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Synthesis and characterization of Vertically Aligned Metal Dichalcogenides 

Nanosheets for Gas Sensing 

 

Abstract 

Following the isolation of graphene in 2004, scientists quickly showed that it possesses 

remarkable properties. However, as the scientific understanding of graphene matured, it became 

clear that it also has limitations: for example, graphene does not have a bandgap, making it poorly 

suited for use in digital logic. This motivated exploration of monolayer materials “beyond 

graphene”, which could embody functionalities that graphene lacks. In recent years there has 

been an increased interest in layered materials such as semiconducting Metal Dichalcogenides 

(MDs). When isolated in their monolayer form, they are essentially a 2D material, with unique 

properties. The implementation of 2D materials into future electronic devices could be desirable 

for industry; as their potential applications include cheap, fast and flexible electronic devices. 

Furthermore, to fully exploit the unique electrical properties of these materials, such as high 
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electron mobility, new synthesis, manipulation, integration and characterization techniques 

must be developed. 

In this thesis, the synthesis of high quality and crystallinity vertical aligned multilayer MDs by the 

Chemical Vapor Deposition (CVD) technique is reported. The morphology and the structure, as 

well as the optical properties, of the so-produced material have been studied using electron 

microscopies (SEM and TEM), X-ray photoelectron spectroscopy (XPS), Photoluminescence (PL), 

UV–visible and Raman spectroscopies and X-ray diffraction (XRD). The so-synthesized materials 

are potentially interesting in various applications where edge accessibility or directionality of the 

nanosheets play a major role such as gas sensing. For that, the performance of these materials 

as a gas sensor to detect toxic gases, for example NO2 and NH3, were investigated and discussed 

in this thesis work. 

Ph. D thesis in Physical Sciences 

October 19th 2021 

Promoter : Jean -François Colomer 
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Synthèse et caractérisation de nanoplaquettes de dichalcogénures métalliques 

alignés verticalement pour la détection de gaz 

Résumé 

Après l'isolement du graphène en 2004, les scientifiques ont rapidement montré qu'il possédait 

des propriétés remarquables. Cependant, à mesure que la compréhension scientifique du 

graphène a mûri, il est apparu clairement qu'il avait aussi des limites : par exemple, le graphène 

n'a pas de bande interdite, ce qui le rend peu adapté à une utilisation en logique numérique. Cela 

a motivé l'exploration de matériaux monocouches "au-delà du graphène", qui pourraient 

présenter des fonctionnalités dont le graphène est dépourvu. Ces dernières années, les 

matériaux en couches, tels que les dichalcogénures métalliques (MDs) semi-conducteurs, ont 

suscité un intérêt croissant. Lorsqu'ils sont isolés sous leur forme monocouche, ils constituent 

essentiellement un matériau 2D, aux propriétés uniques. La mise en œuvre de matériaux 2D dans 

les futurs dispositifs électroniques pourrait être souhaitable pour l'industrie, car leurs 

applications potentielles incluent des dispositifs électroniques bon marché, rapides et flexibles. 

En outre, pour exploiter pleinement les propriétés électriques uniques de ces matériaux, telles 
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que la mobilité élevée des électrons, de nouvelles techniques de synthèse, de manipulation, 

d'intégration et de caractérisation doivent être développées. 

Dans cette thèse, la synthèse de MDs multicouches alignés verticalement de haute qualité et 

cristallinité par la technique de dépôt chimique en phase vapeur (CVD) est rapportée. La 

morphologie et la structure, ainsi que les propriétés optiques, du matériau ainsi produit ont été 

étudiées à l'aide de microscopies électroniques (SEM et TEM), de la spectroscopie 

photoélectronique des rayons X (XPS), de la photoluminescence (PL), des spectroscopies UV-

visible et Raman et de la diffraction des rayons X (XRD). Les matériaux ainsi synthétisés sont 

potentiellement intéressants dans diverses applications où l'accessibilité des bords ou la 

directionnalité des nanofeuilles jouent un rôle majeur, comme la détection de gaz. Pour cela, les 

performances de ces matériaux comme capteur de gaz pour détecter les gaz toxiques, par 

exemple NO2 et NH3, ont été étudiées et discutées dans ce travail de thèse. 

Thèse de doctorat en Sciences Physiques  

Le 19 Octobre 2021 

Promoteur : Jean-François Colomer 



IX 
 

List of Acronyms  

2D Two Dimensional 

MDs Metal Dichalcogenides 

TMDs  Transition Metal Dichalcogenides 

TDs Tin Dichalcogenides 

CVD Chemical Vapor Deposition 

MoS2 Molybdenum Disulfide 

WS2 Tungsten Disulfide 

SnS2 Tin Disulfide 

MoSe2 Molybdenum Diselenide 

WSe2 Tungsten Diselenide 

SnSe2 Tin Diselenide 

NO2 Nitrogen Dioxide 

NH3 Ammonia 

SEM Scanning Electron Microscopy 

TEM Transmission Electron Microscopy 

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 

PL Photoluminescence 

UV-vis Ultra Violet-visible 

DOS Density of States 

DFT Density-functional theory 

CBM Conduction Band Minimum 

VBM Valence Band Maximum 

nm Nanometer  

FET Field-effect transistors 

EES Electrochemical Energy Storage 

HDS Hydro-Desulfurization 

HER Hydrogen Evolution Reaction 



X 
 

MLs Monolayers 

NMP N-methyl-2-pyrrolidone 

IPA 2-propanol 

CHP N-cyclohexyl-2-pyrrolidone 

THF Tetrahydrofuran 

CVT Chemical Vapor Transport 

S Sulfur 

Se Selenium 

Mo Molybdenum 

W Tungsten 

Sn Tin 

sccm Standard cubic centimeters per minute 

Ar Argon 

H2 Hydrogen 

AP Atmospheric Pressure 

ppb part per billion 

VA Vertically-Aligned 

NTs Nanotriangles 

NFs Nanoflakes 

 

 



1 
 

Chapter 1 

Context 

 

 

Here, the main scientific questions planted in this work are presented. The fundamental scientific 

motivations and the potentialities for the development of novel 2D metal dichalcogenides with 

multilayer nature for gas sensing applications are given. Additionally, the research objectives of 

this Ph.D. thesis are explained and the experimental methodology employed to accomplish these 

objectives is described. 

 

1.1 Motivation 

An atomically thin two-dimensional (2D) material is defined as a material whose free charges are 

immobile in one spatial dimension, however mobile in the other two. This property enables 2D 

materials to have new or superior properties, distinct from traditional bulk materials or thin films 

[1]. After isolating graphene [2], as the first 2D material in 2004, about 700 others 2D materials 

have been predicted or reported, some of them are illustrated in the Figure 1.1. In this context, 

it must be emphasized that today this area of research, 2D materials, represents the largest 

growing field in materials science, engineering and applications. 
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Two-dimensional materials offer a platform that allows creation of heterostructures with a 

variety of electronic, optical and mechanical properties with remarkable potential for 

technological applications [3]. One atom-thick crystals now comprise a large family of these 

materials, collectively covering a very broad range of properties [4]. 

Many 2D materials exist in bulk form as stacks of strongly bonded atoms in layers with weak 

interlayer interaction, allowing exfoliation into individual, atomically thin layers [5].  

 

Figure 1.1 Schematic representation of different 2D materials and their assembly in 

heterostructures [6]. 

Until recently, the 2D material that had been received more attention of the scientific community 

was graphene, which name denominates a flat monolayer of carbon atoms tightly packed into a 

two-dimensional honeycomb lattice. Graphene is the basic building block for several graphitic 
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materials of different dimensionalities (see Chapter 2). However, in the last decade, graphene-

like 2D layered dichalcogenides have been widely studied due to their potential applications in 

field effect transistors, photodetectors, solar cells and gas sensors. 

Semiconducting metal dichalcogenides (MDs), such as MoS2, WS2, MoSe2, WSe2, SnS2, SnSe2, etc., 

form a subgroup of 2D materials with attractive optical properties. They have an optical bandgap 

in the visible and near-infrared light range. Bulk MDs have been known as lubricants and have 

not attracted interest for optoelectronics for many years [7]. However, the situation has changed 

with the advent of the mechanical exfoliation method, that allowed to decrease down to a 

monolayer, revealing the indirect-to-direct bandgap transition in different MDs [8]. For example, 

monolayer and multilayer MoS2 are semiconductors with direct/indirect band gap of ∼1.2-1.8 

eV, respectively [9]. These structural modifications dramatically increase the quantum efficiency 

of the single-layer sheets by several orders of magnitude relative to that of the few-layer or bulk 

crystals [10]. To obtain materials with such interesting characteristics, growth methods for MDs 

have been adapted and they are reviewed in the Chapter 3. 

The research area of MDs ultrathin films and structures is quite new and requires detailed 

investigations and fundamental understanding. For this reason, the goal of this doctoral thesis is 

to develop a reliable synthesis method for a subset of next generation nanostructured metal 

dichalcogenides (MDs). Growth was performed by chemical vapor deposition (CVD) and material 

characterization was accomplished with a variety of tools that include spectroscopy and 

microscopy. A description of the main results on this topic, applied sample fabrication methods 

and optical spectroscopy techniques is outlined in this thesis. 
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1.2 Research objectives 

During this work, six nanostructured Metal Dichalcogenides were synthesized vertically-aligned: 

The Transition Metal Dichalcogenides (TMDs), MoS2, WS2, MoSe2 and WSe2, and the Tin 

Dichalcogenides (TDs), SnS2 and SnSe2. Two of these materials were investigated as a chemical 

sensor to detect hazardous gases (NO2 and NH3) in air (WS2 and WSe2). 

In this perspective, the objectives of this thesis are: 

1) Synthesis and characterization of highly crystalline vertically aligned Metal 

Dichalcogenides nanosheets. 

2) Design a novel chemical sensor based on Metal Dichalcogenides to detect hazardous gases 

in air. 

1.3 Organization of the thesis 

Based on the research objectives the manuscript is organized as follows. Chapter 2 reviews the 

current literature and research status of the 2D materials research area including the applications 

of MDs (TMDs and TDs). Chapter 3 discusses the growth of 2D crystalline MDs from the planar to 

the vertical direction via CVD technique. The growth mechanism and key parameters dominating 

the growth process are studied using an experimental approach. In Chapter 3 we discuss the 

vertical growth of the MoS2, WSe2, MoSe2, SnS2, SnSe2 and WS2 using the CVD technique, each 

material is described as well as its synthesis process and characterization results. Figure 1.2 

describes the research strategy employed. 

The results reported on chapter 3 are published in: 
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• Sierra-Castillo, A., Haye, E., Acosta, S., Bittencourt, C., & Colomer, J. F. (2020). 

Synthesis and Characterization of Highly Crystalline Vertically Aligned WSe2 Nanosheets. 

Applied Sciences, 10(3), 874. 

• Sierra-Castillo, A., Haye, E., Acosta, S., Arenal, R., Bittencourt, C., & Colomer, J. F 

(2021). Atmospheric Pressure Chemical Vapor Deposition Growth of vertically aligned 

SnS2 and SnSe2 nanosheets. Submitted. 

Chapter 4 is focused on the experimental work performed for the development of a chemical 

sensor based on metal dichalcogenides (WS2 and WSe2) to detect toxic gases, such as NO2 and 

NH3, the results obtained from each step of this investigation are discussed. Figure 1.3 describes 

the research strategy employed for this part of the thesis. 

The results presented in this chapter are published in: 

• Alagh, A., Annanouch, F. E., Umek, P., Bittencourt, C., Sierra-Castillo, A., Haye, E., 

Colomer, J. F. & Llobet, E. (2021). CVD growth of self-assembled 2D and 1D WS2 

nanomaterials for the ultrasensitive detection of NO2. Sensors and Actuators B: Chemical, 

326, 128813. 

• An ultrasensitive two-dimensional WSe2 nanoflower based gas sensor. (2021). In 

preparation. 

Chapter 5 contains the conclusions and perspectives of the thesis work. Finally, in the first 

appendix section the characterization techniques are described and in the second appendix the 

scientific contributions are presented. 

This thesis is mainly focusing on the synthesis and characterization of the TMDs and LDs 

materials. 
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Figure 1.2 Diagram of the research strategy employed in the Chapter 3. 

 

Figure 1.3 Diagram of the research strategy employed in the Chapter 4. 
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Chapter 2 

 

State of the Art 

Nanomaterials are, by definition, natural or artificial materials possessing at least one dimension 

in nanoscale range. Nanomaterials can be divided in four categories according to their 

dimensions, including zero-dimensional materials, one-dimensional materials, two-dimensional 

(2D) materials and three-dimensional materials. 

This chapter describes 2D materials, specifically Metal Dichalcogenides (MDs). These materials 

are classified in this thesis as: Transition Metal Dichalcogenides (TMDs) and Tin Dichalcogenides 

(TDs). Their structure, properties and applications are discussed. 
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2.1 The Transition Metal Dichalcogenides 

The Transition Metal Dichalcogenides (TMDs) are a family of materials with laminar structures 

both in three–dimensional (3D, in bulk scale) and two-dimensional (2D, nanometric scale). TMDs 

are part of a novel group of materials with an increasing interest currently. This is due to the 

great potential they present in possible applications in various fields of electronics and 

optoelectronics, as we can see in the section 2.5 in this chapter.  

These materials are composed of more than 40 compounds with the generalized formula of MX2, 

where M, in the case of TMDs, is a transition metal typically from IV (Ti, Zr, Hf), V (V, Nb, Ta) or 

VI (Mo, W), and X is a chalcogenide such as S, Se or Te (Figure 2.1) [1]. The transition metal and 

the chalcogenide are strongly linked by covalent bonds, thus originating sheets based on X-M-X 

units.    

 

Figure 2.1 A number of possible layered structure TMDs materials exist based on the transition 

metal (boxed in red) and chalcogenides (boxed in blue). 
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2.1.1 The Metal Dichalcogenides 

Unlike TMDs, Metal dichalcogenides (MDs) are based on a different metal than the transition 

metals. TMDs can be considered in this category because they present the same structure and 

some similarities with their properties. Tin (Sn) is presented as a metal and Sulfur or Selenium as 

the chalcogens. These materials have similar structure as the TMDs, i.e., sheets having the  X-Sn-

X units (Figure 2.2) [2]. They present optical, electrical, and photoelectric properties suitable to  

nanoelectronics and optoelectronics devices [3], [4], [5] .  

 

Figure 2.2 Top view (a) and side view (b) of the 2D perfect SnX2 (X=S, Se, Te) [2]. 

In addition to the MDs, other 2D materials exist and some of them can be mentioned: Boron 

Nitride (Hexagonal) [6], Borophene [7], Germanene [8], Phosphorene [9], Silicene [10], etc. 

The available research literature is vast on this topic. Although there is a large variety of 2D 

materials, this work focuses only on MoS2, WS2, MoSe2, and WSe2. The structural, electronic, 
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optical, and electrical properties of these materials, and some applications are discussed in the 

following sections of this chapter. In addition, SnS2 and SnSe2 as TDs are also studied. From now 

on all materials will be referred to as MDs. 

2.2 Structural characteristics of Metal Dichalcogenides 

One of the greatest characteristics of the MDs is its polymorphism. Indeed, MDs exist in several 

structural phases resulting from different possible metal coordination. The two common metal 

atom coordinations are characterized by either octahedral or trigonal prismatic as shown in 

Figure 2.3 [11]. The octahedral coordination describes the shape of six atoms symmetrically 

arranged around a central metal atom, defining the vertices of an octahedron (known as 1T 

phase) and the trigonal prismatic coordination describes the shape of six atoms arranged around 

a central metal atom, defining the vertices of a triangular prism (known as 2H phase).  

 

Figure 2.3 Metal Coordination of Metal Dichalcogenides. 

The 1T phase is observed in a metastable metallic phase and the 2H phase is in a 

thermodynamically stable semiconducting phase. Most commonly encountered phases are 1T, 

2H, and 3R where the letters stand for trigonal, hexagonal and rhombohedral, respectively [12]. 
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Figure 2.4 shows the possible layered and non-layered structures of MDs materials. Each layer 

has a thickness of 6-7 Å, which consists of a hexagonally packed layer of metal atoms combined 

by weak van der Waals forces. The metal atoms provide four electrons to fill the bonding states 

of the MDs such that the oxidation states of the metal and chalcogen atoms are +4 and −2, 

respectively. The bonding length of the M-X atom lies between 3.15 Å and 4.03 Å, depending on 

the size of the metal and chalcogen ions [12]. In X-M-X sandwich layer, the metal (M) is bonded 

(Covalently) to six nearest neighbor chalcogen atoms. 

 

 

Figure 2.4 Schematic model of MDs layers. 

In the next sections the different phases that can be observed are described. 

2.2.1 The 1H phase 

Firstly, we introduce the 1H phase where a schematic of the atomic configuration can be found 

in the Figure 2.5.  In the 1H phase, the metal and chalcogen atoms are alternating and arranged 

in a honeycomb like structure (top view), however they are not in the same plane unlike graphene 

(side view). In 1H-MX2 the chalcogen atoms are aligned, so viewed from above the underlying 



14 
 

chalcogen atom is hidden. The name 1H is given because is a single layer of the metal 

dichalcogenides. But, when the material possesses two layers is considered as 2H-phase (see 

Figure 2.8), which is the most stable phase compared to other phases and presents a 

semiconducting behavior [13], [14], [15]. The 2H phase is the most studied, abundant and 

predominant configuration in the family of semiconducting MX2. 

 

Figure 2.5 1H structure of MX2 (top and side view) [16]. 

2.2.2 The 1T phase 

The octahedral metal-ion coordinated 1T phase is metallic, this instable crystallographic phase is 

not found a naturally formed mineral. A schema of the octahedral coordination (1T structure) is 

represented in the Figure 2.6. In the 1T phase, the top layer of chalcogen atoms is shifted with 

respect to the bottom layer, exposing all the chalcogen atoms (top view). This phase is very 

unique due to the change of the metal coordination, affecting the electronic properties inducing 

metallic properties instead of semiconductor properties as in the 1H phase  [17], [18], [19]. 
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Figure 2.6 1T structure of MX2 (top and side view) [16]. 

2.2.3 The 1T’ phase 

The 1T’ configuration is a distorted 1T configuration. A schematic of the 1T’ configuration is 

shown in Figure 2.7. Starting from the 1T phase, if the unit cell is strained on either side, the 

chalcogen atoms take the inline position. The isolated inline chalcogens are highlighted in red in 

the top view image of  Figure 2.7, its signature is 1T’-MX2 [20]. This 1T'-structure gives quasi-

metallic behavior [21]. 

 

Figure 2.7 1T’ structure of MX2 (top and side view) [16]. 
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2.2.4 The 3R phase  

The 3R phase presents the same configuration as 2H-MX2 and also the semiconducting behavior 

[22]. The main structural difference between them is that the 2H-phase has two layers per unit 

cell along the c-axis, whereas for the 3R-type, it possesses three layers per unit cell (Figure 2.8) 

[23]. Once heated, the 3R-type is easily converted to 2H, indicating that the 2H-type is more 

stable than the 3R-type.  

 

Figure 2.8 3R structure of MX2 (top and side view) [23]. 

2.3 Electronic properties of Metal Dichalcogenides 

The electronic properties of the MDs are important when considering their potential 

technological applications. It is expected that variation in the electronic band structure will occur, 

if the material is presented as monolayer or in the bulk form, this will determinate the electronic 

properties of MDs [24]. The MDs monolayers are direct bandgap semiconductors while bulk MDs 

exhibit indirect bandgap [25]. The conduction band and valence band positions change from bulk 

to few layers to monolayer due to change in electronic band structure because of electron 

confinement in 2D lattice as shown in Figure 2.9 and Figure 2.10.  
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The values for indirect and direct bandgap are 1.2 and 1.9 eV respectively for 2H-MoS2 [26], [27] 

(Figure 2.9).  

 

Figure 2.9 Electronic band gap structure of bulk and monolayer MoS2 [26]. 

Similarly, for WS2 the indirect bandgap of 1.3 eV changes to direct bandgap of 2.1 eV form bulk 

to monolayer [26], [28] (Figure 2.10). 
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Figure 2.10 Electronic band gap structure of bulk and monolayer WS2 [26]. 

The of top valence band and bottom of conduction bands in the monolayer MDs are at the same 

K point of the wave vector axis, which is the reason they show strong photoluminescence in 

visible range of electromagnetic spectrum. Therefore, these MDs have strong potential as 

absorbing materials in solar cells as well as in photovoltaics.  

The lack of inversion center also allows high degree of freedom for charge carriers or K-valley 

index and thus leads to valleytronics. In bulk MDs, the MDs layers are combined with each other, 

layer by layer, with van der Waals force, and the weak interaction between layers influences the 

properties of the bulk MDs significantly. MDs can also be combined with other 2D materials to 

form van der Waals heterostructure devices through the weak van der Waals force.  
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Semiconducting 2D MDs can be considered as unique building blocks for field effect transistors 

(FETs), due to the lack of dangling bonds, decent structural stability and mobility comparable to 

Si [29].   

The optical responses of 2D materials reflect their electronic band structures. The unique indirect 

to direct bandgap transition (when thickness is reduced to monolayer) of MDs makes them 

promising candidates for optoelectronics [30].  

2.4 The Studied Metal Dichalcogenides 

MDs are a layered material with one metal atom sandwiched between two chalcogen atoms (X-

Mo-X). Strong covalent bond exists between atoms within the crystal and weak Van der Waals 

forces exist within layers as we can see in Figure 2.11. The six MDs studied in this thesis work are 

presented below in the following sections with some data that could differentiate between them. 

  

Figure 2.11 Schematic of MoSe2 nanostructures [31]. 

2.4.1 Molybdenum Disulfide (MoS2) 

Currently, the layered molybdenum disulfide (MoS2) has been the most studied member of MDs, 

in the bulk form it has an indirect band gap of 1.2 eV and thinned to monolayer it shows a direct 
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band gap of 1.9 eV [32]. The MoS2 electronic properties depend directly on its layer number 

making them good candidates for diverse applications [33] such as optoelectronics [34]. This 

configuration defines its application as dry lubricants which are used in aerospace machines [35]. 

Additionally, single layered MoS2 displayed properties, which are markedly different from the 

parent bulk structures. MoS2 gained popularity as a replacement for graphene in electronics 

domain, further found applications in various sectors like hydrogen evolution reaction (HER) [36], 

[37] energy storage and conversion [38], gas sensors [39] and as electrodes in sodium [40] and 

lithium batteries [41]. The direct band gap in monolayer and ability to produce oscillating 

piezoelectric voltage and current outputs guaranteed the application in flexible electronics [42] 

and optoelectronics [34]. 

2.4.2 Tungsten Disulfide (WS2) 

WS2 has a particular interest due to its electronic band gap that undergoes a indirect (1.4 eV) to 

direct (2 eV) transition when its thinned from bulk to monolayer [26]. Ideal materials in solar cells 

should have a band gap of between 1 and 2 eV, therefore WS2 has potential to be used in low 

cost photovoltaic cells [43]. Bulk WS2  has been used as a high temperature lubricant as well as 

an intercalation material in rechargeable batteries [44], [45]. Monolayer WS2 has been 

demonstrated to possess high mobility, superior chemical robustness, and large spin−valley 

splitting, which make it a promising candidate for future functional optoelectronic devices [45], 

[46], [47].  Due to its structural and electronic similarities to MoS2, WS2 has received intensive 

investigation as photoelectrochemical catalysts [48], electrocatalysts [49], field-effect transistors 

(FET) [50] and hydrogen evolution [51]. 
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2.4.3 Tin Disulfide (SnS2) 

Tin disulfide (SnS2) is a broadband gap semiconductor with band energy gap of 2.2 eV [52], which 

is advantageous for suppressing source to drain tunneling in application of short channel 

MOSFETs [53].  

SnS2 belongs to the family IVa-VIa groups, which are earth-abundant and environment-friendly 

materials, and due to their low cost, they present a considerable advantage in nanoelectronics 

and optoelectronics. SnS2 has exhibited abundant studies on for its optical, electrical, and 

photoelectric properties [3], [4], [5]. Depending on the structure of the polytype, the width of 

the bandgap varies over a wide range from 0.81 to 3.38 eV.  Also, SnS2 crystals are rather strongly 

photosensitive, a fact of considerable interest since the photosensitivity is present in the visible 

region of the spectrum [5]. In addition, SnS2 has a higher theoretical capacity due to their superior 

delivered performance[54]. All these properties make SnS2 a promising candidate for FETs, 

integrated logic circuits, photodetectors; energy storage materials and solar cells. Recently, these 

materials have been employed in several applications including water splitting [55] and gas 

sensing [56].  

