrodes is also important for 

high efficiency of electrolysis of water. The electrode should be a good electric conductor, 

have high surface area and be chemically, thermally and mechanically stable. In order to 

lower the overpotential and increase the efficiency, a suitable catalyst should be used. The 

three parameters defining a good catalyst for hydrogen evolution reaction are (i) Set-off 

potential (overpotential) (ii) current density (at the same set-off potential) (iii) Tafel slope. 

Reduction/oxidation (redox) reaction takes place in electrochemical cell when electric 

current is passing through the cell. Redox reaction causes current to flow in the 

electrochemical cell. For this current to flow, an additional voltage is required together 

with thermodynamically determined potential (theoretically predicted) to cause redox 
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reaction. The additional voltage is called overpotential. In the process of electrolysis, 

exchange of electrons occur at the electrodes (oxidation: loss of electrons, reduction: gain 

of electrons). Electrolysis requires a decomposition voltage. The difference between 

decomposition voltage and the reduction potential (theoretically predicted) is known as 

overpotential. Decomposition of water molecule is a 4-electron process with dissociation 

energy of 1.23 eV per electron [29]. The energy bands of the catalytic material should be 

aligned in such a way that valence band maximum is close to OER potential (see figure 

1.11) while conduction band minimum is close to HER potential. A catalytic material 

makes this process thermodynamically more favorable. A high-quality catalyst possesses 

low overpotential, high current density and a low Tafel slope. Tafel slope is extracted from 

polarization curve. It shows the increase of electrochemical reaction rate with respect to 

overpotential by factor of ten. The current state of the art catalyst for hydrogen evolution 

reaction is platinum. Generally metals from Pt group (Pt, Ir, Pd, Rh [30]) are reported to 

possess highest HER activity. Pt is widely used as a catalytic electrode for HER. The 

reported Tafel slope for Pt is 30 mV/decade [30]. But application of Pt for HER is limited 

due to its low abundance and high cost. Therefore, researchers are constantly looking for 

cheap, globally abundant, and good catalyst material for HER.  
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Recent theoretical and experimental studies show that 2D MoS2 is a good catalyst for 

hydrogen evolution reaction. In 1977, first MoS2 HER activity was reported [31]. MoS2 

nanoparticles perform better than bulk MoS2 [19]. A reported study in 2007 shows that 

edge sites of MoS2 act as active sites for HER [4]. One of the ways to improve catalytic 

activity of MoS2 is to grow MoS2 with small particles in order to get more active edge sites. 

S-vacancies also act as active sites for HER [24]. In this approach, MoS2 layers are 

deposited by solution-based processes, i.e. electrochemical deposition and spin-coating. 
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Figure 1-11 Energy scheme of hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER). 
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Chapter 2 

2. Growth of ultra-thin large sized 2D flakes at air-liquid 

interface to obtain 2D-WS2 monolayers 

This work is published in Journal of Physics D: Applied Physics. 

DOI: https://doi.org/10.1088/1361-6463/abc198 

2.1. Introduction 

The discovery of 2-dimensional (2D) graphene has opened a complete new research area 

[32].  Unlike conducting graphene, transition metal dichalcogenides (TMDs) such as MoS2 

and WS2 exhibit a well-defined bandgap with values ranging from 1-2 eV [10], [33], [34]. 

These materials are potential candidate for future electronics due to their 2D nature. The 

transition metal ion is sandwiched between two chalcogen atoms forming a honeycomb 

crystal structure extending into a 2D sheet. Among other TMDs, WS2 is a promising 

candidate because of its non-zero bandgap that allows to fabricate high performance nano-

devices such as thin-film field effect transistors, photoactive cells and spintronic devices 

[11], [12], [22]. WS2 monolayer has been deposited by various deposition methods such as 

atomic layer deposition [18], pulsed laser deposition technique [35], chemical vapor 

deposition [22]. Similarly, WS2 nanostructure/nanosheets have also been grown by 

solution based processes such as chemical exfoliation [36], liquid-phase sonication [37], 

hydrothermal synthesis [38] and Liquid-phase precursor mixing [39]. By now chemical 

vapor deposition and atomic layer deposition are well-established methods, but they 

require expensive instrumentation, high temperature and vacuum. Furthermore, for the 

latter methods the WS2 grain size strongly depends on the substrate used [40],[41], which 

puts limitations for large scale production of WS2 thin film devices. An alternative simple 

wet chemical deposition method is presented here for the growth of 2D flakes from aqueous 

https://doi.org/10.1088/1361-6463/abc198
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solution below 100 oC. This growth mode is similar to the previously reported growth of 

large area MoS2 flakes [26]. Post-annealing of the initially obtained WO3 flakes results in 

ultra-thin WS2 flakes This wet chemical deposition process has several advantages such as 

(i) the use of non-expensive and non-toxic precursor materials, (ii) it can be performed on 

a large scale, and (iii) it is compatible with a wide range of substrates. In this work, WS2 

flakes are obtained from a solution-based process. Initially WO3 flakes are grown at air-

liquid interface as result of thermal decomposition of precursor below 100 oC. This 

solution-based process has advantage over CVD and ALD process because in CVD and 

ALD process, the deposition of precursor requires high temperature, vacuum processing 

and plasma treatment. The precursor flakes are formed at the liquid-air interface and 

transferred to a silicon wafer by a controlled dip-coating process. To our knowledge this is 

the first time that the growth of large precursor flakes is reported at the air-liquid interface 

to obtain WS2 flakes. The transferred precursor flakes are post-annealed in an inert 

environment to convert them to WS2. The precursor solution and the flakes were 

characterized by various methods, i.e. Raman, XPS, and UV-Vis spectroscopy as well as 

atomic force microscopy. 

2.2. Methodology  

2.2.1. Sample preparation and dip-coating 

Silicon wafers covered with 270 nm SiO2 were used in this experiment as substrates. The 

wafers were cleaned with acetone and isopropanol. Thereafter the wafers were rinsed with 

DI-water, dried with a nitrogen gun and heated at 120 oC for 5 minutes to evaporate 

remaining solvents. After cleaning the wafer, they were treated with UV-ozone to remove 

any remaining organic contaminations. Afterwards, ammonium tetrathiotungstate 

((NH4)2WS4, ATTW) was dissolved in DI-water and a 5 mM aqueous precursor solution 

was prepared. The precursor solution was ultra-sonicated for 15 minutes in order to obtain 

a uniform solution and dispersed ATTW in the solvent. The precursor material ATTW 
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(purity 99.9 %) was bought from Sigma-Aldrich. No flakes were observed at the air-liquid 

interface at room temperature even after a week of storage. When the ATTW precursor 

solution was heated to 70-90 oC, formation of the flakes was observed at the air-liquid 

interface. These flakes were transferred from the air-liquid interface to a Si/SiO2 substrate 

by means of controlled dip-coating with a withdrawal speed of 1 mms-1. The transferred 

flakes were heated at 120 oC for 20 minutes in order to evaporate remaining water from the 

surface.  

2.2.2. Conversion of dip-coated flakes to WS2 

The samples were post annealed at high temperature (500-900 oC). For this purpose, the 

samples were kept in the middle of a quartz tube which was put in a furnace. Pure sulfur in 

a quartz crucible was placed in the upstream near the edge of the furnace. Then argon gas 

with 5% H2 was used to flush with a high rate for 3 minutes to remove residual air. After 

purging, the gas flow rate was reduced to 50 sccm. The temperature of the furnace was 

gradually increased to the target temperature (500-900 oC) at a ramp speed of 20 oC/min. 

The samples were kept at the target temperature for 120 minutes before cooling down to 

room temperature. The complete experimental process is illustrated in Figure 2.1. 

2.2.3. Characterization of precursor and flakes  

To determine the mechanism of flake formation at the air-liquid interface, the solution was 

kept at 70 oC, 80 oC and 90 oC for a few hours. UV-Vis measurements of a small part 

extracted from the solution were done after every 15 minutes. The UV-Vis measurements 

of the solution were performed on a Cary 5000 UV-Vis-NIR spectrometer in the spectral 

range from 200 to 1100 nm. Raman measurements of the flakes from the air-liquid interface 

and from the bottom of the solution were excited by a laser at 514 nm.  The signal was 

received with a 50x objective. The scattered light was dispersed with a 2400 g/mm grating 

and detected by a liquid nitrogen cooled charged-coupled device (CCD) detector (Horiba 
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Jobin-Yvon T64000 system). The IR measurements were done on the flakes from the air-

liquid interface and from the bottom of the solution. In order to do IR measurements, the 

flakes were filtered by a filter paper and mixed with KBr in a 1:99 ratio. To make fine 

pellets for IR analysis, the mixture was pressed hydraulically and the IR measurements 

were done in transmission mode in nitrogen environment. In order to do X-ray 

photoelectron spectroscopy (XPS) on the flakes, the flakes were transferred to a gold-

covered silicon wafer and introduced into a XPS chamber equipped with a photoelectron 

spectrometer with a hemispherical analyzer (Specs-Phoebos 100) and a Mg/Al X-ray gun 

(Specs XR-50). The Analyzer was used (in transmission mode) with a pass energy of 50 

eV. The Mg  𝐾𝛼 radiation source was used for excitation. The CASA XPSTM program was 

used for the evaluation of the XPS data and the background was subtracted using Shirley’s 

method. After post-annealing, the samples were again characterized by Raman and XPS 

spectroscopy in order to confirm the conversion of the precursor flakes to WS2. The 

thickness of the flakes was measured by atomic force microscope (AFM) (Nanosurf). 