2.4.4 Molybdenum diselenide (MoSe2) 

Molybdenum diselenide (MoSe2) has attracted noticeable attention due their sizable band gap 

and unique optical and electronical properties you need to add few properties [57]. MoSe2 has 

attracted attention due its unique structure and remarkable physical and chemical properties. It 

has received attention for use as promising electrodes for lithium-ion batteries because the 

lamellar structure enables facile intercalation of metal ions such as Li+ because of its high capacity 
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(800 mA h g−1) compared with theoretical capacity of commercial graphite (372 mA h g−1) and 

MoS2 (670 mA h g−1) [58]. Other applications include use as a lubricants [59] and catalysts [57]. 

Reports have suggested that MoSe2 could be superior to MoS2 for device applications due to its 

narrower bandgap of 1.5 eV [60], [61]. Such tunable properties of MoSe2 render it an ideal 

material for various electrical and optical applications. Recently, back-gated field effect 

transistors were fabricated on ultrathin MoSe2 films, achieving an on/off ratio as high as 106 and 

an intrinsic mobility up to ∼50 cm2 V-1 s -1 at room temperature, which was shown to increase 

nearly 4-fold at 78 K. Given such properties, monolayer to few-layers MoSe2 appears to be a 

tremendous candidate for applications in electrical and optical devices. For electrochemical 

catalysts, it has been reported that active sites at the edges of MoSe2 sheets have similar 

properties as in vertically-aligned MoS2 sheets.  The edges are full of dangling bonds and 

chemically active to manipulate the properties of the layered materials, for example in n-type 

doping for graphene. In addition, the edges of layered materials are also the active sites for many 

important catalytic reactions, such as hydrodesulfurization, hydrogen evolution reaction (HER), 

oxygen reduction reactions and methane conversion [57]. 

2.4.5 Tungsten Diselenide (WSe2) 

Bulk WSe2 has attracted increasing attention because of its interesting properties, exemplified 

by its ultralow thermal conductivity at room temperature (0.05 W.m−1. K−1) when considering 

disordered crystals [62]. This bulk material has also been reported to be efficient in different 

applications, such as catalysts for hydrogen evolution reactions [31], [63], or in photovoltaic 

devices [31] because it possesses good stability and resistance to oxidation in humid 
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environments [64]. Actually, it has been reported that the properties of MDs, such as MoS2, WS2, 

and WSe2, depend directly on the number of layers in the structure, especially in systems with 

few layers [65]. Moreover, monolayer WSe2 possesses a small band-gap (smaller than monolayer 

MoS2), and shows an ambipolar transport phenomenon [66]. Several potential optoelectronic 

applications have been described using monolayer WSe2, such as photodetectors [67], light-

emitting diodes [68], and solar-energy convertors [69]. 

2.4.6 Tin Diselenide (SnSe2) 

SnSe2 has a similar configuration as MoS2 and as SnS2, belongs to the family IVa-VIa groups. SnSe2 

has a direct band gap of 1.4 eV [54], the layered structure, proper electronic properties and 

inherent semiconducting characteristics make SnSe2 attractive in for novel nanoelectronics and 

optoelectronic devices [70]. 

2.5 Technological Applications of MDs 

The electronic, electrical, and optical properties of MDs open avenues for a myriad of potential 

technological applications. The presence of a direct and indirect bandgaps makes them ideal 

candidates for optoelectronic devices, field-effect transistors, gas sensing devices, energy storage 

devices, etc. A few applications of these materials are discussed in this section.  

2.5.1 Optoelectronic devices 

MDs have diverse optical properties, for example, bandgaps from the IR to the near UV energy 

range, the direct and indirect transitions depending in the number of layers, and their large 

excitonic binding energies. Development of novel optical devices based on these materials has 

been driven by these unique characteristics [71].  
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For example, MDs, such as MoS2, are characterized by strong light-matter interaction and photon 

absorption which are desired characteristics for photodetector devices [72]. Lee et al. [73] 

reported that light detection depends on the number of layers, in the case of MoS2, green light 

for mono and bi-layer, and red light for tri-layer structures (Figure 2.12). Such differences were 

attributed to the thickness-modulated optical gap of nanosheets. According to their 

photoelectric probing technique on working transistors with the nanosheets, single layer MoS2 

has a significant energy bandgap of 1.82 eV, while those of double- and triple-layer MoS2 showed 

1.65 and 1.35 eV, respectively. 

  

Figure 2.12 Schematic 3D view of single-layer transistor with hexagonal structure MoS2 

nanosheet, 50 nm-thick Al2O3 dielectric, and ITO top-gate under monochromatic light [73]. 

 
Considering  other MDs, Yu et al. [74] reported on O2-plasma-treated SnS2 photodetectors 

exhibiting response with excellent photoelectrical conversion abilities. Herein, oxygen plasma 

treatment is employed to enhance the optoelectronic performance of SnS2 flakes, which results 

in artificial sub-bandgap in SnS2. As a result, the constructed O2-plasma-treated SnS2-based 

device demonstrates a significant improvement in broadband photo sensing from ultraviolet to 

cover the entire visible light span (300–750 nm).  

WSe2 has been used as potential active layer in photodetector applications, Zheng et al. [75] have 

fabricated a flexible, all-transparent photodetector with excellent transparency of approximately 
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80% in the visible light range and superior photo response characteristics and an ultra-broadband 

spectral detection ranges from 370 to 1064 nm (Figure 2.13). In addition, the device 

photocurrents demonstrate high stability and reversibility, even after the device has been bent 

into a small radius of 5 mm or placed in the atmosphere for a month. 

 

Figure 2.13 a) Optical image and b) schematic illustration of the fabricated WSe2 photodetectors 

in a flexible state [75]. 

2.5.2 Field-effect transistors (FET) 

In basic terms, a transistor is a semiconductor electronic device which controls the flow of the 

electrical charge. Field-effect transistors (FETs) are the particular class of transistors in which a 

semiconductor material is used as a channel [76].  

2D nanomaterials are considered promising channel for FET sensors. They exhibit high potential 

in miniaturized and low-power consumption transistor due to 2D structure. 2D nanomaterials 

are also potentially more sensitive in sensing applications due to their 2D nanostructures that 

have high specific surface area for dense modification of binding sites [77].  

Alike other inorganic semiconductors, MDs have drawn attention as they demonstrate high 

mobility of charge carriers associated to the strong covalent bonding of atoms within the layers. 

They have a weak van der Waals interlayer bonding, which leads to a low field-effect threshold 
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due to the low density of surface traps. The MD-based transistors can be used in the electron- 

and hole-accumulation modes [78]. 

For these properties, MDs have been used as channel materials in high-performance field-effect 

transistors (FET) [79]. However, not all of them have demonstrated the same combination of 

characteristics.  

 

Figure 2.14 Structure diagram of the field effect transistor (FET), choosing PSSH as the proton-

conductor-gate [80]. 

2.5.3 Gas sensing devices 

A key problem in the use of different type of gases in diverse areas like domestic, industries, food 

packaging, laboratories, etc. is the lack of optimal devices for their detection. During the last 

years, many efforts have been done for developed these devices due its potential applications. 

The sensing mechanism is based on changes in electrical resistance or conductance of 

nanomaterials due to chemical interaction in between the gaseous species and the 

nanomaterials. The resistance of the materials is determinate by the charge transfer process 

induced by chemical interactions. The resistance decreases in presence of reducing gases such as 
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Methane, Liquefied Petroleum Gas (LPG), Ammonia Gas (NH3) when the nanomaterials are n-

type and increases if they are p-type [81]. 

In the past few years, it has been emphasized experimentally and theoretically that semi-

conducting MDs are a potential candidate material for gas-sensing applications due to the high 

surface-to-volume ratio. Several groups demonstrated the applicability of single monolayer and 

few-layer MoS2 structures as effective sensors, exhibiting highly selective reactivity to a range of 

analytes and providing sensitive transduction of transient surface physisorption events to the 

conductance of the monolayer channel. 2D nanomaterials may present good sensing 

characteristics such as fast response, commendable selectivity, excellent sensitivity and the 

lower limit of detection for the gas-sensing [81]. It has been reported that structural defects, 

including point defects, grain boundaries and edges in MDs play significant roles in sensing 

applications.  There are two advantages in the use of 2D structures in gas-sensing applications: 

the large specific area rich on active sites, increasing interaction with a large number of gas 

molecules. And, the control of the electronic properties by controlling the number of layers [82]. 

An important characteristic of 2D materials is their ability for gas  detection at low temperature, 

therefore  low power consumption  gas detection systems can be manufactured  using simplified 

processes and operating cost are reduced [83].  

New materials often generate entirely new possibilities, pushing the limits of the accepted 

boundaries of materials properties within which engineers operate. With the increasing demand 

of highly sensitive, fast and stable sensor, a series of sensing applications of nanoscale MDs-based 

composites and hybrids have been of growing interest. For example, Pham et al. [84] discuss that 

Red LED illumination with photon energy matching the direct band gap of the single-layer MoS2 
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allowed to use induced photocurrent instead of dark current as a tool for NO2 gas sensing (Figure 

2.15).  

 

Figure 2.15 Effect of NO2 gas exposure at concentrations from 25 to 200 ppb on normalized 

resistance of the Au−MoS2−Au device in the dark (black line; gray line shows 5-fold magnified 

data) and under red LED illumination (red curve) [84]. 

 

2.5.4 Energy storage devices 

Renewable energy, such as solar energy and wind energy are expected to replace the 

conventional fossil fuels. However, a main drawback for large-scale grid application is the lack of  

stable generation of electricity due to nonconstant supply of renewable energy [85]. Therefore, 

it is important to develop efficient electrical energy storage systems to store renewable energy, 

obtaining stable power output for practical usage. Electrochemical Energy Storage (EES) is an 

emergent solution,  few examples are batteries and supercapacitors, they are able to store 

electrical energy via the interconversion of chemical and electrical energy [86]. The 2D nature of 

layered MDs nanomaterials makes them suitable active materials for the EES due to the following 

aspects:  
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i) The large specific surface area ensures a large contact area between the 

active materials and the electrolyte, enabling the fast “Faradaic” and “non-

Faradaic” reactions at the surfaces of layered MDs nanomaterials [87]. 

ii) The under-coordinated edge sites of layered MDs nanomaterials can act as 

adsorption sites for metal ions and thus contribute to extra metal-ion storage 

capacities [88]. 

iii) The adjacent X–M–X layers in layered MDs nanomaterials are coupled by 

weak van der Waals forces. The interlayer space between layers promotes fast ion 

diffusion, insertion and extraction, as well as better material utilization during the 

metal-ion insertion process [88]. 

iv) The thin and flexible characteristics of 2D MDs nanosheets make them 

easy to be incorporated into flexible EES devices [89]. 

MDs nanomaterials are often hybridized with other kind of materials (carbon materials, metal 

sulfides, metal oxides and conducting polymers) when they are applied in EES systems. Carbon 

materials are the most frequently used materials for the hybridization because they present 

important properties such as the high electrical conductivity, which can accelerate the electron 

transport in layered MDs/carbon hybrids [90]. Additionally, 3D layered MDs-based nanomaterials 

with hierarchical structures can be constructed by growing layered MDs on the pre-synthesized 

substrates, which are expected to exhibit excellent electrochemical performance.  

2.5.5 Catalytic applications of Metal Dichalcogenides 

2D materials have attracted a lot of attention for their potential application in the catalysis of 

hydrogen evolution, hydrodesulfurization and CO2 reduction. The edges of their sheets are 
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reported to provide active sites for various processes [91]. The development of novel and 

efficient catalysts for renewable hydrogen generation has brought much interest since H2 is 

regarded as a superior energy source due to its large energy density and being environmental-

friendly. 

Early studies have shown that MDs are useful catalysts in hydro-desulfurization (HDS) reactions. 

MDs possess edges that comprise chalcogen or metal atoms. Edges can also be covered with 0%, 

50%, 75%, or 100% of chalcogen atoms, depending on the synthesis conditions and the size of 

the nanosheets [92]. Vertically aligned MDs nanosheets are also synthesized for catalytic 

applications due to having a high edge density [93]. 

Structural engineering through 2H semiconducting to 1T metallic phase transformation of MoS2 

shows a notable electrocatalytic performance, however the metastable nature of 1T phase will 

end up restacking in 2H semiconducting phase during the hydrogen evolution reaction (HER) [94]. 

The surface area, in exfoliated MD nanosheets, carries high density of edges which are potential 

active sites for electrochemical applications in sensing and energy production, in particular for 

hydrogen evolution reaction (HER). Exfoliated MD nanosheets have generated a great deal of 

attention as potential electrocatalysts for HER. The HER activity of MDs nanosheets stems from 

their edges while their basal planes are deemed inert. Efforts are underway to develop MDs with 

optimized HER abilities comparable to platinum such as by increasing the number of active sites 

improving electrical conductivity and enhancing the catalytic capacity of the active sites [95]. 
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Chapter 3 

 

Synthesis techniques of Metal 

Dichalcogenides 

 

MDs materials can be synthesized using top-down techniques, where the bulk forms are 

exfoliated into monolayers (MLs), and bottom-up techniques where precursors are used to 

growth MDs on different substrates or to crystals.  
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3.1 The top-down technique 

The top-down technique can produce high-quality monolayer samples at low cost and are very 

convenient for fundamental research and for the realization of proof-of-concept devices. There 

are basically two top down strategies adopted: mechanical exfoliation, where the Scotch-tape 

technique is the most known method, and the liquid exfoliation technique.  

3.1.1 Mechanical exfoliation method 

Mechanical exfoliation is the most common method for reducing bulk material down to the 

monolayer form [1]. The “scotch tape method” was first reported by Andre Geim and Konstantin 

Novoselov (Nobel prize for Physics in 2010) at the University of Manchester in 2004, these 

authors used a piece of tape to successfully isolate graphene. Despite its simplicity and crude 

procedure, the as-cleaved materials provide crystalline samples with extraordinary mechanical 

and electrical properties. Mechanical exfoliation became highly popular for synthesizing 2D 

materials, due to its versatility for the study of countless materials in the monolayer and few 

layers form and also for its low cost [2]. 

In a typical mechanical exfoliation process, appropriate thin MDs crystals are first peeled off from 

their bulk crystals several times to separate the layers of the material from their weak van der 

Waals interaction by using adhesive Scotch tape (Figure 2.10). The tape is then pressed on the 

substrate and gently heated to release the material from the tape onto the substrate. The tape 

is then removed and the substrate is studied under an optical microscope. Small regions of 

monolayer material can be observed on the substrate in the Figure 3.1. The isolated monolayer 

region is of very high quality however very small. This method is exceptional for basic 
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characterization and study of novel nanomaterials; however, the sparse monolayer region makes 

this process non-scalable for any future application [1].   

 

Figure 3.1 Schematic representation of the mechanical exfoliation process for graphene 

production [3]. 

Mechanical exfoliation is a low-cost method of 2D materials production, and is extremely 

convenient for fundamental research. However, scalable production of 2D flakes is highly 

challenging at this time. Additionally, several other factors (stoichiometry and stacking orders) 

play a key role in successful fabrication of monolayer MX2 nanostructures by the mechanical 

exfoliation. Since most MDs, and in particular MoS2, MoSe2, WS2 and WSe2, are available in bulk 

form, single layers can be exfoliated using the Scotch tape method. 

3.1.2 Liquid exfoliation method 

Liquid exfoliation methods are likely to be better suited for fundamental and proof-of-concept 

demonstrations in applications where large quantities of materials are required, such as 

electrochemical energy storage, catalysis, sensing or fillers for composites [4]. In liquid exfoliation 

a bulk material is inserted into a solvent such as N-methyl-2-pyrrolidone (NMP), 2-propanol (IPA) 

and N-cyclohexyl-2-pyrrolidone (CHP) or Tetrahydrofuran (THF) [5], [6]. Then, the solvent 

intercalates in the layers of the bulk material and through ultra-sonication, the solvent separates 

the layers (Figure 3.2) [7].  
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The shearing of the layers in the bulk material results in the abundance of monolayer and few 

layers in the solvent. A droplet of the solution is deposited onto the substrate and large amounts 

of monolayer material can be found (Figure 2.11). This method offers large amounts of 

monolayer material; however, the monolayers often have degraded due to surface 

contamination and structural distortion. 

 

Figure 3.2 Liquid exfoliation. Example of few layers graphene by shear exfoliation in liquids [4].  

3.2 Bottom-up technique 

It is mandatory to obtain a good control of synthesis in terms of number of layers, crystal quality, 

lateral dimension of sheets and scalability to large area substrates if we want to integrate MDs 

in existing electronics and to design novel devices. Top down methods, even if they permit to 

produce very high-quality material, in the case of the Mechanical Exfoliation method, they do not 

cover most of the requirements. For this reason, several techniques were developed with a 

bottom up approach, starting from MD constituent elements to controllably synthesize 

nanosheets over a given substrate.  

One method that is considered as a promising route, owing to its advantages of environment 

friendly, simple fabrication process and high product purity is the Hydrothermal synthesis, where 
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the surfactants play a significant role in the growth of various morphologies [8]. In the other 

hand, most of the reported bottom-up methods utilize one or two of the MDs constituent 

elements (metal and chalcogen) in vapor form, transporting the selected species over the 

substrate with a carrier gas [9]. This permits, in principle, to achieve a good control over the gas 

composition and, through flow dynamic optimizations obtained with chamber/tube design, to 

deliver the precursors in a homogeneous way over all the substrate area: large area scalability, 

uniformity and thickness control are routinely achieved for thin films deposited by Atomic Layer 

Deposition (ALD) or Chemical Vapor Deposition (CVD) and can be used to obtain monolayer MDs 

[10]. 

3.2.1 Hydrothermal Synthesis  

The hydrothermal technique is historically rooted in the geological sciences. In the mid-19th 

century, the term “hydrothermal” was first used by the British Geologist Sir Roderick Murchison 

to describe the formation of minerals by hot water solutions rising from cooling magma. Since 

then, extensive study has been performed to study the synthesis of new materials, the 

development of new hydrothermal methods, and the understanding of reaction mechanism[11]. 

Hydrothermal synthesis is a unique method for crystallizing substances from high-temperature 

aqueous solutions at high vapor pressures; also termed “hydrothermal method.'' The term 

“hydrothermal” is of geologic origin.  

Hydrothermal synthesis can be defined as a method of synthesis of single crystals that depends 

on the solubility of minerals in hot water under high pressure. The crystal growth is performed 

in an apparatus consisting of a steel pressure vessel called an autoclave, in which a nutrient is 

supplied along with water. A temperature gradient is maintained between the opposite ends of 
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the growth chamber. At the hotter end the nutrient solute dissolves, while at the cooler end it is 

deposited on a seed crystal, growing the desired crystal [12]. 

Traditional fabrication of MX2 films usually adopt physical methods that cannot be easily scaled 

up for commercial production. Generally, these methods, either involve a high temperature 

procedure or a complicated manipulation, which may result in the cost increase and further limit 

the potential applications [8].  By example, chemical vapor deposition is intensively used for the 

growth of two-dimensional MX2 thin sheet, requiring higher temperature synthesis. That is why,  

various chemical approaches were introduced for fabrication of MX2 thin films. Hydrothermal 

method is one of them and is considered a promising process due to its simplicity and high purity 

production. 

For example, Wen et al. [13] reported a hydrothermal strategy developed to synthesize high-

quality WSe2 films on a quartz substrate. N, N-dimethylformamide (DMF) and deionized water 

are used as double solvent, and low-cost selenium powder and sodium tungstate dehydrate are 

used as the Se and W sources, respectively. WSe2 films were in hexagonal phase, composed of 

almost vertically arranged WSe2 nanolayer, as we can see in the Figure 3.3. 

 

Figure 3.3 Photographs and SEM images of product on quartz with the reaction of different 

volumes of deionized water [13]. 
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3.2.2 Atomic Layer Deposition (ALD) 

ALD is a technique in which the two precursors are delivered separately in the growth chamber. 

It was invented by T. Suntola in 1974 and was originally used to deposit ZnS film for 

electroluminescent devices. ALD is nowadays very common for oxides growth and for conformal 

deposition on nanostructures, patterned substrates, high aspect ratio structures such as trenches 

or pillars, etc, and it is largely used for the deposition of high-k oxides [14].  

A single ALD growth cycle consists in: injection of precursor 1, purge with inert gas, injection of 

precursor 2, purge with inert gas (Figure 3.4). Excess reactants and reaction by-products are 

evacuated during purge cycles and the surface reactions during precursors supply are self-

limited: if the substrate surface is sufficiently reactive to the precursor and if the precursor does 

not bond with itself, one ALD growth cycle should in principle deposit a single monolayer of the 

selected specie: uniform films with excellent conformality can be thus deposited even onto 

complex-shaped large area substrates. For this reason, ALD should be considered as one of the 

most promising technique for the deposition of MDs, because theoretically it would permit to 

tailor the number of deposited layers by defining the number of cycles. Despite its potential, ALD 

is still not so widespread for MDs, mainly because of a lack of suitable chemistry. Nevertheless, 

several groups used ALD also for the deposition of metals or metal oxides of controlled thickness 

to be further sulfurized or selenized by other techniques [15]. 
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Figure 3.4 Schematic representation of ALD technique. 

3.2.3 Chemical Vapor Deposition (CVD) 

The term of CVD includes different routes for the synthesis of MDs such as Thin-Film Conversion 

[16], Chemical Vapor Transport (CVT) [17], Powder Vaporization [18] or the most general, 

Chemical Vapor Deposition (CVD) [19], etc. These routes will be explained better in the section 

3.2.3.1 of this chapter.  All of them follow the same principle, however slight changes will 

determine the name of the technique. Once when we know these techniques and the 

characteristics that differentiate them, we can have a better understanding of the synthesis route 

used to obtain MDs nanostructures in this thesis.  

The different CVD routes are widely used in materials science and the semiconductor industry. 

Far from being limited to thin film growth, which is the focus in this work, CVD can also be used 

for the synthesis of nanoparticles, nanotubes, and bulk powders. It is formally defined as the 

formation of a solid film on a substrate by the reaction of vapor phase chemicals that contain the 

required constituents. These vapor phase chemicals react on the substrate surface to produce 

the desired material, while by-products are removed from the CVD chamber by gas flow. The 
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final form of the material deposited relies on a number of parameters, including deposition 

temperature, pressure, gas flow and he growth substrate. The advantage of CVD over other thin 

film technologies, such as evaporation, molecular beam epitaxy, sputter coating or 

electroplating, is the high purity and control over film growth that can be obtained at a relatively 

economical cost. This has led to the application of CVD for the growth of epitaxial layers on 

crystalline substrates or films, and metallic, semiconducting and insulating layers in the 

microelectronics industry. Disadvantages of CVD include the possible by-products that can be 

formed during reactions, which could be potentially hazardous, or contaminate the final product 

[20]. Another major disadvantage is that CVD is generally carried out at high temperatures, 

restricting the substrates on which growth can occur. This could necessitate post-growth transfer 

of films to other substrates, which can cause damage and degradation [20].  

3.2.3.1 Different routes of Chemical Vapor Deposition (CVD) 

As we mentioned in the previous section, there are several methods under the denomination of 

Chemical Vapor Deposition. Here we focus in the most used ones and they are presented in the 

next sections with their characteristics that differentiate between them. 

3.2.3.1.1 Thin-Film Conversion 

Thin films of MDs were first synthesized in the 70’s [21]. The primary, uniform and scalable 

synthesis method was the conversion of a deposited metal (Mo, W, Sn, etc.) or oxide (MoO3, 

WO3, etc.) layer into MX2 in a chalcogen (S (g), Se (g), etc.) vapor environment or solid chalcogen 

precursors, this method was called Thin-Film Conversion (Figure 3.5). Recent refinement of this 

methods has led to high quality multilayer structures [17] and vertically aligned nanosheets [11]. 

While this technique is quite successful at achieving continuous films of MDs, it often results in 
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nanocrystalline structures, though recent works indicate that this can be overcome to achieve 

high-quality multilayer films with good management of parameters such as temperature and gas 

flow.  

 

Figure 3.5 Schematic representation of Thin-Film Conversion. 

3.2.3.1.2 Chemical Vapor Transport (CVT) 

Today most MD bulk crystals are synthesized via chemical vapor transport (CVT, Figure 3.6) [18], 

this method consists of mixing stoichiometric amounts of the metal with the chalcogen and a 

transport agent in a sealed vacuum tube. This system is then placed in a high-temperature 

furnace (700–1000 °C), where a temperature gradient across the sealed tube provides a driving 

force for transport of the elemental materials to the cool end, forming crystals of MX2. 

 

Figure 3.6 Schematic representation of Chemical Vapor Transport (CVT). 
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3.2.3.1.3 Powder Vaporization 

Another widely utilized synthesis method is powder vaporization, basically there is a direct 

sulfurization or selenization of the transition metal oxide in a tube furnace where the two 

precursors are all in powder form. Most studies utilizing this method focus on vaporization of 

metal oxide (MoO3, WO3, etc.) and chalcogen (S, Se) powders in a horizontal tube furnace, where 

the chalcogen powder is placed upstream from the hot zone and just outside the tube furnace. 

Upon heating, the metal oxide and chalcogen powders are vaporized and transported 

downstream in the furnace, coating the substrate material and forming MX2 (Figure 3.7) [19].  

 

Figure 3.7 Schematic representation of Powder Vaporization. 

3.2.3.1.4 Chemical Vapor Deposition (CVD) 

Finally, another vapor phase growth method, the chemical vapor deposition (CVD). The 

precursors in CVD are typically outside of the reactor tube and involve at least one gas phase 

precursor that thermally decomposes to deposit the final product (Figure 3.8). 
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Figure 3.8 Schematic representation of Chemical Vapor Deposition. 

To reach the objectives of this thesis a metallic thin-film was deposited on sapphire and SiO2 

substrates and a chalcogen powder was used for vaporization. Though this thesis we use the term 

CVD instead of CVD-powder vaporization/Thin film conversion for simplicity. 

In 2012, for the first time, Lain-Jong Li's group [22] reported a CVD method to synthesis large-

area, monolayer MoS2 films on silicon dioxide (SiO2) substrate. Molybdenum trioxide (MoO3) and 

sulfur (S) powders acted as solid reactants (Figure 3.9). 

In addition to MoS2 monolayer, there are also multilayers. For example, Zhan et al. [23] reported 

CVD synthesis of MoS2 by direct sulfurization of Mo metal film to get large area, few layers film. 

Transition metal oxide precursor-based methods were reported by Lee et al. wherein, few-layer 

MoS2 was synthesized using CVD [24]. The examples presented focus on MoS2 because it is the 

most studied within this family of materials but there are also studies about monolayers of WS2 

[25] for example or multilayers of WSe2 [26]. 

 

Figure 3.9 Schematic illustration for the experimental set-up [22]. 
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Recently there have been significant advances using CVD to produce high-quality MDs monolayer 

single crystals [22], [27]. CVD of MDs typically uses solid precursors, which are evaporated before 

the reaction and growth takes place. This is in contrast to gaseous precursors that are generally 

used for CVD growth of thin films, and may be responsible for some of the limitations in MDs 

growth which have recently been realized. The solid precursors are evaporated and carried 

downstream to the growth substrate in the gaseous phase, where they react and deposit on the 

substrate. Depending on the particular setup, the gas flow can be carefully controlled through 

the chamber design and a good flow dynamic optimization can, in principle, guarantee an 

efficient transport of species, good homogeneity, easily scale up to large area and excellent 

reproducibility. For these reasons, CVD is one of the most promising techniques to synthesize 

monolayers MDs on large area with controlled thickness, good crystallographic quality and 

excellent electronic properties. In addition, many reports of MDs production via CVD require 

excess amounts of oxide precursors, which can result in oxysulfide and other contaminants [22], 

[28]. 

The application of MDs materials to real devices, their large-scale growth is essential. The 

chemical vapor deposition (CVD) method is the most effective way to generate high-quality MDs 

layers with a scalable size, controllable thickness and excellent electronic properties. The 

obtained MDs monolayers or films can be used as the active components for nanoelectronics as 

the building blocks for constructing layered heterostructures (Figure 3.10) [29]. 
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Figure 3.10 Large-scale of growth of 2D materials by CVD [30]. 

3.2.3.2 Vertical growth of MDs 

The majority of recent studies are focused on the synthesis of 2D MX2, with domains of different 

morphology, crystallinity (phase), crystal size, etc. The MDs monolayer are a direct gap 

semiconductors [31] due to the 2D confinement. The difference in the electronic structure of 

monolayer MX2 in comparison with its bulk counterpart offers many opportunities for diverse 

applications such as solar cells [32], light-emitting devices [33] and ultrasensitive photodetectors 

[34]. The thesis focus on the synthesis of thin films, particularly with MDs layers with vertical 

orientation, this morphology is attractive because of the  predominately exposed edges exhibit a 

high surface energy and are reported to be metastable which may serve for diverse catalytic 

reaction [19] [29], [35]. Vertically grown MDs, with exposed edge sites have also been reported 

for hydrogen evolution reaction (HER) [36]  and gas sensing applications [37]. The control of the 

morphology, orientation and crystallography depend on the growth method and parameters 

used. The used CVD strategy for the synthesis of vertically-aligned nanosheets is based on the co-

evaporation of two precursors one for the metal, the other for the chalcogenide. The formation 

of the vertically aligned MDs layers is proposed to be driven by kinetic process, where at a high 
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temperature the transition metal thin film coverts to sulfide/selenide much faster than the 

diffusion of sulfur/selenium. Thus, the sulfur/selenium diffusion limits the growth process. On 

the other hand, the anisotropic structure of MDs layers makes it much faster for sulfur/selenium 

diffusion along the van der Waals gaps. Therefore, the MDs layers naturally orient perpendicular 

to the film, exposing van der Waals gaps for fast reaction.  

Table 3.1 Comparison of the different parameters using CVD method for vertically aligned MDs 

synthesis using S as a chalcogen. 

Material Morphology Parameters Method Application Reference 

MoS2 
Hexagonal-shaped nanoplates 

(HNPs) of MoS2 

850 °C, 60 min, 50 nm of 

Mo, S powder, Ar flow 
CVD Gas sensing [37] 

MoS2 Vertical aligned MoS2 flakes 

850 °C, 60 min, MoO3 

powder, S powder, Ar 

flow 

CVD Gas sensing [38], [39] 

WS2 WS2 nanosheets 

500 °C, 20 min, WO3 

powder, S powder, Ar 

flow, H2 flow 

CVD 
Photoelectrochemical 

water splitting 
[40] 

WS2 WS2 nanosheets 

0.25 mmol of 

(NH4)6H2W12O40·xH2O, 10 

mmol thiourea, 30 ml of 

deionized water 

Hydrothermal Thermoelectric [41] 

SnS2 SnS2 nanosheets 

700 °C, 5 min, SnI2 

powder, S powder, Ar 

flow, H2 flow 

CVD Phototransistors [42] 

SnS2 SnS2 nanosheets 
450 °C, SnCl4·5H2O, S 

powder, Ar flow, H2 flow 
CVD 

Photoelectrochemical 

water splitting 
[43] 
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Table 3.2 Comparison of the different parameters using CVD method for vertically aligned MDs 

synthesis using Se as a chalcogen. 

Material Morphology Parameters Method Application Reference 

MoSe2 MoSe2 nanoflowers 

850 ° C, 25 min, MoO3 

powder, Se pellets, Ar 

flow, H2 flow 

CVD HER [38],[44] 

WSe2 WSe2 films 

800 ° C, 25 min, W film, 

Se pellets, Ar flow, H2 

flow 

CVD Field-effect transistors [45] 

WSe2 WSe2 films 

0.20 g (NaBH4), 

9.2 mmol selenium 

powder, 4 mmol sodium 

tungstate dehydrate 

(Na2WO4·2H2O), 60 ml 

DMF. 

Hydrothermal Photodetector [13] 

SnSe2 SnSe2 nanosheets 

700 °C, 20 min, SnI2 

powder, Se powder, Ar 

flow, H2 flow 

CVD Photodetector [46] 

 

Tables 3.1 and 3.2 summarize reported results of state-of-the-art growth methods and 

applications. MoS2 is the most studied material and there are several publications about the 

synthesis of this material, including the vertical orientation. In this table, the different parameters 

used for the synthesis of vertically-aligned MDs are presented and can be compared with the 

methodology report in the Chapter 4. From these results it is clear that there are different ways 

to synthesize MDs, however it is always important find the fastest, low-cost, most scalable and 

reproducible routes. Compared with CVD routes, the hydrothermal method presents advantages 

such as low-cost and large area of production. However, the low solubility of elemental chalcogen 

and metal salt seems to be a problem as it limits the choice of organic solvents. An incomplete 
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dissolving of the reagent leads to low chemical reaction rate, which retards the formation of MX2 

films [13].  

Preliminary results on vertically aligned growth by our group were reported in [37], [47–49]. This 

thesis extends these studies to increase the knowledge in the growth of different vertically 

aligned MDs using vapor powder deposition and application in gas sensing.   
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Chapter 4 

Synthesis and Characterization of Metal 

Dichalcogenides 

The controllable growth of MDs is the first for step for the optimal integration in devices. 

The goal is to have a reproductible control of the material characteristics, which includes 

the number of layers, the crystallographic phase composition, or/and film morphology. 

Previous studies have already demonstrated that these 2D materials can prepared using 

mechanical and chemical exfoliation [1], [2], and chemical vapor deposition (CVD) [3–5]. 

CVD has proven to be an effective method for synthesizing MDs with control of the number 

of layers and morphology of the material, opening up new applications. This thesis focusses 

on the synthesis of vertically-aligned MDs, for potential application in gas sensing. The 

choice of vertically aligned nanosheets is due to the presence of a high number of exposed 

sheet edges.  

This chapter is divided in three sections:  a discussion on the synthesis of metal 

dichalcogenides, a discussion on the synthesis and characterizations of MDs based on Sulfur 

(MoS2, WS2 and SnS2) and on MDs based on Selenium (MoSe2, WSe2 and SnSe2). Possible 

applications of each synthesized material are also discussed. The characteristics and 

specifications of the characterization techniques can be found in the Appendix I. 
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4.1 Synthesis of Metal Dichalcogenides 

Once the materials of interest and the techniques used to synthesize them have been 

introduced as mentioned in the previous chapters, the next step is to synthesize the MDs. 

The synthesis of metal dichalcogenides were performed at the University of Namur, 

Belgium, under the supervision of Dr. Jean-François Colomer. The MDs nanosheets were 

grown using an Atmospheric Pressure (AP)-CVD technique (Figure 4.1). We choose APCVD 

due to it is the most general type of CVD reactors and has a low operating cost since no 

vacuum needed.  

 

Figure 4.1 AP-CVD set-up used for the growth of MDs at the University of Namur. 

A schematic representation is showed in the Figure 4.2 in order to give a better idea of the 

synthesis process. Figure 4.2 a) shows the synthesis scheme for the TMDs, where “M” is the 

metal film, “C” the chalcogen, “T” the temperature in °C. In the Figure 4.2 b) we can see the 

representation of the TDs synthesis. The parameters of all the synthesis are presented in 

the Table 4.2. 
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Figure 4.2 Schematic representation of the synthesis of a) TMDs and b) TDs. 

In order to prepare the samples for the synthesis, Molybdenum, Tungsten and Tin were 

deposited by sputtering process and more specific by magnetron sputtering. The sputtering 

process begins when a substrate to be coated is placed in a vacuum chamber containing an 

inert gas (usually Argon) and a negative charge is applied to a target source material that 

will be deposited onto the substrate causing the plasma to glow. Free electrons flow from 

the negatively charged target source material in the plasma environment, colliding with the 

outer electronic shell of the Argon gas atoms driving these electrons off due to their like 

charge. The inert gas atoms become positively charged ions attracted to the negatively 
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charged target material at a very high velocity that “Sputters off” atomic size particles from 

the target source material due to the momentum of the collisions. These particles cross the 

vacuum deposition chamber of the sputter coater and are deposited as a thin film of 

material on the surface of the substrate to be coated (Figure 4.3 a). A 50-nm thick metal 

film (Mo, W or Sn) was deposited on different substrates (sapphire or SiO2) by direct current 

magnetron sputtering (sputter current 100 mA), using a commercial sputter deposition 

system (Quorum Q15T/ES) in an Argon (99.9995%) atmosphere (Figure 4.3 b). 

 

 

Figure 4.3 a) Diagram of the DC Magnetron Sputtering Process and b) Quorum Q150T/ES.  

A pure metal target (Mo, Sn and W) with a 57 mm diameter was used, and the substrates 

were placed on a rotating holder with a 90 mm target (Figure 4.4). The pressure of the argon 

in the deposition chamber was 1 × 10−3 mbar. The metal film thickness was monitored using 

a quartz microbalance mounted in the deposition system.  
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Figure 4.4 Metal targets used for magnetron sputtering. 

When the metal films were deposited on the substrates for the synthesis of TMDs (Figure 

4.5 a) and the TDs (Figure 4.5 b), they were placed on the 49 centimeters of the quartz boat 

used as a support for the samples before the synthesis. For TMDs synthesis the chalcogen 

powder is placed at 3 cm and 51 cm, this is because the chalcogen in the case of TMDs will 

be placed at the ends because it is necessary a two-step reaction (each of 30 min) where in 

the first step the chalcogen closest to the sample is placed in the part of the reactor with 

the ideal temperature and the second chalcogen remains in a zone where it does not 

interfere until the second step when it is placed inside the reactor. While for TDs (Figure 4.5 

b), only one step is necessary and the chalcogen is placed in centimeters 47 and 51. Tin has 

a lower melting point in comparison with Mo and W and for that, the reaction time is 

smaller compared to with the TMDs reaction. The positions have been optimized and will 

change depending in the temperature and the reaction used. 
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Figure 4.5 Quartz stand used as a support for the samples during the reaction of a) TMDs 

and b) TDs. 

Then, the quartz boat is placed inside of the quartz tube that is close at the end in order to 

concentrate the vapor phase of the chalcogen powder and help with the diffusion in the 

metal film as we can see in the Figure 4.6 a) with its schematic representation in Figure 4.6 

b). The gas diffusion inside the tube goes from the open inlet to the bottom and back. In 

the case of the MD synthesis chalcogen powders are used. The parameters (presented in 

the Table 4.2 in this chapter) were varied to determine the optimal conditions for the 

growth of the vertically aligned nanosheets.  
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Figure 4.6 a) Quartz tube used during the MDs synthesis and b) schematic representation 

of the quartz tube. 

Finally, the quartz tube is placed inside the reactor, which is compose of a quartz tube with 

5 cm diameter, a special closing system to prevent gas leaks is connected to a hose where 

the waste comes out in vapor form (Figure 4.7) 

 

Figure 4.7 MDs system employed for synthesis reaction. 

During the synthesis the temperature in the reactor can be varied from 25 to 1100 °C and 

it will be controlled by a temperature control purchased from Carbolite (Figure 4.8).  
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Figure 4.8 Temperature control system purchased from Carbolite. 

The zones in the reactor where the temperature can be considered as optimal for the 

synthesis were determined by previous reports in the synthesis of MoS2 nanosheets [3].  

These optimal temperature zones for the reaction are shown the Figure 4.9 b). The zone 

one at 850 °C is where the reaction happens and the zone 2 at 400 °C is where the second 

chalcogen is keep before the second step without interaction with the synthesis in the first 

step. These temperature zones are used for the synthesis of TMDs. The zone one at 550 and 

450 °C are used for the synthesis of TDs (SnS2 and SnSe2, respectively). The temperature of 

the zone 2 decreases with the change of temperature for the TDs synthesis however, this 

zone is not used because only one step is employed as we presented in Figure 4.5 b). 
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Figure 4.9 a) CVD system and b) Schematic representation of the CVD temperature zones 

used during MDs synthesis. 

Prior to the sulfurization or the selenization the reactor is flushed for one hour to remove 

(reduce) oxygen, using a 0.745 L min−1 argon flow. After that, the reactor is inserted in the 

furnace. In the Figure 4.10 a) we present how does it like when we introduce the reactor 

into the furnace for the first step of the TMDs synthesis and the only step for the TDs 

synthesis. In the case of TMDs, a second step is performed and Figure 4.10 b) shows the 

final position of the reactor.  After the reaction, the quartz tube was removed from the 

reactor and was cooled with the argon flow for 1 h. 
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Figure 4.10 a) Illustration of the first step of the MDs synthesis and b) second step. The 

position of the quartz tube changes 7 cm between a) and b). 

In 2015, in our lab group, J-F Colomer reported a CVD method to synthesize vertically 

aligned MoS2 nanosheets (Figure 4.11) on Si substrates at atmospheric pressure [3]. This 

process was improved in 2016 replacing MoO3 with sputter-deposited Mo film on a Si (001). 

The Mo film samples were subject to sulfurization at 850 °C for 30 min under a constant Ar 

flow at atmospheric pressure [6].  
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Figure 4.11 SEM images of MoS2 nanosheets grown [3]. 

The reaction routes for the synthesis of MoS2 this experiment using powders for the metal 

oxide and chalcogen could be expressed as follows (where, s = solid, and g = gas): 

𝑆(𝑠) → 𝑆(𝑔) … … @450 °𝐶 

𝑀𝑜𝑂3(𝑠) → 𝑀𝑜𝑂3(𝑔) … … @850 °𝐶 

𝑀𝑜𝑂3(𝑔) + 4𝑆(𝑔) → 2𝑀𝑜𝑆2(𝑠) + 3𝑂2(𝑔) … … @850 °𝐶 

As the reaction proceeds, further adsorption of incoming species occurs at the already 

nucleated sites. This leads to the formation of MoS2 nanosheets on the substrate surface. A 

very fast reduction of MoO3 by S might have an important role in the formation of vertically 

aligned layered MoS2 nanosheets [3]. These results are the starting parameter to find the 

good conditions for the synthesis of other MDs and they will be discussed in the Discussions 

sections of this chapter. 
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4.1.1 Influence of the metal thin film on the morphology of the MDs 

Depending on the growth method, the metal precursor can be metal oxide powders, 

vaporized liquids or pre-deposited thin metallic or metal-oxide layer on a substrate.  The 

direct deposition of the metal film (Mo, W and Sn) onto the substrate SiO2 or sapphire is 

the best way to control the thickness of these materials for the sulfurization or selenization. 

It is often reported that the synthesis of mono or few-layers MDs depends on the thickness 

and homogeneity of the initial metal deposition. The thickness control is not studied in this 

thesis, for all samples the starting metallic film was 50 nm. 

4.1.2 Effect of the Oxidation on the morphology of the MDs 

The sputtering deposition of the metal film onto the substrate, was performed extra-situ 

therefore the films were exposed to air and oxidation occurred. This oxidation plays an 

important role during the synthesis process. In the case of the TMDs for example, Mo and 

W when exposed to air will be oxidized and form Mo or W oxides. During the high-

temperature procedure, the metal oxide aggregation and the sulfurization or selenization 

reaction will take place simultaneously. This oxidation helps for the vertical growth of the 

nanosheets and we will talk about it in the final discussion of this chapter. For the Tin, the 

Sn thin film is exposed to air, however oxidation by air exposition is not enough to favorize 

the formation of vertically-aligned nanosheets. For that the Sn thin film after deposition is 

oxidized in air at 300 °C and before the synthesis reaction. In the Figure 4.12 a), we can 

observe the morphology of the starting material exposed only to air and in Figure 4.12 b) 

the morphology changes when it is oxidized at 300 °C before sulfurization. Comparing these 
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two figures we can observe clearly how the oxidation of the starting material changes the 

morphology of Sn and some aggregates are presented in the starting material (Sn in this 

case), forming valleys in the film where the chalcogen in vapor phase can be internalized in 

these valleys, the diffusion of this is favorized for the formation of the vertically-aligned 

nanosheets. 

 

Figure 4.12 SEM images of a) 50 nm of Sn exposed to air and b) 50 nm of Sn oxidized in air 

at 300 °C. 

Find the correct temperature for the oxidation is also an important step because it may 

change the morphology of the MDs nanomaterial. In the Figure 4.13 we can observe two 

SnS2 synthesized samples using the same parameters however with different morphologies 

due to the oxidation temperature.  For oxidation at 200 °C, sphere-like nanostructures are 

formed (Figure 4.13 a) however, if the temperature increases to 300 °C the formation of 

vertically-aligned nanosheets (Figure 4.13 b) is favorized. 
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Figure 4.13 SEM images of SnS2 with different morphologies, a) spheres and b) vertically-

aligned nanosheets. 

Both Mo and W films (50 nm) air oxidized at room temperature were used as a starting 

material for the synthesis of TMDs. While Sn films (50 nm) air oxidized at 300 °C were used 

for the synthesis of TDs. 

4.1.3 Effect of the Temperature during the MDs synthesis  

During the synthesis different parameters such as temperature, gas flow (Argon and 

Hydrogen), quantity of chalcogen and thickness of the metal film were varied. Stablish 

optimal synthesis parameters is crucial because they will strongly affect properties of the 

materials such as purity, crystallinity, as well as morphology. Here we evaluate the effect of 

the reaction temperature. 

The reaction temperature will be different depending on the melting point of the metal film. 

For comparison, we refer to results reported to MoS2 [6]. For example, when temperature 

was varied from 850 °C to 500 °C vertically-aligned nanosheets were not formed (Figure 

4.14), even if we kept all the parameters (gas flow, thickness of the metal film and quantity 
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of chalcogen) fixed as reported in [3]. The result was an oxidized Mo film without the 

presence of nanosheets of any type (vertical or horizontal way). 

 

Figure 4.14 SEM image of the MoS2 synthesis at 500 °C. 

The melting temperatures and evaporating temperatures of the used materials are 

presented in the Table 4.1. 

Material Melting temperature (°C) Evaporation temperature (°C) 

Mo 2623 4639 

MoO3 795 1155 

W 3410 5930 

WO3 1473 1700 

Sn 232 2602 

SnO2 1630 1800 

S 115 445 

Se 221 685 

Table 4.1 Melting temperatures and evaporating temperatures of the used materials. 
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For TDs due to lower melting temperature of Tin, low reaction temperatures were used for 

the synthesis of SnS2. In figure 4.15 we can observe that increasing the reaction 

temperature the formation of sheets occurs, the number and size of the sheets increased 

until 600 °C above this temperature the material is damaged. The final temperatures of all 

the materials are presented in the Table 4.2. It is important to mentioned that these 

temperatures were not selected for the final parameters. 

 

Figure 4.15 SEM images of the SnS2 synthesis at different temperatures a) 450 °C, b) 500 °C, 

c) 600 °C and d) 650 °C. 

4.1.4 Effect of the Gas Flow in the MD’s morphology 

Another parameter to considered is the gas flow, Argon in the case of the metal disulfides 

and Argon/Hydrogen for the metal diselenides (Figure 4.16 a). The gas flow determines the 

interaction time (residence time) of the chalcogen atoms with the surface of the metal film. 
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This is a very important parameter for the synthesis of aligned sheets. All the gases were 

introduced in the furnace via a mass flow controller (Figure 4.16 b), therefore the chalcogen 

concentration during the vapor phase was determinate by the gas flow. 

 

Figure 4.16 a) Bottoms of Argon (Ar) and Hydrogen (H2) utilized during this thesis work and 

b) gas controllers. 

The SEM micrographs in Figure 4.17 show the morphology of the obtained SnS2 samples 

synthesized using different gas flow that were not selected as a final parameter. Decreasing 

the gas flow the amount of nanosheets decreased, however their size increased due to the 

high concentration of chalcogen and because the velocity of the reaction was going slow. 

Further results will be discussed in the next sections. 

 

Figure 4.17 SEM images of the SnS2 synthesis at different gas flows a) 500 sccm, b) 300 sccm 

and c) 100 sccm. 
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For metal diselenides, the gas flow changes now with the addition of H2.  The presence of a 

strong reducer is indeed mandatory for the selenization reaction, compared with the 

sulfurization reaction [4], [7], [8]. 

 That said, finding the optimal conditions for gas flow in the case of metal diselenides is very 

important because you also have to find the ideal conditions for the H2 to help with the 

reduction of the Se part. In the Figure 4.18 we can observed the differences in morphology, 

size and formation of nanosheets between the gas’s concentration but also how the final 

product change when the reducer is increased. 