 

 

Figure 2-1 Schematic illustration of the flake formation at the air-liquid interface, dip-

coating process, and post annealing. 
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2.3. Results and discussion 

2.3.1. Mechanism behind flake formation 

An aqueous solution of ATTW is stable at room temperature. In an inert environment such 

as N2 or Ar the thermal decomposition of ATTW occurs at temperature between 170 and 

280 oC and results in a conversion to WS3, H2S and 2NH3 [42]. The obtained WS3 further 

reduces to WS2 if it is kept at a temperature between 280 and 330 oC. The chemical reaction 

that occurs during thermal decomposition is given as follows:  

(𝑁𝐻4)2𝑊𝑆4
∆
→𝑊𝑆3  𝐻2𝑆 ↑  2𝑁𝐻3 ↑

∆
→𝑊𝑆2  𝑆 

2.3.1.1. Flakes formation at the air-liquid interface 

In this work, the ATTW is dissolved / dispersed in deionized water. The aqueous solution 

of ATTW is stable under normal atmosphere and at room temperature and no flakes are 

formed at the air-liquid interface or at the bottom. However, when the ATTW solution is 

kept at 70 – 90 oC flakes are observed at the air-liquid interface after a few hours. Since 

the formed flakes are large and located at the surface of the liquid, any external vibration 

could break the flakes into smaller pieces. On a vibrationally isolated optical bench this 

risk is minimized. The absorbers of the used bench have a resonance frequency of 1 Hz 

and absorb all vibrations with higher frequencies.  The flakes transferred to a silicon wafer 

are shown in Figure 2.1.  

2.3.1.2. UV-Vis spectroscopy 

To determine the chemical process behind of the formation of the flakes, UV-Vis 

measurements of a small part extracted from the ATTW solution (70-90 oC) were 

performed every 15 minutes continuously for several hours. In the beginning, the colour of 

the solution was dark-yellow and gradually became lighter until it was completely 
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transparent, as shown in the Figure 2.2b. In the UV-Vis spectrum, three excitonic peaks 

are visible at 216, 277 and 393 nm (as shown in 2.2a), which are attributed to the tetra-

hedral ion 𝑊𝑆4
2  [43]. The intensity of the 𝑊𝑆4

2  peaks gradually decreased at different 

rates for the different temperatures of the solution, as shown in Figure 2.2b. The 𝑊𝑆4
2 -

peaks almost disappeared which is in good agreement with the colour of the solution. This 

indicates that ATTW in solution decomposes and turns into flakes at 70, 80 and 90 oC, 

which appear at the air-liquid interface as shown in Figure 2.1.  

 

Figure 2-2 Time dependent UV-Vis spectra of the 0.5 mM ATTW solution kept at 70-90 oC. 

 

2.3.1.3. Raman spectroscopy 

In Figure 2.3 Raman spectra are shown of a flake from the air-liquid interface after two 

hours and a flake from the bottom of the liquid after 8 hours grown at 80 oC together with 

pure references (ATTW and WO3). In the Raman spectrum of a flake from the air-liquid 
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interface after 2 hours, six peaks are visible at 803, 712, 482, 325, 267, and 130 cm-1 in the 

measured spectral range. Out of the six peaks, five (803, 712, 325, 267, and 130 cm-1) are 

attributed to the Raman-active modes of WO3 [44]. On the other hand, the peak at 482 cm-

1 is attributed to ATTW [45]. A literature report [44] assigns the former vibrational modes 

to symmetric stretching of O-W-O bonds, asymmetric stretching of W-O-W bonds, O-W-

O deformation, W-O stretching and W-O bending modes of WO3, respectively. The peak 

at 482 cm-1 is attributed to the symmetric stretching mode (𝑣1) of the terminal tungsten-

sulfur (W=S) bonds in 𝑊𝑆4
2 . So, the flakes of the air-liquid interface are mainly composed 

of WO3 and a small residual of ATTW precursor is also present in the flakes. In the Raman 

spectrum of the flakes from the bottom of the liquid after 8 hours, all typical peaks of WO3 

are observed which indicated that these flakes are also mainly composed of WO3. In 

addition to the WO3 peaks, minor peaks of ATTW are also visible, but they are weaker 

when compared to the Raman spectrum of the flakes from the air-liquid interface. This 

indicates that the amount of ATTW residual is further reduced in the flakes with the 

passage of time. In the Raman spectrum of the pure WO3 reference, five typical Raman-

active modes of WO3 are visible at 803, 712, 325, 267, and 130 cm-1 in the measured 

spectral range. These peaks are attributed to the Raman active modes of WO3 as described 

above. In the Raman spectrum of pure ATTW, four typical Raman-active modes of 𝑊𝑆4
2  

are observed at 482, and 457 cm-1 as well as two broader peaks at 176 cm-1. The peak at 

457 cm-1 corresponds to the triply degenerate asymmetric stretching mode (𝑣3) of the 

tungsten-sulfur (W=S) bond. The peak at 482 cm-1 is attributed to the symmetric stretching 

mode (𝑣1) of tungsten-sulfur (W=S) bond. The broad peaks at 176 cm-1 are indicative for 

the degenerate vibrational modes (𝑣2 , 𝑣4). 

 

 

 



Chapter 2: Growth of ultra-thin 2D WS2 monolayer flakes at air-liquid interface 

 

38 

 

 

 

2.3.1.4. Infra-red spectroscopy 

Similarly, the flakes and pure references (WO3 and ATTW precursor) were further 

characterized by means of infra-red (IR) spectroscopy. All IR spectra (Figure 2.4) exhibit 

broad bands at 3465 and 1615 cm-1, which are attributed to the O-H stretching mode and 

O-H-O symmetric bending mode of H2O, respectively [46]. In the IR spectrum of the flakes 

obtained after 8 hours, the bands in the range of 500-1000 cm-1 are attributed to the W-O 

vibrational modes of WO3 [44]. The bands are associated with the W-O-W and W-O 

Figure 2-3 Raman spectra of a flake from the air-liquid interface, a flake from 

the bottom of the liquid (80 oC sample) and pure references (WO3 and ATTW). 
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stretching modes, respectively. This also indicates that the obtained flakes are mainly 

composed of WO3, which is consistent with the Raman results. The IR spectrum of the 

WO3 reference is shown in Figure 2.4. The typical bands of WO3 are visible in the spectrum 

as described above. Similarly, the IR spectrum of the pure precursor ATTW exhibits bands 

at 1382 and 455 cm-1. A strong band at 455 cm-1 is attributed to the asymmetric stretching 

mode (W=S nonds) of the WS4
2- ion [45]. The band at 1382 cm-1 corresponds to the 

vibrational mode of the ammonium ion. The ATTW precursor decomposes to H2S↑, WS3 

and 2NH3↑ . The WS3 then reacts in aqueous solution with water to form WO3 and 
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H2S↑.The balanced chemical reactions are given below and they are consistent with Raman, 

IR and XPS results.  

(𝑁𝐻4)2𝑊𝑆4
∆
→𝐻2𝑆 ↑  𝑊𝑆3  2𝑁𝐻3 ↑ 

𝑊𝑆3  3𝐻2𝑂 → 𝑊𝑂3  3𝐻2𝑆 ↑ 

 

 

Figure 2-4 IR spectra of the flakes after 8 hours, WO3 as reference and ATTW as 

reference. 
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2.3.2. Conversion of Flake to WS2, size , thickness of obtained 

flakes 

2.3.2.1. Raman spectroscopy 

A post-annealing step was performed to convert the initial WO3 flakes to WS2. The 

annealed flakes were characterized again by Raman spectroscopy. In Figure 2.5, the Raman 

spectrum of a flake annealed at 800 oC is shown. Two intense peaks at 356 and 418 cm-1 

are observed, which are attributed to the first order Raman-active modes 𝐸2𝑔
1  𝑎𝑛𝑑 𝐴𝑔

1  of 

WS2, respectively [47]. In addition, two other broad peaks at around 308 and 680 cm-1 are 

visible that correspond to the higher-order longitudinal acoustic modes 2LA and 4LA, 

respectively. Thus, the Raman result confirms the formation of WS2 after post-annealing. 

Post-annealing temperature dependent Raman measurements show that crystallinity of the 

obtained WS2 flakes improves with increasing temperature. The full-width at half 

maximum (FWHM) of the Raman peaks is small for post-annealing at high temperatures 

and large for low post-annealing temperatures (see figure. 2.6). This reduction of FWHM 

with increasing temperature shows the improvement of crystallinity of the obtained WS2 

flakes. The measured FWHM (8.3 cm-1) of the Raman active A1g mode of obtained WS2 

flakes at 900 oC is similar to the reported WS2 flakes grown by CVD and ALD [48], [18], 

[49], [50].  The chemical reaction for the conversion of the precursor flakes to WS2 is given 

below 

𝑊𝑂3  2𝑆  3𝐻2
∆
→ 𝑊𝑆2  3𝐻2𝑂 
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 Figure 2-6 Raman measurement done at different post-annealing 

temperatures (500-900oC). b) Plot of FWHM against post-annealing 

temperature. 

a b

Figure 2-5  Raman spectrum of a post-annealed flake at 800 oC. 
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2.3.2.2. X-ray photoelectron spectroscopy 

In Figure 2.7, the photoelectron spectra and peak fits for the W 4f5/2 and 4f7/2 doublet of the 

flakes before and after annealing together with pure ATTW as reference are shown.  The 

spectrum of the flakes exhibits a doublet with binding energies  of 38.3 and 35.9 eV for the 

W 4f5/2 and 4f7/2 components, respectively, which corresponds to the peak positions for 

WO3 [51]. This indicates that the flakes are comprised of mainly WO3, which is consistent 

with the Raman and IR results. For comparison, XPS measurements were also performed 

on pure ATTW and the spectrum consists of a doublet with binding energies of 37.2 and 

35.3 eV for the W 4f5/2 and W 4f7/2, respectively. XPS measurements were also performed 

after annealing at 800 oC. Such XPS spectrum mainly consists of a doublet with binding 

energies of 36.8 and 34.6 eV for the W 4f5/2 and W 4f7/2, respectively, which suggests WS2 

formation. The atomic ratio between W and S is found to be 1:2.1, which is close to the 

ideal ratio in WS2. Hence the flakes annealed at 800 oC with an additional sulfur source in 

an inert environment are converted to WS2. 
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2.3.2.3. Atomic force microscopy and optical microscopy 

The thickness of the flakes was measured by atomic force microscope. The thickness of 

the thinnest flake was found to be equivalent to a monolayer (0.85 nm) of WS2 as shown 

in Figure 2.8. The minor difference between the thickness of the measured WS2 monolayer 

and the intrinsic thickness (0.7 nm) of the WS2 monolayer is attributed to surface 

adsorbates and the roughness of the underlying silicon wafer. 

 

Figure 2-7 X-ray photoelectron spectra (W4f) of flakes before and after 

annealing at 800 oC and pure ATTW reference. 
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Figure 2-8 Atomic force microscope image (left) and thickness profile of the edge (right) 

of a WS2 monolayer flake. 

 

Figure 2-9 Optical microscope image of WS2 flakes on a silicon wafer. Several images are 

stitched together to obtain a larger visible area. 
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The lateral size flake in figure 2 is over 100 𝜇m. Surface of the substrate is densely covered 

with the flakes. If we look at the biggest flake in the figure 2.9, It seems like the initially 

grown flake is broken and divided into two flakes. Similarly, cracks can be seen in many 

other flakes. Although the precursor solution was kept on vibrationally isolated optical 

bench to avoid damages in the flakes yet cracks or damages occurred in the flakes. These 

caracks in the flakes might occurred during the lifting process in the dip coating step.  

2.4. Conclusion 

WS2 precursor flakes were obtained from an aqueous precursor solution for the first time. 

An aqueous solution of ATTW was used for this purpose. The precursor solution was found 

to be stable at room temperature. The flake formation at the air-liquid interface takes place 

at 70-90 oC after a few hours. This shows that the activation energy is crucial for the 

formation of the flakes. The flakes were successfully transferred to a silicon substrate from 

the air-liquid interface by means of controlled dip-coating. Raman, IR and XPS results 

show that the flakes initially consist of WO3 and small residual amount of ATTW. The 

transferred precursor flakes were successfully converted to WS2 by a post annealing 

process with an additional sulfur source in an inert environment. The largest obtained flake 

had lateral size exceeding  100 𝜇𝑚 and the thickness of the thinnest flake was found to be 

0.85 nm which is equivalent to the monolayer of WS2. 
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Chapter 3 

3. Mechanical transfer of electrodeposited MoS2 films to 

silicon wafer 

This work is submitted to Journal of Applied Electrochemistry (December 2020)  

3.1. Introduction 

After discovery of graphene as an atomically thin two-dimensional (2D) material [32], a 

complete new research area has been opened. Recently, 2D semi-conducting materials 

analogue to graphene, i.e. transition metal dichalchogenides (TMDCs), have attracted great 

attention due to their interesting optical and electronic properties and 2D nature. Among 

other 2D TMDCs, molybdenum disulfide (MoS2) exhibits a non-zero band-gap, unlike 

conducting graphene, and it has interesting properties such as a tunable bandgap [52], 

optoelectronics [53], and spin-orbit coupling effects [54]. It can be used in switching 

devices such as a field effect transistor and in hydrogen evolution reaction because of its 

suitable band-structure [8], [28]. TMDCs thin films have been deposited by various 

deposition methods such as pulsed lase deposition [35], chemical vapor deposition (CVD) 

[55], [9], mechanical exfoliation [8], liquid-phase exfoliation [27], dip-coating [26], [56] 

and spin-coating [25]. Fabrication of transistor is also reported by solution based process 

such as spin-coating and liquid-phase exfoliation [27], [57]. However, a major challenge 

is to grow MoS2 ultra-thin films on large scale and transferring those films to a desired 

substrate for different applications and characterization while preserving the quality of the 

films. In this work ultra-thin films of MoS2 have been grown electrochemically on a Au-

substrate and transferred onto a silicon substrate by mechanical transfer method followed 

by gold etching. Such mechanical transfer method while the MoS2 film is supported by a 

Poly methyl methacrylate (PMMA) layer was recently reported [58],  which is an 
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alternative transfer method to chemical etching of the substrate. For chemical etching of 

the substrate, usually toxic etchants are used such as hydrofluoric acid (HF) for etching of 

SiO2 [59]. In order to avoid toxic etchants for transfer, the  environmental friendly transfer 

method has been used in our approach. The MoS2 films are mechanically separated by 

ultra-sonication from the silicon substrate along with Au layer because of its weak adhesion 

to the oxidized silicon surface. The Au layer is removed by a non-toxic gold-etchant such 

as potassium iodide. This mechanical transfer followed by gold etching doesn’t harm the 

MoS2 film and the underlying substrate can be reused. The obtained films have been 

characterized by various spectroscopic methods, i.e., Raman, UV-Vis and XPS before and 

after transfer. 

 

3.2. Methodology 

3.2.1. Electrochemical growth of MoSx 

Ammonium tetrathiomolybdate ((𝑁𝐻4)2 𝑜𝑆4, ATTM) was dissolved in di-ionized (DI) 

water in order to prepare 1 mM precursor solution for the electrodeposition.  The aqueous 

solution of the precursor was ultra-sonicated for 20 minutes to get a uniform solution. 

Silicon wafers were cleaned with acetone and isopropanol and dried with nitrogen. 

Afterwards the wafers were treated with UV-ozone for 10 minutes to remove organic 

contaminations.  A 50 nm gold layer was deposited on the silicon wafers by e-beam 

evaporation. However, any standard deposited method can be used to deposit Au thin film 

such as physical vapor deposition or sputter coating. After preparing electrolyte and 

substrates for electrodeposition, the electrochemical setup was prepared. The Potentiostate 

consists of three electrodes: counter electrode (Pt), working electrode (Au deposited on a 

silicon wafer) and reference electrode (calomel electrode). The reduction potential of the 

calomel electrode is 0.27 V, which is referenced to standard hydrogen electrode at room 

temperature. The over-voltage was kept constant at 0.38V and deposition time was varied 
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in order to get films with different thicknesses. The electrochemical setup is illustrated in 

figure 3.1. ATTM is a single source Mo-precursor with the molybdate ion surrounded by 

sulfur  as main source of MoS2. After electrodeposition, the samples were pre-annealed at 

120 oC for 15 minutes to evaporate remaining solvent. 

3.2.2. Transfer of grown films to silicon wafer 

Poly methyl methacrylate (PMMA) (4 wt%) material was dissolved in methyl ethyl ketone 

(MEK) solvent and stirred overnight. The PMMA solution was spin-coated on the 

electrochemically deposited MoSx film at 1000 rpm for 60 sec. It was afterwards annealed 

at 150 oC for 20 minutes. The polymer coated electrodeposited film on Au/SiO2/Si was 

then ultra-sonicated (Bandelen RK-100-H (35 kHz) for 1 min. Ultra-sonication causes the 

PMMA/MoSx/Au stack to separate from the silicon wafer and to float on the surface of the 

DI-water. The floating PMMA/MoSx/Au layer stack was then transferred from DI-water 

to a gold etching solution (K/KI) in order to etch the Au layer. Undiluted standard gold 

etchant (651818) was used and was bought from sigma-aldrich. After etching the gold, the 

PMMA/MoSx layer stack was picked up with a cleaned silicon wafer with highly 

hydrophilic surface and annealed at 120 oC for 30 minutes. Finally, the PMMA layer was 

removed with acetone. This way the MoSx layer was successfully transferred from the 

conducting Au substrate to a silicon wafer. 

3.2.3. Conversion of electrodeposited films to MoS2 

The transferred MoSx sample was then annealed at target temperature (450, 500, 600, 700, 

800, 900 oC) with a heating rate of 20 oC/min and with an additional sulfur source in inert 

95% Ar and 5% H2 atmosphere. For this purpose, the sample was placed in the middle of 

a quartz tube and pure sulfur was placed in the upstream near the edge. The quartz tube 

was then placed in an oven. Initially the flow of Ar/H2 was kept high to remove residual 
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air. The target temperature was maintained for 120 minutes. The complete sequence of the 

experiment is illustrated in figure 3.1. 

3.2.4. Characterization methods 

The electrodeposited films and the films after transfer were characterized with different 

spectroscopic techniques to study the surface morphology, composition of the film and 

crystal quality. Atomic force microscope (AFM) (Nanosurf) was used in tapping mode to 

analyze surface morphology and uniformity of the films. The thickness of the films is 

measured by a Dektak profilometer.  UV-Vis spectroscopy (Cary 5000 UV Vis – NIR 

Spectrometer) was done in a spectral range from 200 to 1100 nm in order to observe the 

excitonic finger print of MoS2. For UV-Vis measurements, an electrochemically deposited 

film was transferred to a quartz substrate before and after post-annealing. Raman 

measurements (Horiba Jobin-Yvon T64000) were carried out using 514.5 nm laser 

excitation source in order to identify the chemical structure based on unique molecular 

bond vibration and to analyze the crystallinity from the width of the peaks. The Raman 

signal was collected by a 50x objective and dispersed with 2400 lines/mm grating and 

detected by a CCD (charge coupled device) detector at -110 oC (cooled by liquid nitrogen). 

In order to do x-ray photoelectron spectroscopy (XPS), the samples were introduced to the 

XPS vacuum vessel, which has a photoelectron spectrometer with a hemispherical analyzer 

(Specs Phoebos 100) and a Mg/Al X-ray gun (Specs XR-50). The analyzer was used in 

transmission mode with a pass energy of 50 eV and Mg Kα radiation (E=1253.6 eV) was 

used as source of excitation. The XPS data evaluation was done with the CASA XPSTM 

software and Shirley method was used to subtract the background. The minor shift in the 

binding energy because of charging was corrected with respect to the C1s peak.  
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Figure 3-1 a) Electrochemical setup followed by post annealing scheme b) Scheme for the 

transfer of the electrodeposited film from Au covered growth substrate to a base silicon 

substrate and corresponding real image. 

 

3.3. Results and discussion 

3.3.1. Electrodeposition and mechanical transfer of MoSx films 

Thermal decomposition of ATTM happens between 120 oC and 360 oC and converts to 

MoS3. Above 800 oC in inert environment it turns into MoS2 [60]. It has been reported that 

MoS2 conversion temperature can be reduced from 800 oC to 450 oC by using H2 in an inert 
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environment [60]. ATTM can be converted to MoS3 at room temperature electrochemically 

according to equation 1 and 2. MoS3 can be further reduced  to MoS2 by annealing above 

450 oC in an inert environment. The thermolysis of electrochemically deposited MoS3 takes 

place during post annealing step and results in MoS2 as one of the final reaction products. 