 

Figure 4.18 SEM images of the SnSe2 synthesis at different gas flows a) 40 Ar/5 H2 and b) 20 

Ar/10 H2. 
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The final parameters presented in this thesis work are shown in the Table 4.2. 

Sample 
Temperature 

(°C) 

Gas Flow 

(sccm) 

Time 

(min)/steps 
Metal film (nm) Chalcogen (g) Reference 

MoS2 850 745 Ar 30/2 50 nm of Mo 
0.420 g of 

Sulfur 
[6] 

WS2 850 745 Ar 30/2 50 nm of W 
0.420 g of 

Sulfur 
[9] 

SnS2 550 70 Ar 30/1 50 nm of Sn 
0.420 g of 

Sulfur 

Article 

Submitted 

MoSe2 900 

600 Ar 

60 H2 

30/2 50 nm of Mo 
0.700 g of 

Selenium  

WSe2 850 

475 Ar 

150 H2 

30/2 50 nm of W 
0.700 g of 

Selenium 
[4] 

SnSe2 450 

10 Ar 

10 H2 

30/1 50 nm of Sn 
0.700 g of 

Selenium 

Article 

Submitted 

Table 4.2 Parameters used for the synthesis of MDs vertically-aligned nanosheets. 
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4.2 Characterization techniques  

The results discussed in the next section were obtained using the following equipment: 

• Scanning electron microscopy (SEM) analyses were conducted on a JEOL 7500F 

microscope operating at 15 kV.  

• Transmission electron microscopy studies were carried out on a TECNAI T20 

microscope working under 200 kV for bright-field images and electron diffraction 

and on an aberration-corrected FEI Titan Low-base microscope for scanning TEM. 

This STEM instrument was operated at 80 kV.  

• The structure of the sample has been investigated by X-ray diffraction (XRD) using a 

Panalytical X’Pert PRO diffractometer (Cu Kα radiation, Bragg–Brentano geometry). 

• The MDs nanosheets were examined using a micro-Raman system (Senterra Bruker 

Optik GmbH) with a 3 cm−1 resolution, using a laser excitation laser source (532 nm 

wavelength), and a laser power of 2 and 5 mW, respectively.  

• The chemistry of the MDs nanosheets was studied with X-ray photoelectron 

spectroscopy (XPS) using an Escalab 250i Thermo Fisher ScientificTM instrument 

(consisting of a monochromatic Al Kα X-ray source and a hemispherical deflector 

analyzer working at a constant pass energy).   
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4.3 Synthesis results of Metal Dichalcogenides using Sulfur as a Chalcogen 

The study of MX2 samples synthesized by sulfurization of 50 nm of metal film deposited on 

a sapphire or SiO2 substrate are presented in the next sections (Parameters used in Table 

4.2). 

4.4 Molybdenum Disulfide (MoS2) 

4.4.1 Electron microscopies of MoS2 nanosheets 

SEM images show the morphology of the MoS2 samples, the low-magnification images in 

Figure 4.19 a) reveals a large amount of MoS2 nanosheets with vertical orientation that are 

uniformly distributed on the sapphire substrate. The high magnification image in Figure 4.19 

b) shows that the MoS2 nanosheets, with a thickness around 20 nm and a length between 

70-100 nm, these have a well-defined shape with sharp edges. The optimized double 

sulfurization step leads to a homogeneous distribution of MoS2 nanosheets over the entire 

substrate surface without forming any aggregated crystals, as previous reported by us [10]. 

In addition, we observed a good synthesis reproducibility.  

 

Figure 4.19 SEM images of synthesized products for a) and b) vertically aligned MoS2 

nanosheets. 
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These structures were further characterized using transmission electron microscopy (TEM). 

The nanosheets were removed from the substrate by scratching, and were collected on a 

holey-carbon copper grid. As can be seen  in Figure 4.20 , the MoS2 layers are well stacked 

with an interlayer distance of 0.64 nm, corresponding to the (002) plane of bulk MoS2 [3], 

[6], further detailed analysis in the same region of the sample, shows a lattice d spacing of 

0.24 nm, which corresponds to (100) lattice plane of hexagonal MoS2 phase (2H phase) [11]. 

 

Figure 4.20 High resolution TEM image of the MoS2 crystals, showing the (002) and (100) 

crystal planes. 

4.4.2 X-Ray diffraction analysis of MoS2 nanosheets 

Based on the microscopy studies, the conclusions that can be drawn is that the MoS2 

nanosheets are crystallized in the hexagonal structure. This has been checked using XRD. 

Typical XRD spectra of the MoS2 nanosheets obtained by CVD are shown in Figure 4.21. The 

diffraction peaks appearing at 14.26°, 33.8°, 39.67°, 45.38° and 58.4° can be assigned to the 

(002), (100), (103), (006) and (110) family lattice planes of hexagonal MoS2, which 

correspond to the reported data (JCPDS card no.77-1716) for the hexagonal 2H phase [12–
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14] with the unit cell parameters a = b = 0.315 nm, c = 1.229 nm. In well agreement with 

TEM analysis. 

 

Figure 4.21 XRD pattern of MoS2 nanosheets. 

4.4.3 Raman spectroscopy of MoS2 nanosheets 

Raman spectroscopy was performed to study the signature of vibrational modes to confirm 

the formation of the MX2 nanosheets for all the materials in this chapter. A typical Raman 

spectrum of the as-synthesized MoS2 nanosheets is shown in Figure 4.22. We found that 

MoS2 exhibits two intense peaks at 383.1 and 408.3 cm-1, assigned to MoS2 phonon modes. 

The most intense peak at 408.3 cm-1 corresponds to the out-of-plane A1g vibration mode. 

The in-plane E12g vibration mode corresponds to the peak at 383.1 cm-1 [10], [15]. Lee et al., 

[16] reported that E12g vibration softens (red shifts), while the A1g vibration stiffens (blue 

shifts) with increasing sample thickness. For samples of four or more layers, the frequencies 

of both modes converge to the bulk values. Monolayer MoS2 exhibits a strong E12g vibration 

mode at 384 cm-1 and A1g vibration mode near 400 cm-1. Our values are closer with the 
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values reported for the bulk phase (383 and 408 cm-1 for E12g and A1g, respectively) [17]. The 

position with these peaks agrees with our Raman analysis and we can conclude the 

multilayer nature of our sample. 

 

Figure 4.22 Raman spectrum with 532 nm excitation laser of MoS2 nanosheets. 

4.4.4 Photoluminescence of MoS2 nanosheets 

Photoluminescence is an effective technique to evaluate the optical properties of 

luminescent materials. Photoluminescence in semiconductors quantifies the recombination 

efficiency of photogenerated charges.  

All the samples were studied at the excitation wavelength of 532 nm. In Figure 4.23 the first 

peak at 580 nm could be attributed to the direct allowed transitions in MoS2, value close to 

ones given in the literature, which is in agreement with the values of monolayer samples 

and can be due to the presence of some nanosheets with monolayer nature [6], [18]. For 

monolayer the valence band maxima and conduction band minima are both at high-
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symmetric K-point revealing direct band gap semiconductor as can be seen in Figure 2.10 in 

Chapter 2 [19]. The PL peak observed at 799 nm (1.35 eV) correspond to an increased band-

gap of the as-grown MoS2 nanosheets. In this case, the signature of the substrate can also 

be found in the low intensity peak at 871 nm (1.42 eV). Here, SiO2 was used as substrate 

due to the strong transitions of sapphire made impossible to see the answer of the 

materials, the transitions from substrate are visible. A similar photoluminescence has been 

previously reported for few-layer MoS2 [20], [21]. In bulk MoS2, the photoluminescence is 

not observable because it is an indirect band gap (1.29 eV) semiconductor [21]. Due to the 

vertical orientation of the nanosheets, the morphology of the sample can influence the 

results obtained in PL. The edges of these nanosheets are exposed and it has been 

demonstrated an increase of photoluminescence in this region because of the S vacancies 

[22], [23]. The TEM analysis was not oriented to find imperfections and it cannot confirm 

these vacancies.  

 

Figure 4.23 a) PL spectra of MoS2 nanosheets. 
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4.4.5 Chemical analysis of MoS2 nanosheets 

The MoS2 nanosheets were analyzed by X-Ray photoelectron spectroscopy to obtain their 

atomic relative concentration and chemical configuration. Figure 4.24 shows the survey 

spectrum of MoS2 nanosheets after the synthesis. The presence of the Sulfur XPS signal 

indicates that synthesis of MoS2 was successful. the peaks belonging to O1s, C1s, Mo3d and 

S2p are marked in the spectrum. The relative atomic concentration of the sample was 

oxygen 11.15 at. %, carbon 23.13 at. %, molybdenum at 23.91 % and sulfur 41.81 at. % with 

a S/Mo ratio of 1.74. This ratio is given as an indication (and will be for the other materials 

in the following paragraphs). It depends on many factors, including the XPS analysis 

parameters and of course the sample.  Thus, in our studies, we focused on the regions of 

interest (Mo3d, W4f, S2p, Se 3d, etc...) in high resolution, and the survey spectra were taken 

only to observe the elements present, with low energy resolution and low number of scans. 

Another information is the depth of analysis, the first nanometers of the surface, which 

gives in fact in the case of our samples an idea an information on the edges exposed mostly 

on the surface, due to the nanosheets alignment. The theoretical value of this ratio is of 

course 2. A value less than 2 could indicate that there are some S vacancies and these 

vacancies are located at the edges of the sample. 
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Figure 4.24 Survey spectrum of MoS2 nanosheets. The peaks from O1s, C1s, Mo3d and S2p 

are observed. 

The chemical state of the as-grown samples was investigated by X-ray photoelectron 

spectroscopy (XPS). The XPS spectra recorded on the Mo 3d and S 2p areas are shown 

figures 4.25 a) and b), respectively. In the Figure 4.25 a), the Mo 3d region exhibits two 

characteristic emission peaks at 232.1 and 229.0 eV attributed to the doublets Mo 3d3/2 and 

Mo 3d5/2. These binding energy values are consistent with electrons of Mo4+ corresponding 

to MoS2 [24], [25]. Additionally, in this region, the S 2s peak at a binding energy of 226.2 eV 

corresponding to MoS2 is also observed [25]. Besides the main MoS2 component, there is a 

small contribution of the Mo 3d doublet at binding energies 235.7 and 232.8 eV attributed 

to the presence of MoO3 [26]. Figure 4.25 b), shows two main peaks, S 2p1/2, and S 2p3/2 at 

163 and 161.8 eV, respectively, with a spin–orbit energy separation of 1.2 eV corresponding 

to MoS2 (S2− oxidation state) [27]. One should note that no sulfur oxide peak was observed 

between 168 and 170 eV, which indicates that no oxidation of sulfur atoms occurred in this 
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sample. All these results are consistent with the reported values for the 2H-phase of the 

MoS2 nanosheets [3]. 

 

Figure 4.25 XPS spectra of the MoS2 nanosheets (a) Mo 3d and b) S 2p. 

4.4.6 Conclusions 

Highly crystalline vertically-aligned MoS2 nanosheets on sapphire substrate have been 

synthesized by CVD method. The TEM, XRD and Raman spectroscopy characterization of 

the nanosheets give us information about the presence of the 2H phase and with the SEM 

images we observe the thickness and size of this nanosheets (around 20 and 100 nm, 

respectively). PL presents the multilayer nature of this sample and also the S vacancies in 

the exposed edges and which is also confirmed with the ratio in the XPS analysis. 
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4.5 Tungsten Disulfide (WS2) 

4.5.1 Electron microscopies of WS2 Nanosheets 

The morphology of the as-synthesized WS2 sample was characterized by SEM. The low-

magnification images in Figure 4.26 a) reveal a large amount of WS2 nanosheets with a 

vertical orientation that are uniformly distributed on the sapphire substrate.  The 

nanosheets present thickness between 10 and 20 nm, length around 30 nm and have a well-

defined shape with sharp edges. The synthesized samples are homogeneous without 

formation of crystal aggregates. 

 

Figure 4.26 SEM images of synthesized products for a) and b) vertically aligned WS2 

nanosheets. 

Individual WS2 nanosheets were analyzed using the Transmission Electron Microscopy 

(TEM). The TEM image in the Figure 4.27 a) reveals the stacking of WS2 (002) layers with an 

interplanar spacing of 0.62 nm and a lattice spacing of 0.33 nm, which is corresponds to 

(100) lattice plane of hexagonal WS2 phase (Figure 4.27 b) [28], [29]. 
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Figure 4.27 High resolution TEM image of the crystal showing the a) (002) and b) (100) 

crystal planes. 

WS2 samples were also examined by Energy-dispersive X-ray spectroscopy (EDS) using 

Scanning Transmission Electron Microscopy/High-Angle Annular Dark-Field imaging 

(STEM/HAADF) in the EMAT’s group at the University of Antwerp. Figure 4.28 a) shows a 

cross-section of a WS2/SiO2 the vertical orientation of the nanosheets can be clearly seem. 

In the EDS spectrum the W and S are observed, demonstrating the chemical composition of 

our sample (Figure 4.28 b and c), indicating that these elements are uniformly distributed 

along the nanosheets.  

 

Figure 4.28 a) STEM/HAADF of vertically aligned WS2 nanosheets and EDS spectrum of b) W 

and c) S. 
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4.5.2 X-Ray diffraction analysis of WS2 Nanosheets 

XRD was used to examine the crystal structure of the WS2 nanosheets. Figure 4.29 presents 

the XRD patterns of the sample. The diffraction peaks at 14.16°, 33.1°, 38.5°, 45.28°, 58.5° 

and 69.2° can be referred to the crystal planes (002), (100), (103), (006), (110) and (108) of 

WS2 [30]. All the peaks can be attributed to the 2H phase (JCPDS no. 08-0237), indicating its 

high purity [31] with the unit cell parameters a = b = 0.315 nm, c = 1.227 nm. The (002) 

diffraction peak of the WS2 nanosheets is observed at 14.16°, indicating their well-stacked 

layered structure. Zheng et al. [32] reported that the intensity of the diffraction peak (002) 

is directly proportional with the crystal size and the number of layers of the sample. When 

the material is close to the bulk phase, the intensity of the peak is higher than the monolayer 

phase. Therefore, the main difference is the intensity of the (002) diffraction peak, where 

in the case of MoS2 is higher than in the XRD pattern of WS2. For that, we can say that MoS2 

presents more layers in its structure than WS2. 

 

Figure 4.29 XRD pattern of WS2 nanosheets. 
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4.5.3 Raman spectroscopy of WS2 Nanosheets 

Figure 4.30 shows the Raman spectrum of WS2 nanosheets with the two main peaks at 

353.9 and 420 cm-1, assigned to the phonon modes. as in the case of MoS2 [33]. In a 

monolayer sample, the two peaks are observed at 350 and 420 cm-1 corresponding to the 

E12g and A1g vibration modes, respectively. The frequency difference is thickness dependent 

and can be used to determine the number of layers as we explained in the Raman analysis 

of MoS2. Zeng et al. [5] reported a frequency difference between E12g and A1g modes of 65.5 

cm−1 for monolayer, while for bulk phase the value is around 70 cm-1. The red-shifting of 

E2g1 mode and blue-shifting of A1g mode could be observed with increasing layer number 

[34], [35]. The frequency difference is our sample is 66.1 cm-1 which indicates that our 

material is multilayer because its frequency is between the monolayer and bulk phase.  

 

Figure 4.30 Raman spectrum with 532 nm excitation laser of WS2 nanosheets. 
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4.5.4 Photoluminescence of WS2 Nanosheets 

Photoluminescence shows that WS2 exhibits a transition from indirect band-gap 

semiconductor in the form of bulk and multilayers to direct band-gap one in monolayers 

[34]. The Figure 4.31 presents the PL spectrum of the WS2 sample. The first peak at 580 nm 

could be attributed to the direct allowed transitions in WS2, value close to ones given in the 

literature [36], which agrees with the values of monolayer samples and similar to MoS2 

cases [18] (see Figure 2.11 in Chapter 2). The PL peak observed at 799 nm (1.35 eV) 

correspond to an increased band-gap of the as-grown WS2 nanosheets. In our sample, the 

maximum PL intensity may be attributed to the nanosheets edges. In this context, Peimyoo 

et al. [22] have demonstrated larger monosulfur vacancies concentration near the edges in 

comparison with the interior of the nanosheets, explaining the features observed in our PL 

spectrum. 

 

Figure 4.31 PL spectra of WS2 nanosheets. 
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4.5.5 Chemical analysis of WS2 Nanosheets 

The WS2 nanosheets were analyzed by X-Ray photoelectron spectroscopy to obtain their 

atomic relative concentration and chemical configuration. Figure 4.32 shows the survey 

spectrum of WS2 nanosheets after the synthesis. The presence of the Sulfur and W XPS 

signal indicates the bond between these two elements is present. The peaks belonging to 

O1s, C1s, S2p and W4f are marked in the spectrum. The relative atomic concentration of 

the sample was oxygen 9.62 at. %, carbon 29.62 at. %, sulfur 40.8 at. % and tungsten 19.96 

at. % with a S/W ratio of 2.04. The value is close to the theoretical one and can be 

considered but with the precautions explained previously in the section 4.4.5. 

 

Figure 4.32 Survey spectrum of WS2 nanosheets. The peaks from O1s, C1s, S2p and W4f are 

observed. 
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The WS2 nanosheets were investigated by X-ray photoelectron spectroscopy (XPS). The XPS 

spectra recorded on the W 4f and S 2p binding energy regions are shown in Figure 4.33. 

Figure 4.33 a) shows W 4f3/2 and W 4f7/2 peaks at  34.8 and 32.7 eV, respectively, which 

confirms the presence of W with a valence of +4 [37] of the semiconducting 2H phase [38]. 

As for the doublet at 38.3 and 36 eV in Figure 4.33 a), we assign them to the W-O bond, 

indicating that some of the starting material (WO3) is not reacting and remains so in the 

final product [29]. Similarly, Figure 4.33 b) shows deconvoluted peaks corresponding to S 

2p1/2 and S 2p3/2 at 163.5 and 162.3 eV. These values are coherent to the previously 

reported values of WS2 nanosheets. Doublet peaks of S 2p1/2 and S 2p3/2 are characteristic 

of S2- in WS2 [39]. The XPS results indicate that the W film is transformed into WS2 

nanosheets after the sulfurization process [39]. During sulfurization the metal oxide film 

may not react completely during the synthesis process. 

 

Figure 4.33 XPS spectra of the WS2 nanosheets (a) W 4f and 5p and b) S 2p. 
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4.5.6 Conclusions 

Highly crystalline vertically-aligned WS2 nanosheets on sapphire and SiO2 substrates have 

been synthesized by the proposed CVD route. The length and thickness of the nanosheets 

are around 30 and 20 nm, respectively. In accordance, TEM, XRD and Raman spectroscopy 

characterization indicate the presence of the 2H phase. The PL spectrum suggest the 

presence of few monolayers in the sample, however the majority of the nanosheets are 

multilayers. An intense peak associated to S vacancies at the exposed edges was observed. 

Finally, the XPS analysis shows that the sulfurization reaction was almost complete. 

4.6 Tin Disulfide (SnS2) 

4.6.1 Electron microscopies of SnS2 nanosheets 

SEM images in Figure 4.34 show the morphology after the sulfurization of Sn deposited (50 

nm) on a sapphire substrate for the SnS2 nanosheets. The low-magnification images in Fig. 

4.34 a) and b) reveal a large amount of SnS2 nanosheets that are uniformly distributed on 

the sapphire substrate. The high magnification image (Figure 4.34 c) shows SnS2 

nanosheets, with an average length of 500-600 nm and a thickness of 30-35 nm, have a 

well-defined shape with sharp edges. The difference between these three images is the 

magnification. The homogeneity of the sample (Figure 4.34 a) can be observed (Figures 4.34 

b and c). Figure 4.34 d) shows the cross section of the sample. The image was taken at till 

angle of 62°, the presence of SnS2 nanosheets with vertical orientation can be observed. 
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Figure 4.34 SEM images of synthesized products for vertically aligned SnS2 nanosheets, a-c) 

top view and d) cross section (62°). 

The morphology of the as-synthesized SnS2 nanosheets has been characterized using TEM 

(Figure 4.35 and 4.36). The Figure 4.35 a) and b) shows representative images of nanosheets 

exhibiting the layered structure with a typical interlayer distance of 0.59 nm corresponding 

to the (001) crystal planes. Figure 4.35 c) shows a low magnification image of a single 

nanosheet with the corresponding selected area diffraction (SAED) pattern in the inset. This 

SAED pattern exhibits well-defined and sharp spots in a hexagonal geometry, indicating a 

hexagonal crystal structure and the single-crystal nature of the observed nanosheet. A 

magnified region of this nanosheet is given in Figure 4.35 d) where appears clearly lattice 

fringes with spacing to 0.32 nm relating to the (100) crystal planes. This distance confirms 

also the hexagonal phase of the nanosheets [40], [41].  
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Figure 4.35 a) and b) TEM images of layered structures of nanosheets, c) Low magnification 

image of a single nanosheet with SAED pattern in inset and d) high resolution image of the 

crystal showing the (001) crystal planes. 

Fig. 4.36 a and b show two high-angle annular dark-field (HAADF) STEM micrographs of two 

different SnS2 nanosheets, revealing the high crystallinity of these flakes. EDS analyses 

performed on these materials confirm the high purity of these flakes with the good ratio 

S/Sn of 2, see Fig. 4.36 c. The TEM grid is made of Cu and that explain its presence in the 

spectra. 
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Figure 4.36 STEM images in HAADF mode of SnS2 nanosheets. 

4.6.2 X-Ray diffraction analysis of SnS2 nanosheets 

Based on the microscopy studies, the conclusions that can be drawn is that the SnS2 

nanosheets are crystallized in a hexagonal structure. This has been checked using XRD. 

Indeed, in Figure 4.37, a typical XRD pattern of the as-prepared SnS2 nanosheets is shown. 

The diffraction peaks appearing at 14.5°, 28.6°, 32.3°, 50.2° and 52.1° are distinctly indexed 

to the (001), (100), (101), (110) and (102) planes of the hexagonal SnS2 phase, which are 

very close to the reported data (JCPDS card 23-0677) for the hexagonal 2H phase [42] with 

the unit cell parameters a = b = 0.364 nm, c = 0.589 nm. The intensity of the (001) diffraction 
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peak can be because of the lager nanosheets and for the multilayer nature of the sample 

(more layers if we compare it with MoS2 and WS2). 

 

Figure 4.37 XRD pattern of SnS2 nanosheets. 

4.6.3 Raman spectroscopy of SnS2 nanosheets 

Figure 4.38 a) shows the Raman spectrum of SnS2 nanosheets, the two main peaks of 205 

and 315 cm-1, assigned to the phonon modes. The most intense peak at 315 cm-1 is assigned 

as A1g mode corresponding to vertical out-of-plane vibration between S-S. In the Figure 4.38 

b) the Eg correspond to non-degenerate in-plane vibration mode with a single band at 205 

cm-1 [43], [44]. The low intensity of the Eg peak is explained by the low thickness of the 

nanosheets, reducing the in-plane scattering centers as already reported [45]. The Raman 

signature of the SnS2 material agrees with the previous results and confirms the 

crystallization into hexagonal 2H structure. 
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Figure 4.38 Raman spectrum with 532 nm excitation laser of SnS2 nanosheets (a) and (b). 

4.6.4 Photoluminescence of SnS2 nanosheets 

The PL spectrum of the SnS2 sample exhibits different features:  a low intensity sharp peak 

at 580 nm (2.14 eV) that is attributed to recombination at the indirect bandgap of thin SnS2 

film [46], [47] and an intense broad peak located at 730 nm (1.70 eV) whose origin can be 

associated to different recombination according to the literature: the presence of another 

stoichiometry such as SnS material, giving rise to a PL transition at this energy could be the 

explanation despite the fact that previous discussed characterization results indicate the 

sole presence of 2H-SnS2. However the energy does not correspond to the band gap of SnS 

around 825 nm (1.5 eV) and the broad of the peak does not argue for a single and well-

defined energy transition [48]. A report on 2D flakes of SnS2 synthesized by wet chemistry, 

show similar features on the PL spectrum (at 532 nm) with a sharp peak at about 580 nm 

(indirect excitonic peak as previously assigned) and a broader peak centered here at about 

660 nm [43]. This was explained by the author as indirect exciton recombination of 4H phase 

of SnS2 present in the sample, rejecting the other possibilities due to the high quality of the 
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synthetized SnS2 flakes (without impurities, without sulfur vacancies, etc.). In our SnS2 

material, 4H phase is not present, which makes it impossible to reach the same conclusion. 