The chemical reactions that occur during electrodeposition and post-annealing process are 

given below [61].  

(𝑁𝐻4)2 𝑜𝑆4 → 2𝑁𝐻4
   𝑜𝑆4

2      𝐷𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛        (1) 

 𝑜𝑆4
2 →  𝑜𝑆3  𝑆  2𝑒

                  𝐴𝑢  𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (2) 

 𝑜𝑆3
∆ 𝐻2
→     𝑜𝑆2  𝐻2𝑆                                                         (3) 

The color contrast of the optical microscope images shows that obtained films are uniform 

and cover large area (see figure 3.1). ATTM solution with low concentration (1mM) results 

in uniform and closed thin films. Ultra-thin films having thickness down to 1 nm have been 

successfully obtained by electrodeposition, which is equivalent to thickness of a bi-layer 

of MoS2. Electrodeposition is one of the best ways to produce large area ultra-thin films of 

MoS2 at room temperature and without using vacuum. The polymer coated electrodeposited 

film with Au layer is mechanically separated from silicon wafer by means of ultra-

sonication as shown in figure 3.1b. Due to the operational principle of the ultra-sonication 

machine standing acoustical waves are produced. Millions of micron sized bubbles are 

produced at the nodes of those standing waves. Initially, there is a negative pressure 

creating the bubbles. The size of these bubbles is getting bigger and bigger, until the 

pressure switches from negative to positive pressure. Due to this positive pressure bubbles 

are compressed and collapse. This implosion of bubble releases energy and transfer it to 

the environment. The imploding bubbles can provide enough energy to separate two layers 

[58]. As a result of ultra-sonication, the PMMA/MoSx/Au stack is separated from the 
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silicon substrate because of low adhesion of Au to silicon. The PMMA layer protects the 

MoSx layer during this procedure from breaking [58].  

 

 

In figure 3.2 roughness of the electrodeposited film obtained from the AFM images before 

and after transfer is shown. The surface roughness of the 2.2 nm thick MoS2 film is ~0.7 

nm which is comparable to the thickness of the monolayer of MoS2. Furthermore, no big 

change in the roughness of the films with increasing thickness is observed due to the 

amorphous nature of the films.  The obtained films are uniform and closed as can be seen 

from the small roughness values of the films in figure 3.2.   
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Figure 3-2 Thickness vs roughness plot of electrodeposited 

MoSx film before and after transfer with inset of atomic force 

microscopy image electrodeposited layers. 
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3.3.2. Characterization of MoSx films before and after transferred 

and annealing 

The MoS2 formation was investigated by non-destructive spectroscopic methods such as 

Raman, XPS and UV-Vis spectroscopy. 

3.3.2.1. UV-Vis spectroscopy 

In figure 3.3 the UV-Vis spectra of an electrodeposited film before and after post-annealing 

are shown. In the spectrum of the film before post-annealing a gradual increase in the 

absorption is observed with decreasing wavelength. It doesn’t exhibit any absorption peak 

which indicates the absence of MoS2 content in the initial electrochemically deposited film. 

In contrast, the spectrum of the film after post-annealing exhibit clear characteristic peaks 

of MoS2 at 612 nm and 674 nm, which indicates the conversion of electrochemically 

deposited film to MoS2. The peaks at 612 and 674 nm correspond to the A and B excitons 

of MoS2 which are attributed to the direct transition at the K point of the Brillouin zone 
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[62], [13]. In addition a broad peak is visible at around 400-450 nm which is attributed to 

contain two individual peaks i.e. the C and D excitons which are attributed to inter-band 

transitions [62]. 

 

3.3.2.2. Raman spectroscopy 

In figure 3.4a Raman spectra of electrodeposited films post-annealed at different 

temperatures (450-900 oC) are shown. The Raman spectra of the annealed films exhibit 

two characteristic peaks at 382 cm-1 and 407 cm-1, which correspond to the Raman active 

modes of MoS2, i.e the    
𝟏  (in plane vibrational mode) and 𝐴1𝑔 (out of plane vibrational 

mode) [29]. According to group theory, there are four Raman active modes of MoS2 [63] 

but only two of them are observed in the measured spectral range. The four Raman active 
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Figure 3-3 UV-Vis spectra of the electrodeposited films 

before and after conversion to MoS2. 
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mode of MoS2 are A1g (out-of-planegvibration (c-axis) of S atoms) at 407 cm-1, 𝐸2𝑔
1  (in-

plane vibration (basal plane) of Mo and S atoms) at 382 cm-1, E1g  (in-plane vibration (basal 

plane) of S atoms) at 286 cm-1, and 𝐸2𝑔
2  (in-plane vibration (basal plane) of Mo and S atoms) 

at 32 cm-1. E1g is invisible under back-scattering Raman geometry and for 𝐸2𝑔
2  the 

sensitivity factor is relatively small [64]. Among all Raman active modes of MoS2, 𝐸2𝑔 
1 and 

A1g are widely studied and they also depend on the thickness of the MoS2 films [29], . The 

Raman measurements allow to study the crystallinity of the MoS2 films post-annealed at 

different temperatures. In figure 3.4b the full width at half maximum (FWHM) of both 

modes (𝐸2𝑔
1  𝑎𝑛𝑑 𝐴1𝑔) is plotted against the post-annealing temperature. The FWHM for 

both Raman active modes is large for low temperature and small for high temperature [15]. 

Decreasing FWHM with increasing temperature indicates that the crystalline quality of the 

MoS2 improves for higher post-annealing temperatures. For comparison the  Raman 

spectrum for geologically found bulk MoS2 is also measured. It is found that the FWHM 

of the MoS2 film annealed at 900 oC is essentially equal to the value of the reference MoS2 

crystal (FWH 𝐴1𝑔 = 1.94 𝑐𝑚
 1 𝑎𝑛𝑑 𝐹𝑊𝐻 𝐸2𝑔1 = 1.71 𝑐𝑚

 1). The minor difference in 

FWHM between electrochemically obtained MoS2 and the geological MoS2 crystal is 

attributed to the polycrystalline nature of the layers, which has more grain boundaries and  

related imperfections. A reported study shows that crystal grain size of MoS2 increases 

with increasing post-annealing temperature [25]. Similarly, HR-TEM also shows high 

crystal quality for samples annealed at 900 oC [25] which is consistent with our measured 

Raman results. 
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In figure 3.5 Raman spectra of MoS2 films with different thicknesses (Bilayer to bulk) are 

shown. A red-shift is observed for the peak position of the 𝐸2𝑔
1  mode and a blue-shift is 

observed for the peak position of the A1g mode with increasing number of MoS2 

monolayers. Both peaks are moving away from each other with increasing number of MoS2 

monolayer. According to literature the difference between A1g and 𝐸2𝑔
1  peak positions is 

20 cm-1 for MoS2 monolayer and 27 cm-1 for MoS2 bulk [29], [65]. So in Figure 5 the 

Raman spectrum with a difference of 22 cm-1 between peak positions is attributed to MoS2 

bi-monolayer while the Raman spectrum with 27 cm-1 difference between peak positions 

is attributed to bulk-like MoS2, i.e > 6  𝐿. These results agree with the expected layer 

thickness from profilometer measurements. In figure 3.5, AFM image of transferred MoS2 

layer is shown. The thickness of the film is 1.9 nm which is equivalent to three monolayers 

of MoS2 as thickness of the MoS2 monolayer is 0.65 nm  [66].  

360 380 400 420 440

450
o
C

500
o
C

600
o
C

700
o
C

800
o
C

900
o
C

Raman shift (cm
-1
)

MoS
2
 crystal

400 500 600 700 800 900

4

6

8

10  E
2g

 A
1g

F
W

H
M

 (
c
m

-1
)

Annealing temperature (
o
C)

FWHM of MoS
2
 crystal: 1.94 cm

-1

In
te

n
si

ty
 (

ar
b

. u
.)

a b

Figure 3-4 a) Raman spectra of the MoS2 films annealed at different temperature. b) FWHM 

of    
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Figure 3-5 Raman spectra of MoS2 films with different thicknesses (left). Atomic force 

microscope image of a transferred MoS2 film on silicon wafer (right). 

3.3.2.3. X-ray photoelectron spectroscopy 

In figure 3.6 x-ray photoelectron spectra of the Mo3d doublet and the S2s singlet with 

corresponding peaks are shown.  The spectrum in the upper panel is of a film after the 

electrochemical deposition while the lower panel contains the spectrum of this film 

transferred to Si substrate and after annealing at 800 oC. The spectrum of the 

electrochemically deposited film exhibits a Mo3d doublet with binding energy of 232.7 eV 

and 229.5 eV for the Mo3d3/2 and 3d5/2, respectively, which is attributed to MoS3 [67]. The 

atomic ratio between Mo3d and S2s peaks is found to be 1:2.85. It can also be deduced from 

the atomic ratio that the electrodeposited film contains MoS3. In the lower panel, the 

spectrum of the transferred film annealed at 800 oC consists of a Mo3d doublet with a 

binding energy of 232.2 eV and 229 eV for the Mo3d3/2 and 3d5/2, respectively.  The red-

shift in the binding energy of the 3d state of Mo with respect to the MoS3 counterpart is 

0.5 eV, which  is attributed to the formation of MoS2 [68]. The peak intensity of the S2s 
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peak reduces when the film is annealed at 800 oC because the MoS3 reduces to MoS2. The 

Atomic ratio between Mo3d and S2s peaks is found to be 1:2.08,  which is close to the ideal 

MoS2 ratio. Hence the formation of MoS2 is confirmed after annealing which is also 

verified by Raman and UV-Vis spectroscopy. 
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Figure 3-6 XPS spectrum:  Mo3d  and S2s peaks of the electrodeposited film 

before and after conversion to MoS2. 
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3.4. Conclusion 

Ultra-thin films of MoSx were successfully deposited by means of electrochemical 

deposition at room temperature. The film thickness was controlled by varying the 

electrodeposition time. A film thickness down to 1 nm was successfully achieved. For film 

thickness beyond a thickness of 10 nm the roughness stayed around 1 nm which is 

comparable to the thickness of monolayer of MoS2. The roughness of the films was found 

to be essentially thickness independent as expected from smooth, uniform films covering 

the surface completely. The electrochemically deposited films were successfully 

transferred from the initial Au substrate to a bare silicon substrate. The mechanical transfer 

method followed by environmental-friendly standard Au etching is a novel green method 

for thin film transfer without using toxic chemicals. It doesn’t harm the MoSx film during 

transfer process. Furthermore, the underlying growth substrate can be reused.  The MoSx 

films were successfully converted to MoS2 by post annealing with an additional sulfur 

source in Ar/H2 environment. The reduction of the electrodeposited films to MoS2 was 

confirmed by Raman, XPS, and UV-Vis spectroscopy. The crystallinity of the MoS2 films 

was improved with higher post annealing temperatures as confirmed by Raman 

measurements. The successful preparation and transfer of bilayer of MoS2 was as well 

confirmed by Raman spectroscopy. 
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Chapter 4 

4. Electrodeposited ultra-thin MoS2 films for hydrogen 

evolution reaction 

This work is submitted to Journal of Physics D: Applied Physics in November 2020 

4.1. Introduction 

Among other 2D transition metal dichalcogenide materials, molybdenum disulfide is one 

of the promising candidates for hydrogen evolution reaction. It has been investigated in 

many research areas such as transistors [8], water splitting [28], photovoltaic cells [69] and 

photocatalysis [62] due to its characteristic mechanical, optical and electronic properties 

[9], [52], [33]. Hydrogen is a promising fuel that can replace fossil fuel in the future, and 

it has a high energy density. The best source of hydrogen is water due to its abundance and 

it produces harmless byproduct. Water can be electrochemically split into oxygen and 

hydrogen in a two half-cell reaction, where the hydrogen evolution reaction is given below:  

2𝐻  2𝑒 → 𝐻2 

For hydrogen evolution reaction (HER), a catalyst is required to lower the overpotential. 

The current state of the art catalyst for HER is platinum [3]. For mass production of 

hydrogen, platinum has limitations because of its high cost and low abundance. One of the 

promising replacement materials for HER is MoS2 because of its suitable band structure 

for HER. The bandgap of MoS2 is 1.8 eV unlike conducting 2D graphene. Nanocrystalline 

MoS2 particles are more active  for HER [4], [70] than the layered MoS2  [19]. MoS2 has 

been deposited by different deposition methods such as chemical vapor deposition (CVD) 

[9], spray coating [27], dip-coating [25] and electrochemical deposition [28]. Previously, 

MoS2 flakes were grown on gold substrate by CVD process and showed good HER activity. 
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But flakes size was small and only 23% of the surface was covered by flakes [24]. Similarly, 

MoS2/MoS3 has also been produced by electrochemical process for HER on glassy carbon 

substrate [28]. Amorphous MoS3 is formed in anodic regime while amorphous MoS2 is 

formed in the cathodic regime [28]. MoS2 nanoparticles grown on graphene [71] and MoS2 

nanosheets obtained by mechanical activation of MoO3 and S micro-particles [72] are also 

demonstrated to be active catalysts for HER.  Chemically exfoliated 1T-MoS2 performed 

better for HER than 2H-MoS2 [21]. In this work, MoS2 ultra-thin films are grown 

electrochemically (at a constant voltage of 0.38 V with respect to a saturated calomel 

reference electrode) followed by an additional post annealing at 450 oC in Ar/H2 

environment. This method gives complete surface coverage and controllable thickness of 

the films. Thickness of the film depends on the concentration of the precursor and the time 

of deposition, which are well controllable parameters. In the present case, the concentration 

of the precursor solution was kept constant while electrodeposition time was varied to get 

a desired film thickness. Any underlying flat conducting substrate can be used for this 

purpose. These films are characterized by Raman spectroscopy, atomic force microscopy 

(AFM and x-ray photoelectron spectroscopy (XPS) before and after annealing.  Finally, 

HER activity is measured on different substrates, i.e., Au coated silicon wafer and 

ITO/glass. These HER measurements of MoS2 on different underlying substrates were 

compared. For analysis the Tafel slope was derived from the polarization curves. 

 

4.2. Methodology 

4.2.1. Sample preparation and electrodeposition 

Silicon wafers with a 270 nm thick SiO2 layer were used as substrate in this experiment. 

The substrates were cleaned with acetone and isopropanol in an ultra-sonic bath and treated 

with UV-ozone for 10 minutes to remove organic contaminations. After the cleaning 

process 5 nm titanium layer (as an adhesion layer) and 50 nm gold layer were deposited by 
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an e-beam evaporation process. Similarly, 180 nm ITO/glass substrates were also cleaned 

with the process mentioned above. Three electrodes are used during electrodeposition, i.e. 

Au deposited on silicon substrates or 180 nm ITO/glass as the working electrode, a 

platinum wire as counter electrode and a saturated calomel (Hg/HgCl) as a reference 

electrode (see figure 4.1a). The calomel electrode was kept in the glass tube and 3 M KCl 

solution was used as a salt bridge. The reduction potential of this reference electrode is 

0.27 V with respect to the standard hydrogen electrode at room temperature. For 

electrodeposition, ammonium tetrathiomolybdate (ATTM) was used as a single source 

Mo-precursor material in an aqueous solution with a concentration of 1 mM. The 

electrochemical deposition is done for different deposition times to get thin films with 

different thicknesses in the range from 2.3 nm to 30 nm.  The growth area is defined to 

1 × 1 cm2 by optical photolithography. A magnetic stirrer is used during the deposition 

process to distribute ions in the solution equally to get uniform films. A pipe of bubbling 

argon gas was dipped into the electrolyte 15 minutes before and during the electrodeposited 

in order to replace initially dissolved oxygen in the solution with inert argon. 

4.2.2. Characterization 

The thicknesses of the electrodeposited MoSx films were measured with a Dektak 

profilometer after the stripping of the photoresist layer in acetone. In addition, these thin 

films were also studied with Raman, AFM, and XPS.  For the Raman measurements 

(Horiba Jobin-Yvon T64000) an argon ion laser with 514 nm wavelength was used. Raman 

scattered light was collected by 50x objective and dispersed by 1200 lines/mm grating. The 

signal is detected by a charged-coupled device (CCD) detector which was cooled by liquid 

nitrogen.  AFM measurement (Nanosurf) was done to study the morphology of the grown 

films. XPS measurements (Analyzer: Specs Phoibos 100) were conducted to study the 

chemical state and composition of the film, which is analyzed with Mg 𝐾∝ radiation (ℎ𝜐 =

1253.6 𝑒𝑉). Peaks are fitted with a simplified Voigt function and Shirley background using 
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CASA XPS.  After characterization of the electrochemically deposited film, they were 

annealed at 450 oC in an inert (95% Ar and 5% H2) environment to reduce these films to 

MoS2. 

4.2.3. Hydrogen evolution reaction 

After annealing these films were again characterized by Raman and XPS measurements. 

Afterwards they were used for hydrogen evolution reaction (HER) in 1 molar H2SO4 at  pH 

= 0. The H2SO4 solution was saturated with argon in the same way as described above. The 

setup allowed currents up to 1 mA for the 1 cm2 sample area. For HER measurements, a 

three-electrode setup was used: working electrode (MoS2 thin films on Au or ITO), counter 

electrode (a platinum wire) and a saturated calomel reference electrode. For the IV (HER) 

measurements the voltage was scanned from 0.2 to -0.7 V with the rate of 2 mV/s. Tafel 

slope analysis was done based on the polarization curve. HER measurements were done 

for all available thicknesses. Furthermore, HER measurements were done on bare Pt, bare 

Au and bare ITO as reference for comparison. 

 

4.3. Results and discussion 

4.3.1. Film deposition and characterization 

With our approach MoS2 thin films were electro-synthesized from its [MoS4]
2- precursor 

followed by a post-annealing step. A single Mo-precursor ((NH4)2MoS4, ATTM) is used 

for this purpose which decomposes to MoS3 and H2S between 120 oC and 360 oC. It further 

reduces to MoS2 at 800 oC in an inert environment [60]. This conversion occurs at a lower 

temperature of 450 oC if H2 gas is added to the inert environment. The pure thermal 

decomposition reaction with and without H2 gas is given as follows [60] 
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(𝑁𝐻4)2 𝑜𝑆4 → 2𝑁𝐻3  𝐻2𝑆  𝑆   𝑜𝑆2 

(𝑁𝐻4)2 𝑜𝑆4  𝐻2 → 2𝑁𝐻3  2𝐻2𝑆   𝑜𝑆2 

For electrodeposition MoS3 thin films can be obtained already at room temperature by 

electrochemical synthesis. The electrochemical synthesis of MoSx is done in an argon 

saturated electrolyte to avoid the presence of dissolved oxygen. The post-annealing results 

in MoS2 as one of the final products.  The chemical reactions that occur during the 

electrochemical and post annealing process are given by [61] 

(𝑁𝐻4)2 𝑜𝑆4 → 2𝑁𝐻4
   𝑜𝑆4

2      𝐷𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛      (1) 

 𝑜𝑆4
2 →  𝑜𝑆3  𝑆  2𝑒

                  𝐴𝑢  𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (2) 

 𝑜𝑆3
∆ 𝐻2
→     𝑜𝑆2  𝐻2𝑆                                                         (3) 

Upon optimizing various parameters such as overvoltage, deposition time and 

concentration of ATTM, MoSx was electro-synthesized with different deposition times to 

get films with different thicknesses.  The optical microscopy image of the electrodeposited 

film is shown in Figure 4.1. From the color contrast, the deposited film can be easily 

distinguished from the gold substrate on the left side of the image. A linear behavior 

between the thickness of the layers and time of deposition was found as expected, because 

more and more material is deposited with passage of time at constant applied voltage with 

respect to the reference electrode (see Figure 4.1).  The linear behavior of thickness shows 

that this process is very controllable. A 2.3 nm MoS2 film has been successfully deposited 

which corresponds to the thickness of four monolayers of MoS2 [73]. The thickness of the 

produced films range from 2.3 nm to 30 nm. The growth rate of the film was found to be 

1.7 nm/min. 
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The morphology of the films was investigated by atomic force microscope (AFM). Initial 

roughness of the bare gold surface was found to be 0.42 nm. After depositing MoSx film 

electrochemically the roughness increases as can be seen in the figure 4.2. After a film 

thickness of 10 nm, the roughness saturates and stays around 1 nm. The roughness of the 

films is comparable to one monolayer of MoS2, which is 0.65 nm [73]. No significant 

change in the roughness of the film with an increase in thickness implies that the film is 

closed and uniform.   