However, such broad peak can be also ascribed as effect of crystalline defects/impurities or 

effect of interface strain between film and substrate, generating bound excitons 

recombination [46], [49]. A good example is the PL comparison (at 532 nm) between bulk 

and exfoliated material showing a broad peak centered at 680 nm dramatically increased 

for the exfoliated material, explained by electron-phonon interaction caused by the large 

amount of sulfur vacancies [50]. Considering our material, the structural and chemical 

characterizations demonstrates that high crystalline nanosheets of SnS2 have been 

successfully synthetized and the presence of impurities or S vacancies were not shown. 

However, it was reported for transition metal dichalcogenide materials that bulk 

characterization techniques such as XRD cannot give a perfect overview of the quality of 

the synthesized material, which techniques such as Raman and PL spectroscopy do [51]. 

The possibility of having vacancies/defects in the samples cannot be excluded, as the TEM 

analyses were not focused on finding these imperfections. Another fact that could also 

influence the results obtained in PL is the morphology of the samples. Indeed, the 

nanosheets are oriented vertically with respect to the substrate, exposing their edges. 

Indeed, it has been shown that there is an increase in photoluminescence at the edges and 

also at the grain boundaries of triangular WS2 monolayers, explained by the different 

structure and composition of these regions compared with the center [52], [53]. Another 

related study demonstrates a larger monosulfur vacancies concentration near the edges in 

comparison with the interior, explaining the features observed in PL [23]. A last study, 
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concerning MoS2, has shown that he exposed edges of the nanosheets due to the vertical 

orientation enhanced the PL emissions [6]. The last peak observed in the Fig. 4.39 at 987 

nm (1.26 eV) it may be attribute to the emission signal of the SiO2 substrate. 

 

Figure 4.39 PL spectra of SnS2 nanosheets. 

4.6.5 Chemical analysis of SnS2 nanosheets 

The SnS2 nanosheets were analyzed by X-Ray photoelectron spectroscopy to obtain their 

atomic relative concentration and chemical configuration. Figure 4.40 shows the survey 

spectrum of SnS2 nanosheets after the synthesis. The presence of the Sulfur XPS signal 

indicates that synthesis of SnS2 was successful. the peaks belonging to O1s, Sn3d, C1s and 

S2p are marked in the spectrum. The relative atomic concentration of the sample was 

oxygen 15.71 at. %, tin 24.84 at. %, carbon 22.92 at. % and sulfur 37.07 at. % with a S/Sn 

ratio of 1.49. 
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Figure 4.40 Survey spectrum of SnS2 nanosheets. The peaks from O1s, Sn3d, C1s and S2p 

are observed. 

The chemistry of the as-prepared products was further investigated by XPS as shown in 

Figure 4.41. Figure 4.41 a) and b) present the Sn 3d and S 2p core level of SnS2 samples. The 

Sn 3d signal is composed of one doublet, with contributions centered at 487.1 and 495.6 

eV, attributed to Sn 3d5/2 and Sn 3d3/2 of Sn4+ in SnS2, respectively [54], [55]. No other 

contribution is observed [56]. The S 2p spectrum (Figure 4.41 b) is composed of a one 

doublet, with S 2p3/2 and S 2p1/2 signal centered at 161.8 and 162.7 eV respectively, 

attributed to S2- species in SnS2  [48]. Both Sn 3p and S 2p confirms the successful formation 

of SnS2 phase, without another phase.  
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Figure 4.41 XPS spectra of the SnS2 nanosheets a) Sn 3d and b) S 2p. 

4.6.6 Conclusions 

It is demonstrated the synthesis of vertically aligned SnS2 nanosheets using a simple one-

step CVD technique by direct sulfurization of a pre-oxidized tin film. We evidenced the 

quality of the as-synthesized materials by employing XRD, Raman spectroscopy, XPS and 

electron microscopies. Vertical and homogeneous alignment of well-crystalline 2H-phase 

SnS2 nanosheets have been demonstrated, the nanosheets, however, having structural 

defects at their edges. 

4.7 Discussions  

With the results discussed in this Chapter, a possible growth model for the XS2 a, where “X” 

can be Mo, W, or Sn, aligned nanosheets prepared by sulfurization, respectively, of pre-

deposited 50 nm X films via magnetron sputtering is proposed. It is important to mention 

that the importance of the film thickness was not studied because we used 50 nm as a 

standard metal film for all the synthesis cases with different metals. 
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In the first part of the chapter the materials obtained by sulfurization reaction were 

described. We separated the discussions in this section for the TMDs and TDs results 

because they present some differences during the preparation and synthesis of the 

materials. For TMDs, in the case of MoS2 and WS2, we proposed a two-step nanosheet 

growth mechanism by rapid sulfurization, as we explained in the section 4.1 of this chapter. 

The preparation of the precursor film is the key parameter because it has been shown that 

the magnetron sputtering parameters play an essential role in the morphology of the 

deposited films, especially the argon pressure [57]. It has been reported that in tungsten 

deposition, a lower argon pressure results in a denser film structure than with a higher 

pressure where the film has a porous structure with cracks. Here, the film deposition has 

been made at 1 × 10−3 mbar at room temperature that is a lower value than ones reported. 

During the nanosheet synthesis, the temperature of the sample was maintained at a 

sufficiently higher temperature (850 °C) favoring the formation of the nanosheets. The S 

powder was kept at a higher temperature (400 °C) than its boiling point (350 °C). The X (Mo 

or W) film was oxidized in air and form metal oxides. During the high-temperature growth 

procedure, the metal oxide segregation and the sulfurization take place simultaneously. If 

the background sulfur is sufficient, the sulfurization reaction is the dominant mechanism. 

Most of the surface Mo oxides will be transformed into XS2 in a short time. The XS2 film 

formed on the sample surface will prevent the presence of metal oxide segregation and 

coalescence. Under a sulfur deficient condition, since there is no sufficient sulfur, only 

limited numbers of XS2 will form at the substrate surface. In this case, Mo oxide segregation 

and coalescence will be the dominant mechanism at the initial stage of the sulfurization 
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procedure. Small Mo oxide clusters are then formed on the sapphire substrates. The thick 

metal oxide clusters will prevent complete transformation of the metal oxides into XS2 [58].  

For SnS2 the chemistry of the film is different, tin instead of molybdenum or tungsten, the 

results obtained seem not to follow the same trend as vertical alignment of the nanosheets 

is not observed with direct reaction on the film, certainly due to the film density. We 

proposed a single-step nanosheet growth mechanism by rapid sulfurization at lower 

temperature (550 °C). The effect of the pressure on the sputtering tin films has been not 

studied. To overcome this problem, the solution found was to oxidize the tin film as of 

homogeneity is promoted. Indeed, the sputtered film is metallic but when it is transferred 

on air after the deposition a partial oxidation occurs due to the thickness of the film. For a 

homogeneous oxidation of the whole film, an oxidation step is performed. Depending on 

the level of oxidation, the surface will change determining the diffusion of the S, which is 

very important for the vertically growth. Indeed, we observed that the morphology of the 

nanostructures strongly depends on the oxidation level before sulfurization. As an example, 

for sulfurization: (i) the vertical alignment of SnS2 nanosheets was not observed on tin film 

as sputtered (with partial oxidation in air); (ii) samples synthesized on tin film oxidized at 

200°C for 2 hours with air flow presents a flower-like morphology with short nanosheets 

grouped in the form of spheres without any preferential alignment (Figure 4.13); and (iii) 

samples synthesized on tin film oxidized at 300°C for 2 hours with air flow shows a vertical 

orientation of the nanosheets with uniformly distribution in all the surface (Figure 4.13).  

Therefore, it can be postulated that depending on the level of oxidation, different thickness 

of the film will be oxidized and this will determine the diffusion of S, a very important factor 
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for vertical growth of nanosheets. Indeed, it has been reported that the diffusion of S 

through the film is necessary and that this process is the limiting factor for the orientation 

of the nanosheets [59].  According to our experimental data, the Sulfur diffusion expands 

(increases with the thickness of) the oxidized layer, it seems that S interacts just with Sn 

near the film surface for case(ii) and short nanosheets are formed, while for case (iii) due to 

the higher temperature the Sn diffuses deeper leading to a pronounced change of the 

surface morphology. Another parameter reported in the literature playing an important 

role in the final product characteristics is the composition of the reactive atmosphere near 

the film, more or less rich in S [58]. Indeed, it has been shown for MoS2 that in order to have 

a complete reaction with the oxidized film, it is necessary to have an atmosphere rich in S 

for this to be the dominant mechanism, instead of having an atmosphere deficient in S, as 

in this case the modification of the surface occurs due to the dominant mechanism of oxide 

segregation/coalescence [58]. The effect of the sulfur concentration during the synthesis 

was not evaluated, however we can assume that the atmosphere is rich enough in S for the 

sulfurization reaction to occur. Therefore, the Sn oxide film is reduced by sulfur and we 

obtained SnS2 in a short synthesis time. A very fast reduction of Sn oxides by S might have 

an important role in the formation of vertically aligned layered nanosheets. The growth of 

nanosheets occurs along two directions ([001] and [100]), with higher growth velocity along 

[001] leading to the formation of sheet-like structures. The vertical alignment of nanosheets 

formation is possibly favored by its anisotropic atomic bonding nature.  
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4.8 Synthesis Results of Metal Dichalcogenides using Selenium as a 

Chalcogen 

The study of MX2 samples synthesized by selenization of 50 nm of metal film deposited on 

a sapphire or SiO2 substrate are presented in the next sections (Parameters used in Table 

4.2). 

4.9 Molybdenum diselenide (MoSe2) 

4.9.1 Electron microscopies of MoSe2 Nanosheets 

The SEM images in figure 4.42 show the morphology of MoSe2 sample obtained by the 

selenization of 50 nm of Mo deposited on a sapphire substrate. The low-magnification 

images (Figure 4.42 a and b) reveal the large amounts of MoSe2 nanosheets with a vertical 

orientation that are uniformly distributed on the sapphire substrate. The high magnification 

image in Figure 4.42 c) shows MoSe2 nanosheets with well-defined shape, with a thickness 

of 70-80 nm, which is larger than MoS2 (around 20 nm) and a length around 400 nm. The 

MoSe2 sample is not homogeneous as the MoS2 sample because the nanosheets have 

different orientations (vertical and horizontal). This can be attributed to the use Se instead 

of S as a chalcogen, which is not strong enough to perform the reduction alone and for that 

H2 is used during the synthesis. 
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Figure 4.42 SEM images of vertically aligned MoSe2 nanosheets with different 

magnifications (a-c). 

The morphology of the nanosheets was investigated using TEM. A TEM image of a 

nanosheet with a large edge is shown in Figure 4.43 a), which exhibits the (002) plane with 

an interlayer spacing of 0.61 nm. The measured lattice distance corresponds to the 2H 

phase MoSe2 [60]. TEM was performed to further analyze the MoSe2 nanosheets crystal 

structure. HRTEM (Figure 4.43 b) image reveals  hexagonal lattice fringes with a lattice 

spacing of 0.26nm, which is consistent with the lattice spacing of MoSe2 (100) planes [61]. 
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Figure 4.43 High resolution TEM image of the crystal showing the a) (002) and b) (100) 

crystal planes. 

4.9.2 X-Ray diffraction analysis of MoSe2 Nanosheets 

The MoSe2 crystallographic phase composition was investigated by XRD. Figure 4.44 shows 

the recorded XRD pattern, the diffraction peaks appearing at 13.8°, 27.7° and 57.0° are 

distinctly indexed to the (002), (004) and (008) planes of the hexagonal MoSe2 phase, which 

correspond to the reported data (JCPDS card 65-3481) [62], [63] with the unit cell 

parameters a = b = 0.329 nm, c = 1.289 nm. The peaks observed indicate the high purity and 

crystallinity of the products and agree with the TEM analysis. The well-defined and intense 

peaks are characteristics when the material is in the bulk phase or close to this phase. 
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Figure 4.44 XRD pattern of MoSe2. 

4.9.3 Raman spectroscopy of MoSe2 Nanosheets 

The Raman spectrum of the MoSe2 nanosheets is shown in Figure 4.45. Two main peaks 

located near 169 cm-1 and 243 cm-1 in the Raman spectra can be assigned to the E1g 

(corresponding to the in-plane vibration of the Se and Mo atoms) and A1g (out of plane 

vibration) modes, respectively [63], [64], which is characteristic of the 2H phase. Two low 

intensity modes also appear, the E12g (corresponding to the in-plane vibration of the Se and 

Mo atoms) and B12g (belonging to bulk MoSe2), close to 286 cm-1 and 352 cm-1, respectively 

[5], [62]. Combining Raman and XRD results we can say that the MoSe2 sample is composed 

of multilayers. 
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Figure 4.45 Raman spectrum with 532 nm excitation laser of MoSe2 nanosheets. 

4.9.4 Photoluminescence of MoSe2 Nanosheets 

Monolayer MoSe2 presents a strong direct transition (DT) emission of around 840 nm, due 

to its direct band gap [5]. When increasing the number of layers of the MoSe2, indirect 

transitions (IT) emissions also appear at a lower energy. The peak of the IT does not appear 

in the monolayer PL spectrum (Figure 4.46 a) [4].  

 

Figure 4.46 PL spectra at the center (black) and edge (red) of monolayer MoSe2 [5] and b) 

PL spectra of MoSe2 nanosheets. 
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The PL spectrum of MoSe2 is shown in the Figure 4.46 b). We can observe a main peak at 

900 nm wavelength, which corresponds to a red-shift from 840 to 900 nm, indicating the 

indirect nature of the transitions [65]. This is because as the number of layer increases, their 

energy band structures experience an obvious transformation. The valence-band maximum 

(VBM) transfers from the  point to  to - point, while the conduction-band minimum 

(CBM) transfers from the  point to - point. In the case of monolayer, both VBM and 

CBM are located at  point in Brillouin zone as we can see in the Figure 4.47 [66] (The Figure 

is presented to show the band gap transitions, depending in the calculation the values will 

be different. For that, these values are not considered and only the ones reported in the 

Figure 4.46 because they agree with our results). Furthermore, this feature—the presence 

of IT emissions with important wavelength shifts—demonstrates a multilayer nature, 

according to the literature. The value of this shift can be considered as a layer number 

indicator [4]. The shift of the peak in the PL spectrum can by cause by defect, which are 

more common around the edges. That defects, in particular Se deficiencies, are responsible 

for the red-shift of the PL peak position and associated apparent reduction of the bandgap 

at the edges [5].  
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Figure 4.47 Calculated band structure of single-layer and bulk MoSe2 [66]. 

4.9.5 Uv-vis spectroscopy of MoSe2 Nanosheets 

The UV-Vis spectroscopy technique can be employed as an alternative method to 

unambiguously determine the number of layers [67]. The reflectance spectrum is shown in 

Figure 4.48. The excitonic peaks are labeled as A, B and C. The peak A originates from the 

absorption transitions at the K point of the Brillouin zone from the upper valance band to 

the lowest conduction band. This peak exhibits a red-shift as the layer number increases 

from monolayer to multilayer, as we can see in the Figure 4.49. It corresponds to the 

dominant peak in photoluminescence (PL) spectra [68], [69]. The peak B centered at slightly 

lower wavelength originates from the transitions of the split lower valance band to the 

conduction band (Figure 4.47).  
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Figure 4.48 UV–VIS spectrum of MoSe2. 

For monolayer TMDs, the origin of this higher energy transition at the K point was related 

to the splitting of the valence band, due to the spin-orbit interaction. For multilayer 

systems, the splitting of the valence band is driven by a combination of spin-orbit and 

interlayer interaction [67] (Figure 4.49). Other than the A and B peaks, a broader 

spectroscopic at the lower wavelength, is referred as C exciton peak. The strong light-matter 

interaction has been attributed to the transitions of multiple nearly degenerate states 

between the  and  points of the Brillouin zone, where the conduction and valence bands 

are parallel to each other. The electron-phonon interaction further contributed to the 

broadened resonance [67], [68]. 
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Figure 4.49 Reflectance spectra of MoSe2 measured as a function of the number of layers 

[67]. 

4.9.6 Chemical analysis of MoSe2 Nanosheets 

The MoSe2 nanosheets were analyzed by X-Ray photoelectron spectroscopy to obtain their 

atomic relative concentration and chemical configuration. Figure 4.50 shows the survey 

spectrum of MoSe2 nanosheets after the synthesis. The presence of the Selenium XPS signal 

indicates that synthesis of MoSe2 was successful. The peaks belonging to O1s, C1s, Mo3d 

and Se3d are marked in the spectrum. The relative atomic concentration of the sample was 

oxygen 12.09 at. %, carbon 49.34 at. %, molybdenum 11 at. % and selenium 27.57 at. % with 

a Se/Mo ratio of 2.5. 
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Figure 4.50 Survey spectrum of MoSe2 nanosheets. The peaks from O1s, C1s, Mo3d and 

Se3d are observed. 

X-ray photoelectron spectroscopy was used to investigate the chemical composition of the 

CVD-grown MoSe2 nanosheets. Figure 4.51 a) show the Mo 3d spectra is composed of four 

sets of peaks corresponding to Mo4+ 3d (MoSe2, red lines) at 228.78 and 231.92 eV, Mo6+ 

3d (MoO3, blue lines) at 232.59 and 235.84 eV, Mo4+ 3d (MoO2, green lines) at 229.70 and 

233.05 eV and Mo2+ 3d (elemental Mo, pink lines) at 228.18 and 231.26 eV [[62], [70]]. It 

can also be observed one extra peak at 230.74 corresponding to Se 3s (MoSe2). In addition, 

Figure 4.51 b) shows two peaks at 54.41 and 55.21 corresponding to Se2- 3d [71], [72]. These 

results indicate the formation of the MoSe2 and different oxidation states of Mo. Liu et al. 

[62] suggests that MoO3 is reduced to Mo4O11 and MoO2 during the initial 20 min of growth. 

After 30 min, most of MoOx is transformed into MoSe2, and the transformation continues 

with the growth time. That is why some by-products are observed in the Mo 3d spectra, 
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however the main contribution is the MoSe2 phase because the reaction takes place in 60 

min. Therefore, although the selenization reactions occurs it is incomplete.  

 

Figure 4.51 XPS spectra of the MoSe2 nanosheets (a) Mo 3d and b) Se 3d). 

4.9.7Conclusions 

We have demonstrated the synthesis of vertically aligned MoSe2 nanosheets but also some 

nanosheets are aligned randomly. This was achieved using a two-step CVD technique by 

direct selenization. Vertically-aligned 2H-phase MoSe2 nanosheets have been 

demonstrated. However, the presence of Mo-O in the XPS spectrum indicates that the 

reaction was incomplete and there is some starting material in the final product. Raman 

spectroscopy and XRD show the presence of the 2H phase and many layers in the 

synthesized material. 
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4.10 Tungsten Diselenide (WSe2) 

4.10.1 Electron microscopies of WSe2 nanosheets 

The sample morphology, resulting from the selenization of W film deposited on the 

sapphire substrate, was examined by SEM (Figure 4.52). The observations show that the 

sample is less homogeneous than the WS2 sample, previously discussed, its present 

platelets over the entire substrate surfaces. These platelets are nanosheets with a well-

defined shape exhibiting sharp edges. The low magnification SEM images show two main 

contrasts, light and dark, can be observed in the lower magnification image (Figure 4.52 a), 

and can be related to the two orientations of nanosheets to the substrate, perpendicular or 

parallel, respectively. The higher magnification image (Figure 4.52 b, magnification of a 

lighter contrast area) indicates that the WSe2 nanosheets with a thickness between 40–50 

nm is preferably grown vertically (perpendicularly to the substrate) and a length around 500 

nm.  

 

Figure 4.52 SEM images of tungsten diselenide (WSe2) with a) low and b) high magnification. 
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The morphology of the nanosheets was investigated using TEM. The nanosheets were 

removed from the substrate by scratching, and were collected on a holey-carbon copper 

grid. The TEM analyses confirm the SEM observations above. A TEM image of a nanosheet 

with a large edge is shown in Figure 4.53 a), which exhibits the (002) plane with an interlayer 

spacing of 0.62 nm, valued according to the theoretical spacing of 0.648 nm [4], [73]. To get 

more insight into the crystal structure of WSe2 nanosheets synthesized in our method, the 

TEM images were further analyzed as in Figure 4.53 b). The lattice d spacing is estimated to 

be 0.26 nm, which is corresponds to (100) lattice plane of hexagonal WSe2 phase.  

 

Figure 4.53 High resolution TEM image of the crystal showing the a) (002) and b) (100) 

crystal planes. 

4.10.2 X-Ray diffraction analysis of WSe2 nanosheets 

The XRD pattern of the WSe2 sample prepared on sapphire (Figure 4.54) reveals the 

presence of very intense peaks at 13.6°, 27.5°, 31.4°, 37.5°, 56.7° and 78.8°, in agreement 

with the (002), (004), (100), (103), (008) and (0010) diffraction planes of the hexagonal 

WSe2, respectively (space group P63/mmc, Joint Committee on Power Diffractions 
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Standards (JCPDS) card (no. 38-1388)) with the unit cell parameters a = b = 0.328 nm, c = 

1.298 nm. The strong peak intensities with a narrow full width at half maximum (FWHM) 

indicate that the sample is highly crystalline (the crystallite size was estimated to be higher 

than 400 nm using the Debye–Scherrer equation, namely, out of the range where this 

equation remains valid), and that the nanosheets with van der Waals planes perpendicular 

to the substrate surface (with a C-axis parallel to the surface) are present  corroborating the 

observations made by SEM [57], [74]. 

 

Figure 4.54 XRD pattern of WSe2. 

4.10.3 Raman spectroscopy of WSe2 nanosheets 

The typical Raman spectrum of WSe2 nanosheets is shown in Figure 4.55, two unresolved 

peaks at 251 and 257.6 cm−1 are well-visible [75]. The observed peak at 251 cm−1 

corresponds to the E2g1 mode (in-plane vibrational mode). The shoulder peak observed at 

257.6 cm−1, associated with the out-of-plane mode, is the A1g mode, indicating that a 

substantial vibration along the vertical layer direction exists (bond vibration between W and 



131 
 

Se) [75]. The presence of a Raman peak at 306 cm−1 (B2g1 mode) has been reported to be 

related to the interlayer interaction [76], [77]. The Raman signature of the as-grown WSe2 

indicates that its structure is a multilayer 2H type. 

 

Figure 4.55 Raman spectrum of WSe2. 

4.10.4 Photoluminescence of WSe2 nanosheets 

The PL spectrum of WSe2 is shown in Figure 4.56. Because of the semiconductor character 

of the monolayer WSe2, the PL spectrum exhibits a strong direct transition (DT) emission 

centered at 760 nm, due to its direct band gap [35] (Figure 4.56 a). When increasing the 

WSe2 number of layers, indirect transitions (IT) emissions also appear at a lower energy.  

The IT peak the does not appear in the monolayer PL spectrum. Figure 4.56 b) shows a main 

peak centered at 860 nm wavelength, which corresponds to a red-shift from 760 to 860 nm, 

indicating the indirect nature of the transitions. Furthermore, the presence of IT emissions 

with important wavelength shifts demonstrates a multilayer nature, according to the 

literature. The value of this shift can be considered as a layer number indicator [35]. For 
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monolayer WSe2, both valence-band maximum (VBM) and conduction-band minimum 

(CBM) are located at the K point in Brillouin zone. As the layer number of WSe2 increases, 

their energy band structures experience an obvious transformation. The VBM transfers 

from the K point to Γ point, while the CBM transfers from the K point to Λ point (See Figure 

4.57 b) [35].  

 

Figure 4.56 Photoluminescence spectrum of WSe2. 

4.10.5 Uv-vis spectroscopy of WSe2 nanosheets 

The absorption spectrum is shown in Figure 4.57 a), the excitonic absorption peaks A and B 

are located at wavelengths of 785 and 651 nm, respectively. These peaks are related to 

direct transitions gap of point K. The presence of excitonic transition, red-shifted from the 

monolayer transition [78], demonstrates the multilayer characteristic of the synthesized 

nanosheets, according to the PL results. As a result of the superpositions of the Se p-orbitals 

with W d-orbitals, as well as the adjacent layers, the WSe2 spectrum shows other absorption 

peaks of A’ and B’, in agreement with the PL spectra that shows the multilayer nature. The 

excitonic nature of these peaks could come from the splitting of the ground and the excited 
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states of the two transitions of A and B, because the d-electron band is perturbed at the 

level of the inter- and intra-layer by the Se p-orbitals [78], [79] (Figure 4.61 b). 