After the successful deposition of MoSx films by electrodeposition, the films were 

characterized by Raman spectroscopy. The Raman spectrum (Figure 4.3) shows  peaks at 

320 cm-1, 438 cm-1 and 489 cm-1 on a broad background. The broad background and broad 

peaks indicate amorphous material or very low crystalline quality.The broad peak shape 

and some peaks positions (320 and 428 cm-1) match with reported Raman spectra of 

amorphous MoS3 prepare by thermal decomposition [74]. As expected from the chemical 

equation for electrodeposition (Equation 2) it is consistent that deposited film is composed 

of MoS3. 
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Figure 4-3 Raman spectrum of electrodeposited MoS3 before annealing. 
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Raman measurements were also done after annealing the sample at 450 oC in the Ar/H2 

environment. New peaks at 382 and 407 cm-1 (Figure 4.4) are observed which are Raman 

active modes (E2g
1   an in-plane vibration and A1g  an out-of-plane vibration) of MoS2. [63].  

MoS2 has four Raman active modes [63] of which two are observed in Figure 4.4  in the 

measured spectral range. Thus the MoS3 was successfully converted to MoS2 by post 

annealing as confirmed by Raman measurement. This is in agreement with chemical 

equation (Equation 3). Information about the crystallinity of the films can be obtained from 

the full width at half maximum (FWHM) of the Raman peaks. The FWHM of the of the 

A1g Raman mode for a mechanically exfoliated flakes is 1.97 cm-1 [25]. MoS2 with high 

crystal quality has small  FWHM and vice-versa. The measured  FWHM of MoS2 Raman 

active mode (A1g) has a large value of 8.3 cm-1, which implies that the obtained films have 

low crystallinity or the MoS2 films are amorphous. This is beneficial for the HER activity 

as a reported study shows that amorphous MoS2 or films with defects exhibit good HER 

activity [24]. The measured FWHM is found to be independent of the thickness of the films 

which implies that crytal quality does not change with thickness. 
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Figure 4-4 Raman spectrum of electrodeposited films with different thickness  after 

annealing at 450 oC. 
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XPS measurements were done to explore the growth of electrochemical deposited film and 

conversion to MoS2 after annealing. Figure 4.5 exhibits Mo3d3/2, Mo3d5/2 and S2s core 

level photoelectron transitions. For data evaluation Mo3d with two doublets 

(Mo3d3/2 and Mo3d5/2) with a spin-orbit splitting of 3.16 eV and a single S2s peak were 

used. Before annealing Mo3d had two components, one is from sulfide and the second one 

belongs to oxygen and carbon contaminations which disappear after annealing. The oxide 

or carbide contaminations come from the atmosphere since the film was exposed to the 

atmosphere during transport from the electrochemical setup to the XPS chamber.  The S2s 

peak is fitted at 226.7 eV before annealing as can be seen in figure 4.5. This peak position 

corresponds to MoS3 [67]. Due to the reduction of MoS3 to MoS2 a drop of the  S2s peak 

intensity is observed. From data evolution of Mo3d and S2s peaks before and after annealing, 

it is deduced that before annealing there is electrochemically deposited MoS3 layer on a 

gold substrate with some oxygen and carbon contaminations which are removed by post 

annealing step and MoS3 is successful converted to MoS2.  The atomic ratios between Mo 

and Sulfur are given in table 1 which are obtained using a single layer model and  Scofield 

cross-sections [75]. 
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Table 4-1 The atomic ratio between Mo and S calculated before and after annealing. 

 Mo S 

Before annealing 1 3.1 

After annealing 1 1.8 

 

The conversion from MoS3 to MoS2 during the annealing step is also confirmed by Raman 

spectroscopy results discussed before. The atomic ratio obtained from XPS measurements 

indicates that there is sulfur deficiency or S-vacancies  in the obtained MoS2. A reported 

study shows that S-vacancies act as active sites for HER [24], [76]. Defects are also 

engineered by plasma and hydrogen treatment in MoS2 monolayer to further increase the 
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Figure 4-5 XPS spectrum: Mo3d and S2s before and after annealing at 450 oC. 
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efficiency of HER [77]. After the spectroscopic study of the films HER measurements were 

done next.  

4.4. Hydrogen evolution reaction 

To characterize the hydrogen evolution reaction (HER) of the ultrathin MoS2 films, 

polarization curves of the electrodeposited and subsequently annealed films were recorded 

for the MoS2 films on Au and ITO substrates. Furthermore, Pt, Au and ITO electrodes were 

measured as a reference with respect to the standard hydrogen electrode to determine the 

activity of the bare substrates. For the pure ITO surface from the slight increase of the 

current density the overpotential could not be determined within the measurement range 

due to unsuffient change in current density (see figure 4.6). For Pt and Au overpotentials 

of -0.02 V and -0.12 V, respectively, were determined for a current density of 1 mA/cm2. 

All MoS2 films either on the Au or on the ITO substrate showed HER activity. It is further 

notable that the overpotential is gradually decreasing with the thickness of the MoS2 films 

on the Au substrate.  Whereas the overpotential for a 30 nm thick MoS2 film is -0.33 V, it 

converges with thicknesses below 10 nm to -0.22 V (Figure 4.6). The complete set of 

measurements between 30 nm and 2.2 nm can be found in Figure 4.7. The decreasing 

overpotential with increasing thickness is attributed to a series resistance effect in the films. 

Since crystal quality remains the same according to the FWHM of the Raman peaks (see 

figure 4.4).  

In order to confirm that the HER activity is produced by the MoS2 film itself and not by 

the underlying Au substrate via defects in the film, MoS2 films have been prepared under 

the same conditions on an ITO/glass substrate. In comparison to the bare ITO surface, 

which exhibits only minor HER activity, the deposited MoS2 films have overpotentials 

ranging from -0.37 V to -0.24 V (see Figure 4.6). In contrast to Au, the ITO substrate has 

a roughness of 2.2 nm (see Figure 4.8), which leads to a less systematic behaviour of the 

overpotential in dependence of thickness. Thin layers with thickness comparable to the 
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subtrate (ITO) roughness show now not the best but a  larger overpotential. The minimum 

value of -0.24 V is now obtained for a medium film thickness of 9.5 nm. However, the 

range of overpotential values indicate that the HER activity has its origin in the MoS2 layer 

only (Figure 4.6). The results on ITO justifying the assumption of a  closed layer with no 

passways to the substrate.  The hysteresis in the curves is due to the H2 bubble formation 

on the surface of MoS2. Therefore, HER activity determination is done in the forward 

direction only, where fewer bubbles are present on the ITO/glass surface. 
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Figure 4-7 Polarization curve of MoS2 films with different thicknesses on Au substrate (left). 

b) Polarization curve of MoS2 films with different thicknesses on Au substrate. 
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The reaction rate of the hydrogen evolution reaction is evaluated in Figure 4.9 which 

exhibits the Tafel plot of a polarization curve for a 5 nm  and a 30 nm thick MoS2 film on 

Au substrate and a 9.5 nm MoS2 film on ITO substrate. The analysis of the data at 

overpotentials in the range between -0.05 V and -0.3 V and their corresponding current 

densities give a slope within the Tafel plots of 45, 44, 68 and 61 mV per decade for 

thicknessess of 2.2 nm, 5 nm, 30 nm MoS2 on Au and 9.5 nm MoS2 on ITO, repectively. 

Thin films perfom better than thicker films. Only amorphous MoS2 samples on a glassy 

carbon substrate are reported to have similar value of 40 mV per decade [28], whereas  

single crystal MoS2 shows 55 to 60 mV per decade [4] , nanoparticulate MoS2 films 120 

mV per decade [70], and WS2 138 mV per decade [5], with a smaller Tafel slope is 

favorable for HER. 

 

Figure 4-8 AFM picture of ITO on glass surface. 
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4.5. Conclusion 

In conclusion, I have successfully deposited thin layers of MoS3 with different thicknesses 

by an electrochemical deposition method. The MoS3 layers are converted to MoS2 by post 

annealing at 450 oC in Ar/H2 environment. As based on the roughness measurements, I 

found that the films are uniform and the surface is completely covered. Raman and XPS 

results show that the electrodeposited films before annealing are composed of MoS3, 

whereas the subsequent annealing at 450 oC leads to a conversion to MoS2.  These films 

show good HER activities, as deduced from the small Tafel slope of 44 mV per decade. 

Measurements on different substrates verify that the HER occurs at the MoS2 layer. MoS2 
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is cheaper and more abundant compared to noble metal catalysts. The MoS2 catalyst can 

be prepared on a large scale by electrochemical deposition and can be used for hydrogen 

production from water as fuel. 
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Chapter 5 

5. Growth of MoS2 films by spin coating for hydrogen 

evolution reaction 

This work is submitted to Journal of Applied Electrochemistry on Dec 22nd, 2020. 

5.1. Introduction 

Transition metal dichalcogenides (TMDs) two-dimensional have attracted intensified 

research in recent years due to their potential for a wide range of applications [78], [53], 

[62]. A suitable catalyst is required for the hydrogen evolution reaction to lower the 

overpotential and minimize energy consumption. Among other 2D-TMDs, MoS2 is one of 

the best catalysts for the hydrogen evolution reaction (HER) because of its suitable band 

structure. It has a bandgap of 1.8 eV [79], unlike the conducting analogue material 

graphene. Hydrogen can replace currently used fossil fuel in the future due to its high 

energy density, and it can be obtained from water due to its abundance and harmless 

byproducts by means of HER [4] and oxygen evolution reaction (OER) [80] . The current 

state of the art catalyst for HER is Pt [3], but due to its low abundance and high cost, it 

needs to be replaced by some high earth abundance and low cost material such as MoS2. 

MoS2 assists splitting water into O2 and H2 electrochemically [4] in one of the two half-

cell reaction, where the cathodic part of the reaction is given below 

2𝐻  2𝑒 → 𝐻2 

For mass production, MoS2 thin films need to be produced on a large scale.  2D TMDs 

films/flakes have been grown by various deposition methods [81], [39], [40], [82], [83].  

MoS2 thin films have been deposited by various deposition methods for HER, such as 

chemical vapor deposition (CVD) [24], electrochemical deposition [28], thermal 
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decomposition [84] and spray coating [85]. Other reported deposition methods such as 

CVD give high-quality MoS2 crystals but require vacuum processing. In this work MoS2 

thin films have been produced by mean of spin coating using a novel single source Mo-

precursor (MoCl5) which was previously used only for field effect transistor [57]. The spin 

coated Mo-precursor is converted to MoS2 by post-annealing at 450 oC with an additional 

sulfur source in an inert environment. Spin coating is a large area deposition method. The 

thickness of the film depends on the concentration of the precursor solution and spin speed. 

In the present case, spin speed was kept constant while concentration was varied to get a 

desired thickness of the film. The synthesized MoS2 films were used for the HER and HER 

activity was observed. MoS2 film thickness dependence HER measurements are done. The 

results of HER were comparable to the amorphous MoS2 grown by electrodeposition [28]. 

The Tafel slope extracted from the polarization curves and compared with MoS2 obtained 

by other deposition methods and other TMDs. 

 

5.2. Methodology 

5.2.1. Spin coating of precursor and conversion to MoS2 

Molybdenum (V) chloride (MoCl5) precursor (as single source Mo-precursor) was 

dissolved in 1-methoxy-2-propanol with different concentrations (4-50 mg/ml) to get 

different film thicknesses after spin coating. The prepared solutions were stirred overnight 

in order to obtain uniform closed films. MoCl5 is very reactive with organic solvent, e.g. 

1-methoxy-2-propanol results in HCl formation [86]. The resulting solution is quite stable 

in air. After preparation of the solution, 180 nm ITO/glass was cleaned with acetone and 

isopropanol and dried with a nitrogen gun. The substrate was heated at 120 oC for 15 min 

to evaporate the solvents and is afterwards treated with UV-ozone to remove organic 

contamination. The as-prepared solution was spin-coated on 1 × 1 cm2 ITO/glass substrate 

with 3000 rpm for 1 min. The obtained films were pre-annealed at 150 oC for 20 min to 
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evaporate the remaining solvents. The thickness of the fabricated films is directly 

proportional to the concentration of the precursor solution. The samples were then post 

annealed at 450 oC in a 95% Ar and 5% H2 environment with an additional sulfur source 

present. The hydrogen gas helps to remove organic impurities originating from the solvent 

used in the preparation of the precursor solution (before spin coating). For this purpose, 

samples were placed in a quartz tube and the tube was inserted in an oven. Pure sulfur  was 

kept in a separate container in the upstream near the edge of the oven. The boiling point of 

sulfur is 444.6 oC and the high vapor pressure helps in the diffusion of the sulfur atoms into 

the film and reduction of the precursor to MoS2. The air in the quartz tube was replaced by 

the Ar/H2 gas with a high flow rate for 3 min. The temperature of the oven was raised from 

room temperature to 450 oC at a rate of 20 oC/min. The target temperature was maintained 

for 120 min. The chemical reaction that occurs during the process is given below [25]. The 

complete experiment is illustrated in figure 5.1.  

 𝑜𝐶𝑙5   
𝑅𝑂𝐻/ 𝑂𝐻
→         𝑜𝐶𝑙𝑥𝑂𝑅𝑦  𝑆8𝐻2

 𝐻𝐶𝑙, 𝐻2𝑂,𝐻2𝑆
→            𝑜𝑆2 

5.2.2. Characterization of films before and after conversion 

The obtained films were characterized by different spectroscopic techniques, i.e. Raman, 

UV-Vis and XPS, to investigate the composition of the films and their crystal quality. For 

the Raman measurement, a 514 nm laser was used at 1 mW power. 50x objective was used 

to collect the Raman scattered photons. The collected signal was then dispersed with a 

2400 g/mm grating and the signal was detected by charge-coupled device (CCD) detector 

cooled by liquid nitrogen (Horiba Jobin-Yavon T64000). The UV-Vis measurements of 

the films were performed using a Cary 5000 UV-Vis-NIR spectrophotometer in the spectral 

range from 200 nm to 1100 nm. For the UV-Vis measurements, the films were deposited 

on quartz substrates. For X-ray photoelectron spectroscopy (XPS) the layers were 

deposited on a gold coated silicon wafer substrate to avoid charging during the XPS 
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measurements. Photoelectrons were excited by  𝑔𝐾∝ radiation (E=1253.6 eV) from an 

Mg/Al X-ray gun (Specs XP-50). The analyzer was operated in fixed analyzer transmission 

mode with a pass energy of 50 eV. The energetic shift in the binding energy position due 

to minor charging of the sample was corrected with respect to the C1s peak. The data 

evaluation was done by CASAXPSTM software. Shirley’s method was used to subtract the 

background. To investigate the surface morphology, atomic force microscopy (AFM, 

Nanosurf) in tapping mode was performed. 

5.2.3. Hydrogen evolution reaction 

After spectroscopic and morphology measurements, the samples were used for the 

hydrogen evolution reaction (HER). For this purpose, 1 molar sulfuric acid (H2SO4) was 

used at pH=0. A potentiostat with three electrodes was used: working electrode (MoS2 thin 

films spin coated on ITO/glass substrate), counter electrode (a platinum wire) and a 

calomel reference electrode (Hg/HgCl). The HER study was done on samples with 

different thicknesses. The setup allowed currents up to 1 mA for the 1 cm2 sample area. To 

observe HER activity of the MoS2 layers the over voltage was scanned from 0.2 to -0.7 V 

with respect to a standard hydrogen electrode (SHE) with a scan rate of 2 mV/s. To obtain 

the reaction rate of the HER, Tafel slope analysis was done based on the polarization curve. 

Seite 6

ITO/glass

Substrate Spin coating Pre-annealing
at 150oC

Annealing at 450oC

H2/Ar H2/Ar

MoCl5

S

[a] O. Gomes, et al, Thin solid films, 645, 38-44, 2018

Deposition process of MoS2

MoS2 ITO/glass

Scale bar: 200 𝜇𝑚

Optical microscope image

Figure 5-1 Schematic illustration of the sample preparation: From liquid phase precursor 

till conversion to MoS2 films. 
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5.3. Results and discussion 

5.3.1. Spin coating of MoS2 films and characterization 

5.3.1.1. Film thickness and morphology 

In figure 5.2, thickness and the roughness of the spin coated films against the concentration 

of the precursor is shown. The film thickness was measured with the atomic force 

microscope (AFM). The thickness of the films shows a linear correlation with the 

concentration of the precursor solution. Films from 25 nm down to 2.2 nm were 

successfully deposited with surface roughness less than 1 nm. Thinnest film (2.2 nm) is 

similar to the thickness of 3 monolayers as reported in our previous work [25] .The surface 

roughness of the grown films is found to be independent of the thickness of the films. The 

average roughness is lower than 1 nm, which is comparable to the thickness of a monolayer 

of MoS2. The low roughness of the films also indicates a complete coverage of the surface. 

It was shown in our earlier study [25], that the films annealed at 450 oC have amorphous 

nature and crystallinity of the film increases with annealing temperature [25]. In the present 

case, 450 oC is the upper limit for annealing because the underlying conducting ITO layer 

is not stable at higher temperatures. 
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Figure 5-2 a) Thickness of the films vs concentration of the precursor solution. b) Roughness 

vs thickness of the film with inset of atomic force microscope image of MoS2 film. 
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The spin coated single source Mo-precursor was successfully converted to MoS2 by post 

annealing at 450 oC in 95% Ar/ 5% H2 environment with an additional sulfur source. The 

reduction of the Mo-precursor to MoS2 during post annealing is studied by Raman, UV-

Vis and XPS spectroscopy 

5.3.1.2. Raman spectroscopy 

Raman spectroscopy is a non-destructive way to study the TMDs via their phonon 

vibrations. In figure 5.3, peaks at 383 cm-1 and 408 cm-1 are visible that corresponds to the 

Raman active modes of MoS2 [29]. The peak at 408 cm-1 is related to A1g vibrational mode, 

which is an out-of-plane vibration, while the peak at 383 cm-1 corresponds to the 𝐸2𝑔
1  

vibrational mode, which is an in-plane vibration [29]. According to theoretical prediction, 

there are four Raman active modes of MoS2, of which I observe only two in the measured 

spectral range [63]. From literature, it is known that the difference between A1g and 𝐸2𝑔
1   

modes for the monolayer of MoS2 is 18 cm-1 and for the bulk-MoS2 it is 25 cm-1 [29]. In 

the measured Raman spectrum (see figure 5.3), a difference of 25 cm-1 is observed between 

A1g and 𝐸2𝑔
1   modes. This implies that the obtained films are bulk-like MoS2. The full width 

at half maximum (FWHM) of the Raman peak gives us information about the crystal 

quality. Reported work [25] show that the FWHM of the A1g Raman mode for a perfect 

crystal (mechanically exfoliated flakes) is 1.97 cm-1 in agreement with own measurement. 

FWHM increases as quality of the crystal decreases. The FWHM of A1g mode in figure 5.3 

is 8.1 cm-1 which means that quality of the crystal is very low or the material is amorphous. 