 

Figure 4.57 a) UV–VIS spectrum of WSe2 and b) the DFT calculated band gap structures of 

1L, 2L and 4L WSe2 obtained from [35]. 

4.10.6 Chemical analysis of WSe2 nanosheets 

The WSe2 nanosheets were analyzed by X-Ray photoelectron spectroscopy to obtain their 

atomic relative concentration and chemical configuration. Figure 4.58 shows the survey 

spectrum of WSe2 nanosheets after the synthesis. The presence of the Selenium XPS signal 

indicates that synthesis of WSe2 was successful. The peaks belonging to O1s, C1s, Se3d and 

W4f are marked in the spectrum. The relative atomic concentration of the sample was 

oxygen 2.93 at. %, carbon 53.64 at. %, selenium 35.9 at. % and tungsten 7.53 at. % with a 

Se/W ratio of 4.76. 
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Figure 4.58 Survey spectrum of WSe2 nanosheets. The peaks from O1s, C1s, Se3d and W4f 

are observed. 

The XPS spectra recorded on the W 4f and Se 3d binding energy regions are shown in Figure 

4.59. Considering the W 4f spectrum (Figure 4.59 a), the following three main peaks can be 

observed: two main contributions centered at 32.5 and 34.6 eV are attributed to the 

doublets W 4f7/2 and W 4f5/2, respectively, and a wide and low intensity centered at 37.8 eV 

is attributed to the W 5p3/2. The main contribution can be fitted with two doublets centered 

at 31.9 and 32.5 eV on a W 4f7/2 signal, attributed to the 1T’ [80] or 1T [81] phase and 2H 

phase, respectively. The 2H contribution (centered at 32.5 eV) corresponds to 75.0% of the 

total area, indicating that the sample mainly has a 2H phase. Another additional low 

intensity contribution is observed at 35.5 eV, due to the W 4f loss. 
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Figure 4.63 XPS spectra of the (a) W 4f and (b) Se 3d of the WSe2 nanosheets. 

The formation of two phases is further confirmed on the Se 3d core level spectra (Figure 

4.59 b). The spectrum shows the presence of two main peaks, Se 3d5/2 and Se 3d3/2 doublets, 

centered at 54.8 and 55.6 eV, respectively. Each doublet can be fitted with two 

components—one at 54.8 eV, corresponding to the 2H-WSe2 phase, and one corresponding 

to the other phase (1T or 1T’), centered at 54.3 eV. Here, again, the 2H phase represents 

nearly 75% of the total area (Table 4.3), verifying the conclusions obtained about the W 4f 

region. Similar results have been reported in the literature regarding WSe2 crystals [80], 

[81], with a major 2H phase and a minor other phase assigned to the 1T’ [80] or 1T [81] 

phases, respectively. 

 

W 4f Core Level Se 3d Core Level 

2H Phase 1T or 1T’ Phase 2H Phase 1T or 1T’ Phase 

% Area 74.3 25.7 75.0 25.0 

 

Table 4.3 Relative amount of different crystallographic phases in the WSe2 nanosheets. 
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4.10.7 Conclusions 

Synthesis of the WSe2 nanostructures was achieved using an atmospheric pressure CVD 

route. We have shown that the synthesized nanostructures are crystalline vertically but also 

horizontal aligned nanosheets. The presence of two crystallographic phases has been 

shown, and could open a new route to tune the physical properties by phase engineering, 

as has already been done for similar materials, such as MoTe2. The underlying growth 

mechanism must be further studied in order to establish the best parameters so as to 

control the synthesis of the WSe2 film with different phases. Further studies will be 

performed aiming at the evaluation of this material active layer in different applications, 

such as gas sensing and hydrogen evolution reaction catalysis. In comparison, MoS2 and 

WS2 are more homogeneous than MoSe2 and WSe2. This can be for the change of chalcogen, 

Se instead of S, because Se is less reactive during the synthesis process.   

4.11 Tin Diselenide (SnSe2) 

4.11.1 Electron microscopies of SnSe2 nanosheets 

SEM images (Figure 4.60) show the SnSe2 nanosheets morphology obtained by selenization 

of 50 nm of Sn deposited on a sapphire substrate. Figures 4.60 a) and b) show the SnSe2 

nanosheets with different orientations (vertical and horizontal). In addition, these 

nanosheets present a variety of sizes and shapes. This is not the case for the SnS2 samples, 

which are more homogeneous. The high magnification of Figure 4.60 c) reveals the average 

length of the SnSe2 nanosheets (~ 2.5 µm) as well as their thickness (ranging between 50 
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and 100 nm). The cross section of the sample at till angle of 45° confirms the different 

orientations of the SnSe2 nanosheets (Fig. 4.60 d). 

 

Figure 4.60 SEM images of synthesized products for vertically aligned SnSe2 nanosheets, a-

c) top view and d) cross section (45°). 

The morphology of the as-synthesized SnSe2 nanosheets was characterized using TEM 

(Figure 4.61 and 4.62). The layered structure of nanosheets can be observed in Figure 4.61 

a) with an interlayer spacing of 0.61 nm, matches to the lattice spacing of (001) planes of 

hexagonal SnSe2 [82] (the corresponding SAED pattern is in inset). Figure 4.61 b) presents a 

high-resolution TEM image of nanosheet with well visible lattice fringes with a spacing of 

0.33 nm that can be assigned to the (100) planes of the SnSe2. The SAED pattern is in inset 

of a single nanosheet in the (001) direction confirms the formation of the hexagonal phase 

of SnSe2 and the crystal structure [83]. 
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Figure 4.61 a) TEM image of layered structures of nanosheet with the corresponding SAED 

pattern in inset and b) high resolution image of the crystal showing the (001) crystal planes 

with in inset a SAED pattern of single nanosheet showing hexagonal spot symmetry.  

STEM imaging, bright-field and in HAADF modes (see Fig. 4.62), verifies the high crystallinity 

of these SnSe2 nanosheets and their hexagonal structure.  EDS (Fig. 4.62 c) also confirms the 

SnSe2 chemical composition (Se/Sn ratio of 2) of those flakes with the presence of Cu due 

to the TEM grid as we explained before. 

 

Figure 4.62 STEM images in Bright-Field mode a) and in HAADF mode b) of SnSe2 

nanosheets. c) EDS spectrum recorded in the red highlighted area of Fig. 4.62 b). 
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4.11.2 X-Ray diffraction analysis of SnSe2 nanosheets 

Based on the microscopy studies, the conclusions that can be drawn is that the SnSe2 

nanosheets are crystallized in a hexagonal structure. This was checked using XRD. The 

typical XRD pattern of the so-prepared SnSe2 nanosheets in Figure 4.63 show that are 

crystalline with a good match with the reported pattern for the hexagonal SnSe2 phase 

(JCPDS card 023-0602) [84] with the unit cell parameters a = b = 0.381 nm, c = 0.614 nm. 

Indeed, the diffraction peaks appearing at 14.5°, 29.05°, 30.7°, 41.67°, 44.3° and 60.3° are 

distinctly indexed to the (001), (002), (101), (102), (003) and (004) planes. The peaks 

observed indicate the high purity and crystallinity of the products. 

 

Figure 4.63 XRD pattern of SnSe2. 

4.11.3 Raman spectroscopy of SnSe2 nanosheets 

In the Figure 4.64 a), the Raman spectrum shows an intense peak that is assigned to the A1g 

mode at 184 cm-1 and another very weak peak corresponding to Eg mode at 117 cm-1, 
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signature of the SnSe2 material [85], [86]. The magnification of the Eg peak region 

surprisingly shows two low intensity additional peaks at 70 cm-1 and 108 cm-1. These peaks 

cannot be definitively attributed to SnO2, as a study of the sputtering of thermally oxidized 

tin metal shows localized Raman modes at different positions (typically at 112 cm-1 and 210 

cm-1 for oxidation temperatures up to 400°C with the appearance of further peaks at higher 

temperatures) [87]. Alternatively it can be suggested the presence of SnSe, which gives four 

intense peaks in the region considered, localized at about 70, 108, 130 and 149 cm-1, related 

to Ag1, B3g, Ag2 and Ag3, respectively [88], [89]. Here, only two low intensity peaks are visible 

that could be attributed to the Ag1 and B3g modes to the SnSe material. Finally, the broad 

peak located at 255 cm-1 may be associated with the presence of amorphous Se [90]. This 

had already been reported and explained by a condensation phenomenon of Se during 

cooling [91].  

 

Figure 4.64 Raman spectrum with 532 nm excitation laser of SnSe2 nanosheets (a) and (b). 
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4.11.4 Photoluminescence of SnSe2 nanosheets 

The photoluminescence of the SnSe2 nanosheets is presented in the Figure 4.65. The first 

peak at 579 nm (2.15 eV) could be attributed to the direct allowed transition in SnSe2, value 

close to ones given in the literature [92].  This value is close to reported to a monolayer and 

it is in agreement with one reported for SnSe2 50 nm thick film [93]. The second broad and 

more intense peak located at 783nm (1.58 eV) presents a well-defined shoulder at 847 nm 

(1.46 eV). For this material, few results have been reported on photoluminescence studies. 

However, due to the similarity of the results with the SnS2, similar conclusion could be 

drawn to explain the PL spectrum with the possible presence of defects/vacancies and the 

edges effect due to the vertical orientation of the nanosheets. A notable difference is the 

presence of a shoulder located at 847 cm-1 that could be explained by another phase, 

already detected in Raman spectroscopy. Indeed, the formation of polycrystalline thin films 

of SnSe and SnSe2 has been studied to show that for low selenization temperature (470°C), 

hexagonal SnSe2 is formed and for higher temperature (530°C) orthorhombic SnSe 

become the preferential material PL [91]. The authors showed for the material synthesized 

at 470°C made of SnSe2, the presence of SnSe phase with a bandgap value of 1.43 eV [91] 

that is the close value found in our case with 1.46 eV. Surprisingly, this value does not 

correspond to a gap value for orthorhombic SnSe but rather to that of cubic SnSe [94]. Then, 

the other intense peak observed at 987 nm (1.26 eV) can be attribute, as previously shown 

for SnS2, to the photoluminescence emissions of the substrate. In this case, the signature of 

the substrate can also be found in the low intensity peak at 871 nm (1.42 eV) in the shoulder 
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of the more intense and broader. This is due to the fact that the SnSe2 sample is less 

homogeneous than SnS2 sample and the transitions of the substrate are more visible. 

 

Figure 4.65 Photoluminescence spectrum of SnSe2. 

4.11.5 Chemical analysis of SnSe2 nanosheets 

Figure 4.66 shows the survey spectrum of SnSe2 nanosheets after the synthesis. The 

presence of the Selenium XPS signal indicates that synthesis of SnSe2 was successful. The 

peaks belonging to O1s, Sn3d, C1s and Se3d are marked in the spectrum. The relative atomic 

concentration of the sample was oxygen 46.89 at. %, tin 18.67 at. % and selenium 34.44 at. 

% with a Se/Sn ratio of 1.84. The concentration of C1s is not presented because the analysis 

was made after a cluster cleaning. 
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Figure 4.66 Survey spectrum of SnSe2 nanosheets. The peaks from O1s, Sn3d, C1s and Se3d 

are observed. 

The chemistry of the as-prepared product was further investigated by XPS as shown in 

Figure 4.67. The Figure 4.67 a) and b) shows Sn 3d and Se 2p signal of SnSe2 sample. The Sn 

3d is composed of a first doublet, with contributions centered at 486.3 eV and 494.7 eV, 

attributed to Sn 3d5/2 and Sn 3d3/2 states of Sn4+ in SnSe2. A second doublet is observed, 

with contributions at 487.2 and 495.6 eV. The Se 3d spectrum is composed of a first doublet 

with contributions centered at 53.7 eV and 54.5 eV attributed to Se 3d5/2 and Se 3d3/2 of 

SnSe2 phase [85]. Here too, a second doublet is observed, with Se 3d5/2 and Se 3d3/2 

contributions centered at 54.8 eV and 55.5 eV respectively. The interpretation of selenium 

XPS signal is complex and the literature about XPS of SnSex reports contradictory and wrong 

interpretation of Se and Sn signals. One can cite the absence of Se 3d5/2 contribution in SnSe 

in [95] or an area of 3d3/2 contribution higher than the 3d5/2 in [96], which is physical 

nonsense. Here, the contribution Sn 3d at 487.2 is attributed to Sn oxide. In reference 
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paper, SnO2 is reported at 487.8 in [97], 486.8 in [98] and 486.3 eV [99]. The observation of 

Sn oxide contribution is consistent with previous results: tin oxide is formed prior to the 

selenization (and sulfurization), and SEM pictures show that some area are not covered by 

the nanosheet, namely the XPS probes this surface. For SnS2, the covering is much better, 

preventing the tin oxide observation by XPS. Concerning the second contribution in Se 

signal, at 54.8eV, this contribution is not fully understood in the literature. If this 

contribution could be attributed to SnSe phase but it cannot be observed because the 

binding energy is close to the SnSe2 phase , in agreement with [100], one should also see a 

contribution in the Sn signal, at lower binding energy (shifted by ≈ -0.7eV). The Se 

contribution cannot be attributed to SeO2, as this contribution is centered at much higher 

binding energy, around 59.5 eV [97], [101]. Another option would lie in the formation of 

SnSe2-x metastable phase. Indeed, D’Olimpio et al. [97] did a careful investigation of SnSe2 

chemistry when exposed to different environment. However, this would imply also a 

contribution on the Sn signal, and this contribution would be between SnSe2 and SnSe, i.e. 

at a lower binding energy of 483.3 eV for the Sn 3d5/2 contribution of this metastable phase. 

The most probable explanation would lie in the presence of metallic selenium (Se0). The Se 

3d 5/2 signal of metallic selenium is reported in higher binding energies than tin selenide 

materials at 56.0 eV for Lee et al. [102] and at 54.7 eV by Vishwanath et al. [103], this latter 

value is in good agreement with our data and would confirm the Raman analysis. 
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Figure 4.67 XPS spectra of the SnSe2 nanosheets a) Sn 3d and b) Se 3d. 

4.11.6 Conclusions 

We have demonstrated the synthesis of vertically aligned SnSe2 nanosheets. This was 

achieved using a simple one-step CVD route by direct selenization of a pre-oxidized tin film. 

We evidenced the quality of the as-synthesized materials by XRD, Raman spectroscopy, XPS 

and electron microscopies. The SnSe2 nanomaterial has similar morphology as the SnS2 

nanomaterial, i.e. vertical alignment and well-crystalline 2H phase with also structural 

defects at their edges, the differences observed were: the nanosheets are larger, they 

present less homogeneity and the presence of different stoichiometry such as SnSe as well 

as unreacted selenium.  

4.12 Discussions 

For the last materials we focused in the use of Se as a chalcogen and a possible growth 

model for the XSe2 aligned nanosheets prepared by selenization is proposed. Certainly, Se 

chemical reactivity is much lower than S one and a suitable reducer agent is required [104]. 
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For that, it is necessary the addition of H2 to promote the formation of H2Se (as we can see 

in the reaction 5.1) which in turn provides atomic Se for the formation of XSe2 [91], because 

without H2 the growth of XSe2 does not occur. Furthermore, the presence of hydrogen can 

also lead to the reduction of the oxidized metal film, which is not the goal. However, by 

optimizing the amount of hydrogen introduced, the selenization reaction occurs to produce 

vertically aligned layered XSe2 nanosheets.  

𝑆𝑒(𝑠)
0 + 𝐻2 (𝑔)

0 → 𝐻2
𝐼𝑆𝑒(𝑔)

−𝐼𝐼                                                         5.1 

𝑆𝑒0 + 2𝑒− → 𝑆𝑒−𝐼𝐼 (𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)                                          5.2 

2𝐻0 − 2𝑒− → 2𝐻𝐼 (𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛)                                            5.3 

In the case of MoSe2 and WSe2 nanosheets, the parameters of the reaction were similar if 

we talk about the reaction temperature and the two-steps reaction comparing with MoS2 

and WS2, the principal differences were the change of chalcogen (Se instead of S) and the 

addition of H2. Once H2Se is obtained the metal oxide segregation and selenization will take 

place simultaneously as in the synthesis of MoS2 or WS2 in high temperatures (850 °C). Same 

as S, Se has to be sufficient for the selenization to prevent the W oxide segregation and 

coalescence will be the dominant mechanism. For the last material, SnSe2, the preparation 

of the Tin film before the synthesis was the same as in the case of the SnS2 nanosheets. 

Also, we proposed a succeeded single-step nanosheet growth mechanism by rapid 

selenization at lower temperature (450 °C°). We perceived that while during the synthesis 

of SnSe2, SnSe was formed. This can be explained by the thermodynamic conditions of the 

reaction. The presence of hydrogen is necessary as described above to obtain the correct 
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selenium reactive species, allowing the formation of the different selenium materials. A last 

parameter to consider is the temperature. It has been shown that temperature plays a 

major role in phase selection between SnSe and SnSe2 [91], [100] a lower selenization 

temperature allows the formation of a dominant SnSe2 phase, whereas a higher 

temperature leads to the formation of the SnSe phase (this is also dependent on other 

parameters such as the gases in the reaction chamber). With an intermediate temperature, 

a mixture of the two phases can be observed [91]. Our reaction occurs at 450 °C, which is a 

relatively low selenization temperature in the range of temperatures reported for the 

synthesis of the SnSe2 phase, therefore explaining the observation of a mix of both phases, 

as we reported in this work.  This temperature is not far from the intermediate temperature 

between the SnSe2 and SnSe formation temperatures, which explains the fact that domains 

of the other SnSe phase can be found in a product composed mainly of SnSe2. This fact has 

been already reported in [91] for a selenization temperature of 470°C. Finally, for such 

syntheses, the temperature is relatively low compared to the formation temperatures of 

other metal dichalcogenides, which may also explain the presence of structural defects 

(vacancies).  

The control of the size and the thickness of the final products was not the goal of this thesis 

work because they were always different depending in the metal film and chalcogen used.  
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4.13 WS2 and WSe2 nanosheets for gas sensing application 

For practicality reasons for the application of gas sensors the group of Prof. Eduard Llobet 

from Spain gave us a new substrate (Alumina substrates with interdigitated platinum 

electrodes purchased from Ceram Tech GmbH) with a WO3 film previously deposited using 

Aerosol Assisted CVD (AACVD). We applied the parameters previously described for the 

synthesis of WS2 and WSe2 nanosheets and the results are shown in the following sections. 

4.13.1 Characterization of MDs 

The characterization of the sensor active layer before and after sulfurization or selenization 

of WO3 deposited on Alumina substrate with interdigitated platinum electrodes is 

presented in the following sections using SEM and XPS. 

4.13.1.1 Electron microscopy of MDs 

The sensors active layers are made of WS2 and WSe2 using WO3 film as a starting material. 

The WO3 thin film (thickness between 5-20 µm) was deposited on Alumina substrate with 

interdigitated platinum electrodes. The starting material was prepared using Aerosol-

Assited CVD (AACVD) at the University Rovira i Virgili of Tarragona, in Spain by the MINOS 

group. This starting material presents two different morphologies, nanorods and 

nanoneedles, by changing the nitrogen flow during the AACVD deposition as can be seen in 

Figure 4.68.  The nanorods present a flower like-tip morphology, while in the nanoneedles 

this morphology is absent.(Figure 4.68 b). The synthesis conditions reported in this chapter 

by the CVD method were used for the synthesis of WS2 and WSe2 nanosheets (Table 4.2).  
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Figure 4.68 SEM images of a) WO3 nanorods and b) WO3 nanoneedles as a starting material. 

Figure 4.69 shows the different morphologies of the MDs final product depending in the 

starting material (W or WO3). In Figure 4.69 a) the results obtained in the section 4.5 of this 

chapter are presented, where the starting material is a 50 nm W film deposited on sapphire 

and the final product is presented in the Figure 4.69 b) with the presence of the vertically-

aligned nanosheets previously reported. For the materials used in this chapter, the same 

methodology of the WS2 synthesis was applied. The main difference is the starting material. 

As we said, WO3 deposited on alumina substrate with interdigitated platinum electrodes 

was used instead of W film deposited on sapphire substrate. As we can see, two WO3 

morphologies were employed, nanorods (Figure 4.69 c) and nanoneedles (Figure 4.69 e and 

Fig. 4.69 g). When the nanorods were used for the synthesis the result was the WS2 

nanoflakes product. Finally, the nanoneedles were used and we observe two different 

results, nanotriangles (Figure 4.69 f) for the case of S as a chalcogen and nanoflowers (Figure 

4.69 g) when the S is changed for Se and the parameters for the synthesis of WSe2 

nanosheets from the section 4.10 of this chapter are applied. It can be seen that WO3 

nanoneedles were transformed to a 3D assembly of 2D WSe2, like flower structures with 

multilayered sheets as petals. With this, we can conclude that the final morphology strongly 
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depends in the starting material morphology and as we will see below, it will be decisive for 

the application of gas sensors. 

 

Figure 4.69 SEM images of starting material (a, c, e and g) and final product after 

sulfurization or selenization (b, d, f and h). 

Furthermore, a color change in the deposited film is observed, which clearly indicates the 

formation of homogeneous and uniform film of WS2 and WSe2. The change in morphology 
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will be important for gas detection because the exposed edges play an important role during 

gas absorption into the material. In the Chapter 5 the results will be presented depending 

on the morphology of the synthesized product. 

4.13.2.2 Chemical analysis of MDs 

The chemical state of the as-grown samples’ active layer surface was investigated by X-ray 

photoelectron spectroscopy (XPS). The Figure 4.70 a-c) shows the typical W 4f, S 2p and O 

1s core level spectra recorded on the WO3 and WS2 samples. For nanoflakes and 

nanotriangles the XPS analysis was the same and for that, they are presented as one. 

Considering the W 4f spectrum of WO3 (Figure 4.70 a), three components are observed that 

are associated to the W 4f7/2 and W 4f5/2 spin orbit doublet, and a low intensity peak 

originating from the W 5p3/2 core level. For the WO3, the W 4f doublet is centered at 35.4 

eV and 37.5 eV and the W 5p weak peak around 41 eV. The W 4f spectrum can be properly 

fitted by a doublet, confirming the nature of WO3 material with W only present in the six-

valent state [105]. Moreover, one can note the presence of oxygen and the absence of 

sulfur on this material. Concerning the WS2, the same features that are observed in the WO3 

can be observed with a binding energy shift of the different components. Here, the W 4f 

doublet is centered at 32.7 eV and 34.8 eV and the W 5p weak peak around 38.2 eV. The 

perfect fitting of the spectra for WS2 by a doublet confirms the presence of WS2 with values 

in good agreement with those found in the WS2 synthesis section in the section 4.5, without 

the presence of oxide. This is otherwise correlated with the quasi absence of oxygen and 

the presence of sulfur [105]. Indeed, in the S 2p spectrum, the known doublet peaks, S 2p1/2 
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and S 2p3/2 at 163.4 and 162.2 eV, respectively, can be seen in Figure 4.70 b). The 

experimental shape is well reproduced by a doublet demonstrating the presence of the 

unique phase WS2. Considering the O 1s region (Figure 4.70 c), the difference between the 

two materials is well visible, with a lower intensity peak of oxygen in the WS2 material 

around 533 eV, most likely related to physically adsorbed oxygen molecules. This can be 

compared to O 1s core level spectrum of WO3 material with a main peak at 530.8 eV related 

to the WO3. Based on the XPS analysis, the complete conversion of WO3 to WS2 is 

demonstrated. The Figure 4.70 d-f) presents the XPS analysis of the sample before and after 

selenization, and confirm the full conversion of the tungsten oxide. Before selenization, the 

W 4f signal (Figure 4.70 d) is composed of a doublet centered at 35.5 and 37.7eV, 

corresponding to W 4f7/2 and W4 f5/2 and an additional contribution at 41.2eV, attributed 

to W 5p3/2 level. These positions agree with WO3 formation [106]. As expected, no selenium 

is present before the selenization steps (Figure 4.70 e). After selenization, the W 4f signal 

shift to lower binding energy, and exhibit a unique doublet contribution centered at 32.2 

and 34.3 eV, in agreement with WSe2 2H phase formation, where literature reports binding 

energy in the range 32.0 to 32.4 eV, and up to 32.7eV for large oxygen-free tungsten 

diselenide flakes [81], [107]. The Se 3d signal is composed of a unique doublet contribution 

centered at 54.4 and 55.26 eV due to the Se 3d5/2 and Se 3d3/2 levels respectively, in 

accordance with WSe2 2H phase formation [4].  No significant oxygen presence is reported 

after selenization. The oxide formation is also confirmed on the O 1s level (Figure 4.70 f) 

with an intense contribution at 530.3eV, corresponding to WO3. Two additional peaks are 
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observed at 531.9 and 533.5 eV, attributed to organic oxygen (C-O, C=O), probably coming 

from the synthesis. The complete conversion of WSe2 from WO3 is confirmed with XPS. 