Furthermore, the crystallinity of the obtained films is independent of the thickness of the 

MoS2 films as FWHM of Raman peaks remains unchanged. 
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5.3.1.3. UV-Vis spectroscopy 

In figure 5.4, the UV-Vis spectra of the spin coated film before and after annealing are 

shown. UV-Vis absorption measurements were performed for the spin coated and annealed 

sample to further verify the conversion of the spin coated Mo-precursor to MoS2. The spin 

coated film before annealing exhibited no clear absorption peak, but absorption is slightly 

increased beyond 400 nm. The lack of characteristic peaks of MoS2 on the spin coated layer 

from MoCl5 before annealing indicates the absence of any MoS2 content in the as-deposited 

film. The spectrum of the annealed sample exhibits clear characteristic broad peaks of 

MoS2 at 612 nm and 674 nm, which indicates the conversion of as-deposited Mo-precursor 

to MoS2 after post annealing. The peaks at 612 nm and 674 nm corresponds to the A and 

B excitons of MoS2, respectively, which originate from a direct transition at the K point of 
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Figure 5-3 Raman spectra of the annealing at 450 oC triggering conversion to MoS2. 
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the Brillouin zone [73]. In addition, one broad peak are observed around 400-450 nm, 

which corresponds to the C and D excitons which correspond to further interband 

transitions [13]. The broadness of the peaks indicates that MoS2 in the film has low crystal 

quality or is in the amorphous form [25]. 

 

5.3.1.4. X-ray photoelectron spectroscopy 

The films were further characterized by XPS to study the chemical state and composition 

of the spin coated films before and after their conversion to MoS2. Figure 5.5 shows the X-

ray photoelectron spectra, and corresponding fits for the Mo 3d3/2 and 3d5/2 doublet of the 

sample after spin coating the Mo-precursor and after sample annealing. An additional S2s 
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Figure 5-4 UV-Vis absorption spectra of the films before and after annealing at 450 oC 
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peak appears in the spectrum after annealing. The spectrum of the just spin-coated Mo-

precursor mainly consists of a doublet with a binding energy of 235.5 eV and 232.3 eV 

corresponding to the Mo 3d3/2 and 3d5/2, respectively, which is attributed to MoO3 [87]. In 

the lower panel of figure 5.5, the spectrum of annealed film at 450 oC with an additional 

sulfur source in an inert environment is shown. The major peaks are now located at 232.4 

eV and 229.2 eV [88] corresponding to Mo 3d3/2 and 3d5/2, respectively. The shift of both 

3d states of Mo with respect to the MoO3 counterparts is 3.1 eV. The new peak position 

fell in the range typical for MoS2 [89]. Furthermore, an additional peak at 226 eV appeared 

after annealing, which corresponds to the S2s state. The ratio between Mo3d peak and S2s is 

found to be 1:1.85, which also confirms the formation of MoS2 after annealing as verified 

by UV-Vis and Raman spectroscopy. The atomic ratio between Mo and S indicates the 

sulfur concentration is about 10% lower in the MoS2 obtained films, in comparison to an 

ideal MoS2 ratio (1:2). The deficiency of sulfur gives rise to point defects in the MoS2 
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crystal, such as S-vacancies [76]. At the S-vacancy sites, the access of Mo atoms introduces 

gap state that increases the efficiency for HER [76], [24]. 

 

 

5.4. Hydrogen evolution reaction 

To confirm the HER activity of the obtained MoS2 films, the films were deposited on a 

nonactive substrate for HER, i.e. a 180 nm ITO/glass substrate. For this purpose, first bare 

ITO/glass was measured with respect to the standard hydrogen electrode (SHE) to see the 

HER activity of the bare substrate only. In the polarization curve of the bare ITO/glass 

(figure 5.6) a slight increase in the current density is observed but from this measurement, 

the overpotential cannot be obtained within the limits of the measurement range. Similarly, 
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bare Pt was measured as a reference which exhibited an overpotential at -0.02 V, which 

was obtained for a current density of 1 mA/cm2 . For all MoS2 films with different 

thicknesses on ITO/glass substrate, distinct HER activity was observed. The visible 

hysteresis is caused by H2 bubble formation. Therefore, HER activity determination is done 

in the forward direction only, where fewer bubbles are present on the ITO/glass surface. 

Furthermore, a systematic decrease in the overpotential with increasing thickness of the 

MoS2 films was observed. The best HER activity was found for the 2.2 nm thick MoS2 film 

at an over-voltage -0.25 V while for 15 nm thickness the HER activity is observed at -0.44 

V only. The decreasing overpotential with increasing thickness is attributed to a series 

resistance effect in the film. The quality of the MoS2 films doesn’t change with thickness 

as the Raman peak shape remains unaltered and their FWHM remains constant (see figure 

5.3) 
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To check the reaction rate of the HER, the Tafel slope was extracted from the polarization 

curve in a Tafel plot for the 2.2 nm thick MoS2 film (figure 5.7). Tafel plots of 43, 51, 74 

and 81 mV per decade for thicknesses of 2.2 nm, 5 nm, 10 nm and 15 nmMoS2 on ITO. 

Thin films preform better than thicker films. The Tafel slope is inversely proportional to 

the reaction rate of HER, i.e. increment in overpotential required for tenfold reaction rate. 

MoS2 films deposited by electrodeposition on glassy carbon are reported to have 40 

mV/decade [28] which is comparable to this work. The reported Tafel slope for the single 

crystal MoS2 is worse with a value of 61-74 mV/decade [90]. Analogue 2D transition metal 

dichalcogenide such as WS2 exhibited an even worse values of 90-147 mV/decade [5], [91], 

[92]. 
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5.5. Conclusion 

Thin films of MoS2 were successfully deposited by mean of spin coating followed by post 

annealing at 450 oC with an additional sulfur source in Ar/H2 environment. The roughness 

of the films was found to be less than 1nm, which means that the films were uniform and 

covering the surface completely. The films were characterized by Raman, UV-Vis and XPS 

before and after annealing. Best HER activity was observed for the thinnest film. The 

extracted Tafel slope from the polarization curve exhibits a low value of 43 mV/decade. 

Due to low cost and high abundance, MoS2 is an interesting option to replace expensive 

noble metal catalyst for HER. Spin coating is a large area deposition technique which 

allows obtaining thin films of MoS2 on a large scale. The presented method to prepare a 

HER-cathode is a promising way to produce hydrogen from water as fuel in the future. 
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6. Conclusions 

In this work I have successfully deposited MoS2/WS2 films/flakes using different solution-

based deposition techniques, i.e. electrochemical deposition, dip-coating, and spin-coating. 

The obtained films/flakes were investigated for different applications.  

Ultra-thin WO3 flakes were successfully grown at the air-liquid interface and sulfurized at 

high temperature in the next step. To my best knowledge this is the first time WS2 flakes 

have be obtained from the aqueous solution. For this purpose, ammonium tetrathiotungstate 

was used as a precursor material. The precursor solution was found to be stable at room 

temperature and under normal atmospheric pressure. The formation of the flakes at the air-

liquid interface was observed above 50 oC after few hours. Which indicates that activation 

energy is required for the flake’s formation at the air-liquid interface. The grown flakes 

were successfully transferred from the air-liquid interface to the silicon substrate by 

controlled dip-coating process. The spectroscopic investigation of the W-precursor showed 

that the initially obtained flakes are mainly composed of WO3 with small ATTW residuals. 

Post-annealing step results in the successful conversion of WO3 flakes to WS2. The post 

annealing was done with addition sulfur source in an inert environment. The obtained 

flakes were investigated by XPS, UV-Vis, Raman, and IR spectroscopy before and after 

post-annealing. Post-annealing temperature dependent Raman results showed that the 

crystallinity of the WS2 flakes improves with increasing post-annealing temperature. The 

lateral size of the obtained flakes was found to be of different sizes. The lateral size of the 

biggest obtained flake was exceeding 100 𝜇𝑚 and the thickness of the thinnest flakes was 
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found to be 0.85 nm which is equivalent to the thickness of the monolayer of the WS2. 

Raman results showed that the crystal quality of the obtained WS2 flakes at post-annealing 

temperature of 900 oC has similar to the WS2 flakes grown by CVD and ALD. Hence the 

grown WS2 flakes can also be used for different applications such as field effect transistors, 

spintronics.  

Similarly, MoS2 ultra-thin films have also been successfully grown by another solution-

based process, i.e. electrochemical deposition at room temperature. Electrodeposition time 

was varied to get films with different thicknesses. MoS2 films down to 1 nm was achieved 

which is equivalent to bilayer of MoS2. The confirmation of bilayer was done by AFM and 

Raman spectroscopy. The obtained films were uniform and closed as verified by AFM 

measurements. The roughness of the films was found to be independent of the thickness of 

the films. The electrochemically grown MoS2 film was successfully transferred from initial 

Au growth substrate to a bare silicon substrate by a mechanical transferred method 

followed by gold etching. Such transferred method is an environmentally friendly. It does 

not damage the MoS2 layers. The underlaying growth substrate can be reused. The 

electrochemically grown MoSx layer was successfully converted to MoS2 by a post 

annealing step at high temperature (450-900oC) in an inert environment. This conversion 

was confirmed by UV-Vis, Raman and XPS spectroscopy. The crystallinity of the MoS2 

films was improved with higher annealing temperatures as verified by Raman spectroscopy. 
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  The electrochemically grown layer were also used for hydrogen evolution reaction. For 

this purpose, thin films were grown on Au and ITO substrates. The post-annealing was 

done at maximum 450 oC because the underlying conducting layers are not stable at 

temperature higher than 500 oC. The initially grown electrochemically grown films were 

found to be made of MoS3 as verified by Raman and XPS measurements. MoS3 films were 

successfully converted to MoS2 by post-annealing step as confirmed by Raman and XPS. 

These films showed good HER activity as deduced from the small overpotential and low 

Tafel slope of 44 mV/decade. Thinner films show better HER activity than thicker film 

which is attributed to resistance effects in the films. 
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