 

Figure 4.70 XPS spectra of the W 4f a), S 2p b) and O 1s c) core levels for WO3 and WS2 and 

of the W 4f a), Se 3d b) and O 1s c) core levels for WO3 and WSe2. 

4.13.2.3 Conclusions  

We have demonstrated an efficient route to synthesize high quality, multi-layered WS2 and 

WSe2 nanosheets with exposed edges on Alumina substrate with interdigitated platinum 

electrodes following the synthesis parameters previously reported in this chapter (sections 

4.5 and 4.10). The nanomaterials are directly grown onto standard ceramic application 

transducers for developing chemoresistive gas sensors, using a double step CVD technique. 

It can be concluded that the final morphology of the films heavily depends on that of pre-
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deposited WO3 layers, which is easily scalable and controllable, making it possible to meet 

the demands for different applications. 
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Chapter 5 

 

Sensing properties of Metal 

Dichalcogenides 

 

In this Chapter, it is reported the sensing properties of the sensors engineered using MDs. The 

starting point was the growth of WO3 on Alumina substrates with interdigitated platinum 

electrodes. Growth conditions discussed in Chapter 4 were employed for the synthesis of MDs 

(WS2 Nanoflakes, WS2 Nanotriangles and WSe2 Nanoflowers). The different morphology and 

chemical concentration were evaluated by SEM and XPS, respectively. The sensing performance 

to part per billion (ppb) of NO2 and NH3 under various experimental conditions, including variable 

humidity level and temperatures effects is reported.  
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5.1 Gas Sensors 

Some of the most critical air pollutants, such as nitrogen oxides (NOx) and carbon oxides (CO, 

CO2), come from combustion or automotive emissions and can cause serious diseases even at 

low concentrations. Ammonia (NH3) is another dangerous analyte that has both natural and 

industrial derivation. The prolonged exposure to these toxic vapors may cause problems in 

respiratory apparatus, skin and eyes damage and pulmonary edema. For that, chemical gas 

sensors have been developed to detect these types of gases [1], [2], [3]. Carbon-based materials 

have proven to be good candidates for sensing applications but they show poor selectivity [4], 

[5] and slow recovery [6]. Recently, transition metal dichalcogenides (TMD) materials have 

attracted huge scientific interest because of their immense potential for technological 

applications because they display versatile chemistry and tunable band gaps that are much more 

beneficial in the design of practical gas sensing devices [7]. As we said in the chapters 3 and 4, 

this thesis work focusses in the vertically-aligned (VA)-MDs nanosheets because they are very 

promising for sensing applications thanks to their active exposed edges because they have most 

of their atoms exposed to the medium, which makes them particularly interesting for the 

application of gas detection. It has been demonstrated that vertical MoS2 grown using CVD have 

great potential for hydrogen evolution reaction [8] or gas sensor applications [9] if it is compare 

with horizontally films. This is due to higher adsorption energy on MoS2 edge as compared to 

basal plane of the MoS2 films. Indeed, in the past few years, it has been emphasized 

experimentally [9] and theoretically [10] that semi-conductive MoS2 (prototype of MDs material) 

is an interesting material for gas sensing applications due to the  structural defects, including 

point defects, grain boundaries, and edges [9]. Unlike the basal plane, the vertically aligned MoS2 
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is composed of (002) plane of the MoS2 crystal structure terminated with dominantly exposed 

molybdenum or sulfur atoms. 

5.2 Working principle 

Different types of gas sensors have been developed and can be classified depending on their 

transduction mechanism as: electrochemical, optical, resistive, gravimetric, calorimetric and 

field-effect transistor sensors. In this work, resistive sensors were investigated due to their low 

cost and easy fabrication. A great variety of materials can be used as active materials in this type 

of sensors, such as semiconducting metal oxides, carbon materials, transition metal 

dichalcogenides and so on [11–13]. In resistive gas sensors, the response observed due to the 

interaction between the analyte and the sensing layer can be transduced as an electric signal 

which corresponds to a change in the conductance, potential or capacitance of the active 

material [13]. The reversibility of the sensor is defined as the capability to return to its initial state 

after the interaction with the target gas is stopped: the recovery time has to be fast for an 

efficient sensor. 

The resistive sensing devices present an operational principle where the variation of the electrical 

resistivity (or conductivity, inversely) is a consequence of the gas molecules absorbed on the 

sensor surface. The sensing experiments consist of the measurement of the resistance variation 

as a function of the gas molecules concentration for subsequent cycles (Figure 5.1). The 

measurement of the resistance is continuously running allowing a real-time acquisition of its 

variation from the initial value, R0, during the complete exposure cycle. When the gas flow is shut, 

the recovery time of the baseline is measured allowing the evaluation of the speed and reliability 
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of the sensor. The sensor response is then defined as the normalized resistance variation, 

according to the following relation:  

|
∆𝑹
𝑹0

| (%) = |
𝑹0 − 𝑹𝑓

𝑹0
| 

where Rf is generally the steady state value of the sensor resistance while exposed to a target gas 

and Ro is the baseline resistance (i.e. sensor resistance while in dry air). The sign of the resistance 

variation depends on the type of semiconducting layer (n- or p-type depending on the electron 

or hole doping) and on the donor/acceptor behavior of the detected molecule. The physical 

process is described in the following by considering the p-type character of the active layer and 

keeping in mind that the n-type sensor behaves inversely.  

 

 

Figure 5.1 Measurement of the resistance variation as a function of the analyte concentration 

for subsequent cycles [14].  

The physical process behind the resistance variation is the occurrence of charge transfer (Figure 

5.2). In a p-type gas sensitive material the exposure to an oxidizing gas such as NO2 leads to a 

depletion of the electron density in the as-prepared samples due to a charge transfer from the 
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layer to the target gas, and, as a result, the Fermi level of the sensing layer is downshifted in the 

valence band corresponding to an enrichment of hole carriers and enhanced sample 

conductance, hence reduced resistance (Figure 5.2 a). On the contrary, exposure to a reducing 

gas as NH3 results in the release of electrons from the target gas to the sensor material, 

contributing to the increase of its electron density due to this inverted charge transfer direction. 

Consequently, the valence band of the as-prepared sample layer is shifted away from the Fermi 

level, resulting in hole depletion and reduced conductance, hence increased resistance (Figure 

5.2 b).   

 

Figure 5.2 The charge transfer process and resistance variation are schematically illustrated upon 

exposure to NO2 and NH3 [14]. This is true for a p-type gas sensitive material. 
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5.3 Gas Sensing test 

5.3.1 Experimental set-up  

The sensing measurements are performed at the University Rovira i Virgili of Tarragona, in Spain, 

in collaboration with MINOS group, headed by Prof. Eduard Llobet. The gas sensing 

characteristics of the fabricated TMDs sensors were measured using a customized gas-sensing 

detection system. Alumina substrates with interdigitated platinum electrodes purchased from 

Ceram Tech GmbH (Figure 5.3) were used to grow the WO3 nanofilms which were further 

sulfurized or selenized to synthesize WS2 and WSe2 films, respectively, at the University of Namur 

(see section 4.13 in Chapter 4).  

  

Figure 5.3 Schematic illustration of a commercial alumina sensor with Pt-electrodes from front 

side, where the sensing layer is deposited, and back side, where the heater is located.  

For testing the as-fabricated MDs sensors are placed inside a teflon test chamber of 35 mL in 

volume. This testing chamber is connected to a fully automated, continuous gas flow 

measurement set-up able to supply diluted gas mixtures as well as humidified gas mixtures using 
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a mass flow controller. The gases employed for testing were used from calibrated gas cyclinders 

balanced in dry synthetic air. The electrical resistance was measured by using an Agilent-34972A 

multimeter. The operating temperature of the sensors was controlled by connecting its heater 

to an external power supply (Agilent, model 3492A). The measurement array comprises a set of 

computer-controlled mass flow meters and electro- valves systems to ensure reproducible 

concentrations of the gases that are delivered to a test chamber (Figure 5.4). The DC resistance 

of the sensors is continuously measured with an Agilent multimeter. The chamber consists of two 

main pieces: the bottom part (chamber base) where the sensors are connected for resistance 

measurement and the lid with the inlet and outlet gas connections, the lid and the chamber base 

are put together and closed with the help of screws.  

 

Figure 5.4 Test chamber used for commercial alumina substrates.  

In a typical measurement cycle, pure dry air is flowed through the chamber until the sample 

resistance stabilizes, corresponding to a constant baseline R0. Sequentially, a given concentration 

of the gas of interest is fed into the test chamber and kept flowing during the chosen exposure 
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time. A mixed flow of dry air and target gas is introduced to obtain the desired concentration 

(ppm down to ppb range) of the target gas. During the recovery phase, the flow is switched again 

to pure dry air. The measurements can be performed at room temperature (RT) or at certain 

working temperature or under different ambient moisture conditions as we will see in the section 

5.4 of this chapter. 

5.4 Gas sensing results 

5.4.1 Gas sensing performances of WS2 Nanoflakes and Nanotriangles 

The gas sensing performances of WS2 Nanoflakes (NFs) and WS2 Nanotriangles (NTs) sensors 

were examined towards different concentrations of NO2 and other species such as H2S, H2 and 

NH3. For all direct-current resistance measurements, the target gas was injected for 10 min into 

the test chamber where sensors were placed, which was followed by 50 min purging with a dry 

air flow for sensors to regain their initial baseline resistances. The equation used to calculate 

sensor response is as follows: 

𝑅 =
(𝑅𝑎𝑖𝑟 − 𝑅𝑔𝑎𝑠)

𝑅𝑎𝑖𝑟
∗ 100 

The effect of the operating temperature was studied with the performance of various NO2 gas 

measurements at different temperatures (from 25 °C to 150 °C). Figure 5.5, in the graphs a) and 

b) we can observe the intensity of sensor responses as a function of the working temperature. 

The sensor response of WS2 nanoflakes presents an almost linear increase with the increment of 

the operating temperature and we can see that both morphologies have a response. This can be 
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explained well by enhanced adsorption of gas molecules at higher temperatures [15]. The 

activation barrier is lowered which enhances the rate of gas adsorption on the surface, leading 

to a much higher response at an elevated temperature. The measurements were not performed 

at temperatures beyond 150 °C because the evaporation of sulfur would start and the formation 

process of WO3 could initiate leading to a formation of a WO3/WS2 composite. Thus, for 

subsequent studies, 150 °C was considered as the optimal working temperature for this sensor.  

The Figures 5.5 c) and d) show the evolution of the electrical resistance of the sensors operated 

at 150 °C under repeated exposure and recovery cycles of NO2. As we can observe, WS2 

nanotriangles present a higher resistance than WS2 nanoflakes, since the baseline resistances of 

nanotriangles is obviously bigger than nanoflakes. 

 

Figure 5.5 (a and b) gas sensor response of WS2 NTs and WS2 NFs as a function of temperature, 

towards NO2 at 800 ppb and 300 ppb, respectively and (c and d) electrical resistance change of 

both sensors operated at 150 °C, toward these concentrations. 
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In the Figure 5.6 we can see the response of the sensor when it was exposed to consecutive 

concentration pulses of NO2 that ranged from 50 to 300 ppb. In this case, the operating 

temperature was constant at 150 °C because it presented the best response. During these 

measurements, the two sensors  were tested at five different concentrations of NO2. A diluted 

mixture of NO2 in dry air was injected for 10 min in steps of increasing concentrations of 50, 80, 

100, 200 and 300 ppb. It is evident from the results obtained that there is an increase in response 

with each increment in analyte concentration. The WS2 NFs sensor response was calculated to 

be 0.16%, 0.96%, 2.28%, 3.41%, and 6.69% for 50, 80, 100, 200 and 300 ppb of nitrogen dioxide, 

respectively. In contrast, the response increased to higher values (19.6%, 38.04%, 39.3%, 40.265, 

41.75%) for the WS2 NTs sensor. Hence, WS2 NTs are significantly more sensitive to NO2 than WS2 

NFs. 

 

Figure 5.6 WS2 nanotriangles (black), WS2 nanoflakes (orange) sensor response and recovery 

towards pulses of increasing concentrations of NO2 gas (from 50 to 300 ppb). Sensors were 

operated at 150 °C. 



183 
 

Figure 5.7 shows three replicate sensor response and recovery cycles towards 800 ppb of NO2 for 

a WS2 NT sensor operated at 150 °C in dry (~3% RH @ 25 °C) and humid (50% RH @ 25 °C) back- 

grounds. We can observe that under humid conditions, sensor remains fully functional with good 

and reproducible response. However, there is a tolerable decrease in response intensity, since 

response decreased from 56% to 30%. It is worth noting that most of the reported studies on 

layered MDs gas sensors have not studied the effect of ambient humidity on sensing 

performance, an essential aspect for the real application of gas sensors. 

 

5.7 Three replicate measurements for 800 ppb in dry and 50% RH backgrounds. 

The long-term stability of the sensors is presented in the Figure 5.8. NO2 measurements were 

repeated at regular intervals over a long period and the evolution of the baseline resistance and 

sensor response was monitored. For WS2 NFs, both baseline resistance and NO2 response show 

a significant decreasing trend over time. The response towards 800 ppb of NO2 decreases from 

26.65% to 19.45% over a period of 19 weeks (Figure 5.8 a). The behavior for WS2 NTs is different. 

While the baseline resistance shows a clear decreasing trend, sensor response towards NO2 
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shows remarkable stability, as it varies from 55.95 % to 54.15% over a period of 35 weeks (Figure 

5.8 b). 

 

5.8 Long-term stability study. Evolution of the baseline resistance and sensor response to NO2 

over time. a) Stability study for WS2 NFs and b) Stability study for WS2-NTs. 

Other gases such as NH3, H2S and H2 were studied and the responses were compared with the 

ones that we obtained in the detection of NO2. In the Figure 5.9 we can see these responses. The 
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results presented have negative values, because sensor resistance increases in the presence of 

these electron donor species, which further confirms the p-type behavior of our WS2 

nanomaterials. It is evident from the bar graph that the sensor is highly sensitive to NO2. The 

response of NO2 is significantly higher than the one recorded for any of the other species tested. 

These results are in line with previously reported theoretical studies indicating that the 

interaction of the NO2 molecule with the surface of TMDs is characterized by higher adsorption 

energy and charge transfer than for other molecules such as NH3 or H2S [16]. These results 

indicate that WS2 sensors show potential for the selective detection of NO2 traces, provided some 

surface functionalization is conducted to decrease the current cross-sensitivity experienced.  

 

Figure 5.9 Response histogram of WS2 NFs and WS2 NTs sensors operated at 150 °C toward 

different gases. 

Table 5.2 summarizes the main results obtained and puts them in context with the state of the 

art. In this table, the performance in the detection of NO2 reported here are compared against 
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those in the literature NO2 gas detection. From these results it is clear that sensors based on WS2 

NTs show very remarkable gas responses, if we make the comparison between the sensor 

response in all the materials presented, with high sensitivity an unprecedented detection limit 

below 5 ppb for NO2 gas at 150 °C. Also, the working temperature is another aspect to consider, 

as we can see in the Table 5.2 different working temperatures are presented because each sensor 

has a better response at a given temperature. This may be due to the change in morphology of 

the synthesized material and in the way the sensor was prepared. 

Table 5.2 Comparison of the sensing properties to NO2 of resistive gas sensors based on different 

WS2 sensing materials. 

Structure Working temp. 

(°C) 

Studied conc. Response (%) Sensitivity 

(Response%/ppm) 

Detection limit Reference 

Nanotriangles 150 800 ppb 55.9 70 <5 ppb 

(experim.) 

[15] 

Nanotriangles 25 800 ppb 10.6 13.2 N/A [15] 

Nanoflakes 150 800 ppb 26.6 33.2 ~50 ppb 

(experim.) 

[15] 

Nanoflakes 25 300 ppb 0.5 1.7 N/A [15] 

Nanosheets NA 25 ppm 8.7 0.3 N/A [17] 

Nanosheets 25 5 ppm 68.4 13.7 0.1 ppm 

(experim) 

[18] 

Nanostructure 

(aerogel) 

180 2 ppm 3 1.5 10 ppb 

(theoret.) 

[19] 

Nanostructure 25 5 ppm 2.5 0.5 N/A [20] 

Nanosheets 160 5 ppm 121 242 < 200 ppb 

(experim.) 

[21] 

N/A: Not available; experim.: experimentally measured; theoret.: theoretically calculated. 
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5.4.2 Gas sensing performances of WSe2 Nanoflowers 

The gas sensing characteristics of as-fabricated WSe2 nanosheet gas sensors were measured. To 

determine the performance of a gas sensor it is essential to select the optimal operating 

temperature. The WSe2 nanosheet sensors were exposed towards 800 ppb of NO2 in dry air 

balance and measured the corresponding responses at different operating temperatures but not 

beyond 150 °C. This is due to the thermal instability of 2H-WSe2 at elevated temperatures and to 

avoid ambient oxidation [15]. As depicted in Figure 5.10, the sensor response first increases with 

increase in operating temperature from 25°C to 100°C, and then gradually decreases as the 

temperature is further increased. This could possibly be due to the physisorption of NO2 

molecules on the surface of WSe2 nanoflowers. Initially, with an increase in operating 

temperature, the number of physiosorbed NO2 molecules increases, thereby increasing sensor 

response but as the temperature is further increased beyond 100 °C there is a sharp drop in 

sensor response. The increase in sensor response at 100 °C is attributed to the presence of 

possible selenium vacancies (or defect sites). The presence of selenium vacancies promotes NO2 

molecule adsorption and hence interaction with the sensing surface. For instance, it has been 

reported in previous density functional studies that in the absence of disulfide vacancies there is 

negligible adsorption of N2 molecules on MoS2 surface [22].  
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Figure 5.10 Gas sensor response of WSe2 as a function of temperature, towards NO2 at 800 ppb. 

At room temperature, the sensor response is calculated to be 18.5 % which jumps to a value 

higher than 20.5 % at an operating temperature of 100°C to finally drop down to only 14.2 % at 

150°C. Therefore, it can be concluded that 100°C is the optimal working temperature for the 

fabricated WSe2 nanoflower sensors for NO2 gas detection. Figure 5.11 displays the dynamic film 

resistance changes towards 800 ppb of NO2 gas, at 100 °C. It is observed that WSe2 sensors 

respond as a p-type semiconductor with decreasing resistance when exposed to an oxidizing type 

of a gas, such as NO2 in this case. When a p-type material is exposed to an oxidizing gas there is 

an extraction of electrons from the material surface thereby increasing the hole density and 

decreasing the electrical resistance of the material. The higher temperature (100 °C) promotes 

faster desorption of gas molecules, thereby resulting in an improved recovery cycle. The response 

time of WSe2 nanoflower sensors towards 800 ppb NO2 did not change much with temperature, 

while the recovery time diminished sharply with increase in temperature. 
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Figure 5.11 Electrical resistance change of WSe2 sensor operated at 100 °C, towards NO2 at 800 

ppb. 

Figure 5.12 shows the dynamic gas sensing response of the fabricated WSe2 nanoflower sensors 

towards NO2 at different concentrations from 0.1 - 0.8 ppm at an operating temperature of 100 

°C. The high response along with response stability at 0.8 ppm of NO2 reveals the ability of the 

sensor to detect NO2 at ppb levels. The WSe2 sensor can detect even 0.1 ppm of NO2 gas, which 

is lower than the experimental detection limit as well as the threshold exposure limit of NO2 

recommended by American Conference of Government Industrial Hygienists [23]. 

 

Figure 5.12 Linear fit of gas sensing response of the fabricated WSe2 nanoflower sensors towards 

NO2 at different concentrations from 0.1 - 0.8 ppm at an operating temperature of 100 °C.In 
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addition to NO2 gas sensing studies, the performance of WSe2 nanoflower sensor towards NH3 

gas was also studied. This gas is of particular interest due to its noxious effects on human health 

as well as the environment. For this we again investigated the optimal operating temperature for 

WSe2 nanoflower sensors towards NH3 gas. As depicted in Figure 5.13 a) a linear increase in 

sensor response with increase in temperature is observed with almost negligible response at 

room temperature, which can be expected due to rapid reaction rates at elevated temperatures. 

This behavior is more prominent when the concentration of target gas is increased from 10 ppm 

to 40 ppm. For instance, the gas response at 100 °C and 150 °C is 13% and 15.5% respectively 

towards 10 ppm of NH3 gas. Furthermore, as the NH3 gas concentration is further increased to 

40 ppm the calculated response climbs up to a value of 20.5% and 24.5% at 100 °C and 150 °C 

respectively. This can be attributed to the hierarchical nanoflower structure resulting into a high 

surface area which in turn enhances the active sites for NH3 gas adsorption and surface reactions. 

Considering a higher sensing response at 150 °C it has been considered as the optimal working 

temperature for subsequent measurements with NH3 gas. As discussed before, being a p-type 

material, the sensor shows an increase in the electrical resistance when exposed to NH3 (i.e., a 

reducing gas). Additionally, it is clearly seen that the sensor shows reproducible response at each 

concentration where the response and recovery time is much lower for higher concentrations of 

NH3 (40ppm) (Figure 5.13 a and b). 
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Figure 5.13 a) WSe2 sensor response as a function of temperature towards NH3 gas b) Film 

resistance change as a function of time, towards b) 10 ppm of NH3 c) 40 ppm of NH3, at 150 °C. 

Figure 5.14 shows the response against different NH3 concentrations at a constant operating 

temperature of 150 °C. During this measurement, the sensor was exposed to five consecutive 

concentration pulses of NH3, that ranged from 2 to 10 ppm. The WSe2 sensor response was 

calculated to be 8.2%, 10.3%, 12%, 13.4% and 14.5% for 2, 4, 6, 8 and 10 ppm of NH3 respectively. 

 

Figure 5.14 WSe2 sensor response as a function of NH3 concentrations at 150 °C. 
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Influence of humidity on the sensor response towards NH3 and NO2 gas has also been studied. 

The results are presented in Fig. 5.15 a) and b) where the sensor was tested towards 0.8 ppm 

NO2 gas at 100°C and 40 ppm NH3 gas at 150 °C in 50% humid background respectively. It was 

observed that when the sensor was exposed to 0.8 ppm NO2 gas in presence of humidity the 

sensor response was enhanced from 20.5% to 26%. This slight increase in response could be 

assigned to the ionization of NO2 molecules in presence of water molecules. However, no 

apparent decrease in sensor response is observed when exposed to NH3 gas in presence of water 

vapor. The sensor response towards 40 ppm NH3 in presence of 50% RH is calculated to be 24% 

which indicates negligible drop in its sensing response. This highlights a good reproducibility and 

stability of the WSe2 nanoflower sensor towards NH3 gas even in humid background. 

 

Figure 5.15 Relative humidity cross sensitivity to a) 0.8 ppm NO2 at 100 °C and b) 40 ppm NH3 at 

150 °C. 

The long-term stability of the sensors was studied and is presented in the Figure 5.16. NH3 

measurements were repeated at regular intervals over a considerable period and the evolution 
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of the baseline resistance and sensor response was monitored. For WSe2 sensor, both baseline 

resistance and NH3 response show a significant decreasing trend over time. The sensor response 

towards 40 ppm NH3 shows steady results up to the first 15 days from the initial measurement 

but gradually starts decreasing after that and it fall off to a response of 15% after 4 weeks (Fig. 

5.16 a). However, the baseline resistance of the sensor shows insignificant change and remains 

stable over the 4 weeks (Fig. 5.16 b). 

 

Figure 5.16 Long-term stability study. a) Stability study for WSe2 sensor towards NH3 gas over 

time and b) evolution of the baseline resistance with time. 

Results presented in Figure 5.17 reveal the selectivity of the WSe2 nanoflower sensor towards 

NH3 gas with maximum response (25%) where the sensor shows negligible response towards 

benzene and carbon monoxide. Contrary to NH3, the sensor shows some response (5%) towards 

hydrogen gas as well. However, it must be noticed that the concentration tested for hydrogen 

was 20 times higher than the one for NH3. Additionally, the sensor also shows a moderate 

response (14%) towards 0.8 ppm of NO2 gas at an operating temperature of 150 °C. 
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Figure 5.17 WSe2 nanoflower sensor response based on exposure to 8 ppm C6H6, 80 ppm CO, 800 

ppm H2, 40 ppm NH3, 0.8 ppm NO2 gas at an operating temperature of 150 °C.   

Table 5.3 summarizes the main results achieved and puts them in context with the state of the 

art. In this table, the performance in the detection of NO2 and NH3 reported here are compared 

against those in the literature gas detection. The aspects to be considered are the working 

temperature, the gases detected and the concentrations of these gases. As shown, depending on 

the morphology, the sensor detection may change. 
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Table 5.3 Comparison of the sensing properties to different gases of resistive gas sensors based 

on different WSe2 sensing materials. 

Structure 
Working temp. 

(°C) 
Studied conc. Response (%) 

Sensitivity 

(Response%/ppm) 
Gas detected Reference 

Nanoflowers 100 0.8 ppm 20.5  14 NO2 This work 

Nanoflowers 150 40 ppm 24.5 25 NH3 This work 

Nanoscrews RT 60 ppb 350 >40 NO [24] 

Monolayer RT 25 ppb 20 20 NOX [25] 

Vertical structure 

with exposing 

edges 

RT 500 ppm 4.5 N/A NO [26] 

5.4.3 Gas sensing mechanism 

We can have two types of behaviors for these molecules, as electron acceptors (NO2) and as 

electron donors (H2S, H2 or NH3). For the first type, the resistance of the devices decreases in the 

presence of NO2 (WS2 Nanoflakes, WS2 Nanotriangles and WSe2 Nanoflowers sensors) and 

increases in the presence of NH3 (WSe2 Nanoflowers sensor), which is indicative that our 

multilayer tungsten disulfide and diselenide behaves as p-type semiconducting materials. While 

single layer WS2 behaves usually as an n-type semiconductor, [27] The p-type behavior of WS2 

with exposed edges achieved via the sulfurization of WO3 has been reported [15]. The nitrogen 

dioxide sensing mechanism in WS2 and WSe2 involves the adsorption of NO2 or NH3 molecules 

both on the edges of flakes and on their surface (or basal plane). Upon adsorption, electronic 

charge is injected from WS2 towards the gas molecule, which generates a hole accumulation zone 

that results in a decrease in the resistance of the film. According to previously reported 



196 
 

computational chemistry studies in MoS2, the edges are far more important than the basal plane 

for the adsorption of NO2, because the adsorption energy of nitrogen dioxide at S edges is higher 

(∼−0.4 eV) than at the basal plane (∼−0.13 eV) and the associated electronic charge transfer is 

∼0.5e and 0.1e, respectively [28]. These adsorption energies suggest that the interaction 

between WS2 or WSe2 with NO2 would involve the physisorption of nitrogen dioxide. This is 

supported by the experimental results showing that sensor baseline resistance can be regained 

when flowing the sensor surface with clean air, even when sensors are operated at room 

temperature (i.e. 25 °C).  

5.4.4 Conclusions 

Gas sensing results showed that WS2 and WSe2 as a p-type semiconducting material. 

Furthermore, good stability and reproducibility of the responses were observed as well and these 

were related to the direct growth of the material on the sensor transducer. Henceforth this study 

paves a way to develop WS2 gas sensors with improved quality with an unprecedented ultra-low 

detection limit under 5 ppb for NO2. In the case of WSe2, the detection limits are 0.1 and 2 ppm, 

for NO2 and NH3, respectively.  
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Chapter 6 

 

Conclusions and Perspectives  

 

6.1 Conclusions  

During this work, we synthesized large-area vertically aligned 2H-Metal Dichalcogenides 

nanosheets using atmospheric pressure chemical vapor deposition on magnetron sputtering pre-

deposited metals on different substrates (such as such as Si/SiO2, sapphire and Alumina substrate 

with interdigitated platinum electrodes). Many characterization techniques were used to analyze 

in depth the so-synthesized materials. 

The strategy developed is to use the methodology of 2H-MoS2 nanosheets from previous works 

made in our laboratory as starting point: this efficient and a simple route used for synthesizing a 

large area MoS2 nanosheets can be applied as a general method for the synthesis of other metal 

dichalcogenides as we did in this thesis work with improvements in the synthesis process 

depending in the metal and chalcogen used. A two-step CVD technique was applied for the 

Transition Metal Dichalcogenides (MoS2, WS2, MoSe2 and WSe2), whereas a single step method 

was used for tin dichalgenides (SnS2 and SnSe2).  
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When Sulfur was used as chalcogenide, the reaction is made without the help of any additional 

chemical. This means that the sulfur is strong enough to perform the reduction and help the 

formation of the vertically aligned nanosheets. We have demonstrated the synthesis of vertically 

aligned and highly crystalline (2H phase) MoS2 and WS2 nanosheets. In the case of the last 

sulfured material, SnS2, the methodology was fixed in a simple one-step CVD technique. The 

principal differences in comparison with the first two materials were the pre-oxidation of the tin 

film before the synthesis and the use of lower temperature (550 °C instead of 850 °C). With this, 

we evidence the formation of vertical, homogeneous and well-crystalline 2H-phase SnS2 

nanosheets. We showed that the nanosheets presented structural defaults at their exposed 

edges.  

When Selenium is used instead of Sulfur, the use of another chemical is mandatory. Indeed, in 

addition to the presence of Se as a chalcogen, H2 is necessary for the reactions to take place 

because Se is not a strong reductant like S. We have evidenced the CVD growth of vertically 

aligned 2H-MoSe2 nanosheets. The resulting MoSe2 is large in area, highly crystalline but not 

completely homogeneous. The MoS2 synthesis process was taken as a starting point but it was 

modified in temperature (900 °C instead of 850 °C) and Ar flow to succeed with the synthesis, in 

addition to the presence of H2.  The same methodology of the first materials (MoS2 and WS2) was 

used for WSe2, with the difference in the Ar flow and the presence of H2 during the reaction. We 

have shown that the synthesized film is constituted of highly crystalline vertically and horizontally 

aligned WSe2 nanosheets. The presence of another phase different to the 2H stable phase has 

also been shown, and could open a new route to tune the physical properties by phase 

engineering, as has already been done for similar materials, such as MoTe2. The underlying 
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growth mechanism must be further studied in order to establish the best parameters so as to 

control the synthesis of the WSe2 film with different phases. Also, we have demonstrated the 

synthesis of vertically aligned SnSe2 nanosheets using a simple one-step CVD technique by direct 

selenization of a pre-oxidized tin film. SnSe2 presents 2H-phase with vertically aligned and well 

crystalline nanosheets. SnSe2 nanosheets also presents structural defects at their edges but in 

this case, the nanosheets have a bigger size, less homogeneity and the presence of other 

materials (SnSe as well as unreacted selenium). Due to the use of Se and H2 during the synthesis 

process, the degree of nanosheet alignment with Selenium seems less than using Sulfur as a 

chalcogen because Se that is not enough reactive as Sulfur. 

Our results provide a new direction to the synthesis of large-size Metal Dichalcogenides 

nanosheets on low-cost, and form the basis of a versatile approach for the synthesis of MDs for 

different applications such as gas sensors and hydrogen evolution reaction catalysis. For that, 

WS2 and WSe2 were synthesized on Alumina substrate with interdigitated platinum electrodes. 

These materials were tested as a gas sensor at the University Rovira i Virgili, Spain in the research 

group of the Prof. Llobet Valero. The results show good stability and reproducibility of the 

responses with toxic gases such as NO2 and NH3. 

Gas sensing results showed that WS2 and WSe2 as a p-type semiconducting material. 

Furthermore, good stability and reproducibility of the responses were observed and we showed 

that the sensing results depended on the sensing material morphology (nanoflakes versus 

nanotriangles). So, the sensors based on WS2 nanotriangles show very remarkable gas responses 

with high sensitivity an unprecedented detection limit below 5 ppb for NO2 gas at 150 °C. In the 

case of WSe2, we found the detection limits of 0.1 and 2 ppm, for NO2 and NH3, respectively.  
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6.2 Perspectives  

Based on the results obtained in this thesis work and the improvements made in the CVD system 

for the synthesis of Metal Dichalcogenides, the next step will be the synthesis of other MDs such 

as MoTe2, WTe2 and SnTe2 using Tellurium as a chalcogen. Also, thanks to the improvements in 

the system and the use of solid precursors proposed in this work, our attention can be focus in 

the synthesis of other materials. For example, hexagonal boron nitride (h-BN) that is a material 

with a structure comparable with graphene and has potential applications photonics, fuel cells 

and as a substrate for two-dimensional heterostructures. 

MoS2, WS2 and WSe2 nanosheets have been tested and published as a gas sensor in the previous 

reports and they have presented promising results for the detection of toxic gases. For that, SnS2 

nanosheets will be synthesized on Alumina substrate with interdigitated platinum electrodes to 

be tested as the mentioned materials due to their vertical orientation with exposed edges 

behavior. For that, SnS2 nanosheets are proposed to be used as a gas sensor to make a 

comparison between the results obtained with MoS2, WS2 and WSe2 in collaboration with Prof. 

Llobet Valero (University Rovira i Virgili, Spain). 
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Appendix I 

 

 

 

Materials and Characterization Techniques 

 

 

In this appendix materials and equipment used during the synthesis and characterization of MDs 

are described. In order to evaluate the quality of a material, we used different nevertheless 

complementary characterizations techniques. These techniques are extremely valuable as they 

represent the first step in quantifying and understanding the properties of a given material. Each 

technique will provide specific information on the structure or properties. The characterization 

of the synthesized nanomaterials, will allow evaluation of its quality and intrinsic properties. 
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A.1 Materials 

A.1.1 Precursors 

There is a variety of precursors available for MDs synthesis via CVD, we mainly focus in the use 

of metals such as Molybdenum (Mo), Tungsten (W) and Tin (Sn), and in the Sulfur (S) and 

Selenium (Se) commercial powders. The next sections show a basic presentation of these 

precursors. 

All the materials used for this thesis for all the synthesis are presented in the Table A.1, with its 

grade of purity and the its provider. 

A.1.1.1 Molybdenum 

Molybdenum is a Group VI chemical element with the symbol Mo and atomic number 42. Mo 

display body centered cubic structure at room temperature [1]. Depending on the growth 

method, metal oxide powders can be used as the starting material to obtain Mo, from vaporized 

liquids or can be directly deposited in form on thin metallic or metal-oxide layer on the substrate. 

The use of powders leads to problem as reproducibility and large-scale homogeneity. It is often 

reported that the synthesis of mono or few-layers MoS2 or MoSe2 depends on the thickness and 

homogeneity of the initial Mo deposition [2].  

A.1.1.2 Tungsten 

Tungsten is a chemical element with the chemical symbol W and atomic number 74. W is a hard 

and rare metal under standard conditions and found naturally on Earth only in chemical 

compounds [3].  
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A.1.1.3 Tin 

Tin is a chemical element with the chemical symbol Sn and atomic number 50. Sn is a silvery 

metal that characteristically has a faint yellow hue. For Sn, as Mo and W, the direct deposition 

onto SiO2 or sapphire substrates is the best way to control their thickness via sulfurization or 

selenization. 

The influence of the metal thickness in the resulting MD or TD nanostructure was not studied 

during this thesis. The same starting metal thickness, 50 nm was used. 

A.1.1.4 Sulfur 

Sulfur is a chemical element with the symbol S and atomic number 16. S powders are the most 

common precursors to deliver S to the substrate. S powders are available with high-purity 

(99.99%), they are not toxic, they can be used easily and for these reasons they are preferred 

than H2S. Sulfur forms several polyatomic molecules. The best-known allotrope is octasulfur, 

cyclo-S8. Octasulfur is a soft, bright-yellow solid that is odorless, however impure samples have 

an odor similar to that of matches. The melting temperature of the S powder is at 115 °C and 

evaporates to gaseous sulfur. At 95.2 °C, below its melting temperature, cyclo-octasulfur changes 

from α-octasulfur to the β-polymorph. The structure of the S8 ring is virtually unchanged by this 

phase change, which affects the intermolecular interactions. Between its melting and boiling 

temperatures, octasulfur changes its allotrope again, turning from β-octasulfur to γ-sulfur, again 

accompanied by a lower density but increased viscosity due to the formation of polymers. At 

higher temperatures, the viscosity decreases as depolymerization occurs. Molten sulfur assumes 

a dark red color above 200 °C.  
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A.1.1.5 Selenium 

Selenium is a chemical element with symbol Se and atomic number 34.  Se powders are the 

precursors that are most used for the process of selenization of metal. As powders, they are easily 

handled as Sulfur with a purity up to 99.99%. Contrary to Sulfur, Se powders present toxicity if 

it’s inhaled or swallowed. For these reasons it has to be handled with more precaution than S [4]. 

Selenium forms several allotropes that interconvert with temperature changes, depending 

somewhat on the rate of temperature change. When prepared in chemical reactions, selenium 

is usually an amorphous, brick-red powder. When rapidly melted, it forms the black, vitreous 

form, usually sold commercially as beads. The structure of black selenium is irregular and 

complex and consists of polymeric rings with up to 1000 atoms per ring. Black Se is a brittle.  

The red α, β, and γ forms are produced from solutions of black selenium by varying the 

evaporation rate of the solvent. They all have relatively low, monoclinic crystal symmetries and 

contain nearly identical puckered Se8 rings with different arrangements, as in sulfur. The packing 

is mostdense in the α form. Other selenium allotropes may contain Se6 or Se7 rings. Selenium 

melts at 217 °C and evaporates to gaseous selenium. Unlike Sulfur, the presence of a strong 

reducer is mandatory for the selenization reaction, compared with the sulfurization reaction [5]. 

For that, the use of H2 to obtain a successful selenization is necessary.  
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Table A.1 Characteristics of the reagents used. 

Reagent Grade Maker 

Mo 99.95% Micro to Nano 

W 99.95% Micro to Nano 

Sn 99.95% Micro to Nano 

S 99% Alfa Aesar 

Se 99% Alfa Aesar 

H2 99.9995% ALPHAGAZ 

Ar 99.9995% ALPHAGAZ 

 

A.2 Sample analysis  

The characterization techniques used throughout this thesis are describe in this section. The 

techniques can be categorized in two areas: microscopy and spectroscopy. Microscopy 

measurements such as SEM and TEM provide information on the sample’s structure with 

valuable direct imaging approaches. Spectroscopy measurements such as XPS, XRD, Raman 

spectroscopy, Photoluminescence and Uv-vis, provide information on the chemical composition, 

composition variation, crystallographic structure and optoelectronic properties of the materials. 

A.2.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a microscopic technique where a beam of electrons 

rasters over a sample, causing multiple interactions to occur. The different interactions are then 

analyzed by detectors in the SEM. Backscattered electrons are those which are produced by the 
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scattering of the incident electrons in the sample, and can be used to provide information on the 

chemical composition of a material by the contrast in the SEM image. Secondary electrons 

originate from the surface or a few nm into the sample. This means that secondary electron 

detection, using an InLens detector, can highlight topographical features. When analyzing 

topographical features, low voltages are used in order to only image the surface features. In the 

results presented in this work, SEM was used to examine the uniformity and topography of 

synthesized materials [6].  

A focused electron beam is used to scan specimen in Scanning electron microscopy (SEM) from 

the optical to nanoscale range. Secondary electron backscattered electrons, generated from the 

specimen due to electron-specimen interaction, are collected by a detector to map out the local 

morphology and compositional information of the specimen, respectively. SEM was carried out 

by JEOL 7500F microscope operating at 15 kV (Figure A.1), at the microscope service of the 

University of Namur. 

 

Figure A.1 JEOL 7500F microscope. 
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A.2.2 Transmission Electron Microscopy (TEM) 

Electron microscopy is a powerful and versatile tool that allows us to obtain high-resolution 

images and provides structural information at a spatial resolution of 1 nm [7]. Due to its high 

resolution, the Transmission Electron Microscope (TEM) has been used for the visualization of 

nanostructures, since it allows its observation in dispersion and to obtain information about its 

degree of crystallinity, functionalization and morphology [8]. TEM is based on the interaction 

between electrons and matter; when an electron beam strikes the sample, part of these 

electrons passes through it. The diffracted electrons as they pass through the sample generate a 

diffractogram that can be directly transformed into an image. TEM analyses were conducted on 

a TECNAI T20 microscope (Figure A.2) working under 200 kV at the microscope service of the 

University of Namur. 

 

Figure A.2 TECNAI T20 microscope. 
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A.2.3 X-Ray diffraction analysis (XRD) 

X-rays used for material studies are electromagnetic radiation of wavelength 0.2 to 2.5 Å, which 

is about the same size as an atom and comparable to lattice constants in crystals. X-rays enable 

to probe crystalline structure and chemical composition of materials and thin films. Each 

crystallized solid has a unique X-ray diffraction pattern representing its structure type and Laue 

symmetry, which can be used to determine the crystal structure. The unit cell of any compound 

can be determined by analyzing the diffracted X-ray intensities in accordance with the Bragg's 

law and the reflex conditions related to crystal system and Bravais lattice type. Equation 4.1 is 

Bragg’s law, where ‘d’ is the interplanar distance, 'θ' is the angle of incidence with respect to the 

plane, ‘λ’ is the wavelength of the incident beam, and ‘n’ is the order of diffraction. As per Bragg's 

law, depending upon the path difference between the two reflected beams from two different 

planes, they either add up constructively or destructively resulting in an intensity pattern on 

detector plates [9]. 

nλ = 2d sin (θ)                                                       A.1 

Diffraction is therefore essentially a scattering phenomenon. Atoms scatter incident radiation in 

all directions, and in some directions the scattered rays will be in phase and therefore present 

constructive interference to form diffracted rays (Figure A.4). Since atoms are periodically 

arranged in a lattice, destructive interference occurs in most directions however constructive 

interference occurs in a few directions and diffracted rays are formed. 
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Figure A.4 Schematic representation of Bragg diffraction. 

The peak intensities are determined by the atomic positions within the lattice planes. 

Consequently, the XRD pattern is the fingerprint of periodic atomic arrangements in a given 

material. An online search of a standard database for X-ray powder diffraction patterns enables 

quick phase identification for a large variety of crystalline samples. The unit of measurement of 

the X-Ray wavelength is in angstroms (Å), and the x-rays used in diffraction have wavelengths in 

the range 0.5-2.5 Å. Diffractometers consist of an X-Ray source, generally X-Ray tubes are used, 

and a detector to collect the diffracted X-Rays. Scintillation and semiconductors detectors are 

commonly used and they are based in the ability of X-Rays to ionize atoms.  

XRD analyses were carried on a Panalytical X’Pert PRO diffractometer (comprising Cu Kα 

radiation, Bragg–Brentano geometry, a sealed tube operated at 45 mA 30 kV, and a X’Celerator 

linear detector in the University of Namur (Figure A.3). 
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Figure A.3 Panalytical X’Pert PRO diffractometer. 

A.2.4 Raman spectroscopy  

Raman spectroscopy is a powerful technique in the characterization of thin films as it is typically 

non-destructive and structure-sensitive. In the Raman analysis the sample is irradiated with a 

monochromatic light, normally from a laser in the visible light spectrum. A small part of energy 

from the light beam is storage by the chemical bonds in the sample, when relaxation occurs, the 

storage energy is irradiated and different scattering geometrics can be observed, the vast 

majority of the energy is irradiated at the same frequency as that of the incident light, known as 

Raleigh scattering. Nevertheless, a minor part of the storage energy is transferred to the sample 

and excites its vibrational modes, resulting in the energy from the light beam being shifted down, 

this phenomenon is named Stokes scattering. The contrary process can also occur, in the sample 

there are some vibrational states that are already excited by thermal processes, this exited 

vibrational states can add their energy to the beam light so the energy from the light beam being 

shifted up, this is known as anti-Stokes scattering. These three scattering geometrics are 

observed in the Raman spectrum of the samples. Rayleigh scattering is observed as a strong 
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central line in the spectrum, Stokes scattering lines are observed at lower frequencies that the 

incident beam with lower intensities than Rayleigh lines, the separation from Stokes and Rayleigh 

lines gives direct information about the vibrational frequencies of the samples. The anti-Stokes 

lines appear at higher frequencies that Rayleigh lines and are a mirror image from Stokes lines. 

[10]. 

The Raman analyses were conducted on a micro-Raman system (Senterra Bruker Optik GmbH) 

with a 3 cm−1 resolution, using a laser excitation laser source (532 nm wavelength), and a laser 

power of 2 mW (Figure A.4) at the Materia Nova in Mons, Belgium. 

 

Figure A.4 Senterra Bruker Optik GmbH micro-Raman system. 

A.2.5 Photoluminescence Spectroscopy 

Luminescence is a phenomenon that involves the absorption of energy by a material, followed 

by the emission of light. In semiconductor research, a typical PL measurement involves the 

material being excited with a laser light of higher energy than its bandgap. The photons from the 

laser are absorbed into the material, and form electrons and holes in the conduction and valence 

bands. Following absorption, the electrons and holes undergo energy and momentum relaxation 
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towards the conduction and valence band minima respectively and eventually recombine and 

emit photons at the energy of the semiconductor bandgap [11]. 

The PL analyses were conducted on a micro-Raman system (Senterra Bruker Optik GmbH) with a 

3 cm−1 resolution, using a laser excitation laser source (532 nm wavelength), and a laser power 

of 5 mW (Figure A.4) at the Materia Nova in Mons, Belgium. 

A.2.6 Uv-vis Spectroscopy 

Ultraviolet–visible spectroscopy or ultraviolet–visible spectrophotometry (UV–Vis or UV/Vis) 

refers to absorption spectroscopy or reflectance spectroscopy in part of the ultraviolet and the 

full, adjacent visible spectral regions. This means it uses light in the visible and adjacent ranges. 

The absorption or reflectance in the visible range directly affects the perceived color of the 

chemicals involved. In this region of the electromagnetic spectrum, atoms and molecules 

undergo electronic transitions. Ultraviolet-Visible spectroscopy (UV-Vis) is a good technique for 

characterizing MDs, since it provides information about their electronic structure, allows to know 

their monolayer or multilayer nature and their direct or indirect gap transitions [12]. 

UV-Vis analyses were conducted on a Perkin Elmer, LAMBDA 750 spectrophotometer at the 

University of Namur (Figure A.5). 
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Figure A.5 LAMBDA 750 spectrophotometer. 

A.2.7 X-Ray Photoelectron Spectroscopy (XPS) 

Photoelectron spectroscopy is a technique that allows the chemical, elemental and quantitative 

characterization of a material surface. The sample is irradiated with X-Rays that transfer their 

energy to core electrons, so that characteristic photoelectrons are ejected from the material 

surface and their kinetic energy denoted Ek below, is measured by an analyzer. Knowing the 

energy of the initial photon (here, for the X-Ray from Al Kα Eph = 1486.7 eV), the electron binding 

energy, Eb, is simply deduced by the relation: 

Eb = Eph – (Ek + φsp)                                                           A.2 

Where φsp stands for the work function of the spectrometer. The binding energy of an electron 

from a specific orbital is characteristic of the chemical element and is also affected by the local 

bonding environment of the atom. The XPS survey spectrum consists of the number of electron 

counts detected as a function of the deduced binding energy. The number of electrons detected 
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can be related to the surface atomic composition, through the known atomic sensitivity factors, 

making XPS a quantitative technique (with ~1% accuracy).  

The XPS signal is representative of the first 10 nm under the material surface (assumed 

homogeneous), however in the XPS analysis its ion beam sputtering can be coupled for depth 

profiling.  

The XPS analyses were carried on an Escalab 250i Thermo Fisher ScientificTM instrument 

(consisting of a monochromatic Al Kα X-ray source and a hemispherical deflector analyzer 

working at a constant pass energy, Figure A.6) at the LISE in the University of Namur. 

 

Figure A.6 Escalab 250i Thermo Fisher ScientificTM. 
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