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Abstract  

In this work, the optimization of an atmospheric pressure chemical vapour deposition system was carried out in 

order to grow atomically-thin MoSe2, a prominent semiconductor belonging to the family of two-dimensional 

transition metal dichalcogenides. The growth was carried out using a so-called ñtwo-powder routeò, where the two 

precursors (the transition-metal and the chalcogen) are supplied in powder form. Several deposition parameters 

where probed, and an extensive characterization (Raman spectroscopy, photoluminescence, scanning electron 

microscopy, x-ray diffraction, x-ray photoelectron spectroscopy and atomic force microscopy) of the produced 

samples was conducted. As a final result, a reliable experimental procedure has been established which leads to 

the growth of atomically-thin MoSe2  films with a lateral size of 1 cm2. Furthermore, the grown samples were used 

as photoactive material in test photodetectors. Such devices were designed with a suitable architecture and 

fabricated in clean room with state-of-the-art equipment. The electrical characterization provided insights into the 

optical properties of 2D MoSe2 in terms of photoresponse and photoconductivity. 

 

Keywords: transition metal dichalcogenides, MoSe2, chemical vapor deposition, 2D materials, photodetectors.  
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Resumo   

Neste trabalho foi levada a cabo a otimização de um sistema de deposição química de vapores em pressão 

atmosférica por forma a crescer MoSe2 monoatómico, um proeminente semiconductor da família dos 

dicalcogenetos de metais de transição bidimensionais. O crescimento seguiu a chamada ñvia dos dois-pósò, em 

que ambos os precursores (o metal de transição e o calcogeneto) são fornecidos sob a forma de pó. Vários 

parâmetros de deposição foram investigados e uma caracterização extensiva das amostras foi levada a cabo 

(espectroscopia Raman, fotoluminescência, difração de raio-X, espectroscopia fotoelectronica de raio-X e 

microscopia de força atómica). Como resultado, obteve-se um procedimento experimental confiável que permite 

o crescimento de filmes de MoSe2 monoatómico com um tamanho lateral de 1cm2. Adicionalmente, as amostras 

produzidas foram utilizadas como material fotoactivo em fotodetectores de teste. Estes foram desenhados com 

uma arquitetura adequada e fabricados em sala limpa com equipamento de estado da arte. A caracterização elétrica 

dos mesmo permitiu tirar conclusões acerca das propriedades óticas de MoSe2 bidimensional em termos de 

fotoresposta e fotocondutividade. 

 

Palavras-chave: dicalcogenetos de metais de transição, MoSe2, deposição química de vapores, materiais 2D, 

fotodetectores.  
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1. Introduction  

Nowadays, with the rise in global population and the requirement for resources, it became increasingly urgent to 

uncover renewable energy sources that can supply clean energy and replace fossil fuels. Energy consumption and 

production tends towards discretization, or decentralization, and in this context, there is a drive towards 

decentralized energy sources able to power devices which are in physical proximity in order to avoid losses during 

transport and the costs which are associated with it. In addition, geographical regions which are isolated and of 

difficult access require dedicated energy source. And, at a smaller scale, the technology that we use would also 

benefit from dedicated energy sources; think laptops, cell phones, our houses and means of transportation, which 

will soon be all connected in the internet of things (IoT). Bearing this in mind, two of the most promising solutions 

for this energetic challenge are solar energy harvesting and hydrogen production and storage. 2D materials are a 

class of exotic materials in their infancy which are beginning to be considered for these ends. Their range of 

applications promise, among others, resistant, flexible[1][2] and electrically conductive devices. By definition, 

they are one atom thick, which follows that devices fabricated from these would be small and possible to 

incorporate in all types of structures. And off course, there is the importance of exploring new materials for its 

own. Cataloguing and characterizing the properties of 2D materials is nowadays an important goal of research. 

The advancement of this field will enable further research towards these promising applications.  

At this point experimental work is necessary and commendable for the advancement of technology. Two-

dimensional transition metal dichalcogenides (TMDCs) are a prominently group of semiconductor materials within 

de 2D materials class that may be useful in this regard. Atomically-thin molybdenum diselenide (MoSe2) in 

particular is a prominent semiconductor from the TMDC family with a direct bandgap of 1.5 eV, which makes it 

useful for applications such as photovoltaic cells and photodetectors. It has also been used for hydrogen evolution 

reaction (HER). However, this versatile and interesting material still lacks a reliable synthesis method which can 

produce high quality, large area, and standardized samples of this material has yet to surface.  

In this thesis, relying on the well-established technique of chemical vapor deposition, the goal of growing and 

characterizing monolayers of this material was pursued.  Thin MoSe2 films were synthesized using atmospheric 

pressure CVD (APCVD) system. The system is then optimized to achieve control over the number of layers, as 

well as area of coverage. The selected synthesis method was ambient pressure chemical vapor deposition 

(APCVD). The result is a set of CVD parameters that consistently produce mono- and few-layer samples on 

Si/SiO2 substrates, which are common substrates in the micro and nano fabrication industry. The sample films are 

photoluminescent and exhibit photoresponsivity. Characterization of the grown film samples was carried out under 

Raman spectroscopy, photoluminescence (PL) emission, scanning electron microscopy (SEM), atomic force 

microscopy (AFM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Furthermore, devices 

were fabricated in the cleanroom using the grown samples. A brief insight into the history, properties and 

applications of 2D materials is given in the following section. 
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1.1. 2D materials: properties, production and applications  

Research on 2D materials began with the isolation of graphene and exploratory studies on its electronic properties, 

which spurred an extraordinary interest in the scientific community. Graphene is the 2D form of carbon: a single 

layer of a hexagonal lattice of sp2-bonded carbon atoms [3].  

Considering that a small piece of graphite is usually made of several billion layers of graphene held together by 

van der Waals forces, graphene can be defined as a natural material. Atomically-thin layers of material, were long 

thought to be unstable when isolated, as they would not withstand thermal fluctuations. In fact, several efforts to 

create 2D materials failed as they became unstable and tended to separate [3]. In 2005, however, a group of 

scientists were able to isolate, and study atomically thin graphene flakes obtained by through mechanical 

exfoliation of graphite[4]. The impact of this feat in the scientific community was enormous: in the last 15 years, 

research on graphene gained a prominent position in materials science and technology [5]. This has been primarily 

motivated by the fact that graphene possesses outstanding mechanical and electronic properties (Youngôs modulus 

of 1 TPa and an electron mobility of 2.5 x 105 cm2 V-1 s-1 at room temperature)[6]. Importantly, graphene has also 

inspired the search and study of other 2D materials, which in an analogous way, possess properties which are 

superior to their bulk counterparts. Graphene is a semi-metal and can work as a good electrical conductor, but by 

definition has no electronic bandgap, which limits its application in (opto)electronic devices such as field-effect 

transistors (FETs), solar cells, photodetectors and light emitting diodes (LEDs). This has led to a sub-field of 

research dedicated to developing approaches (such as doping [7] and nano-structuring[8]) aimed at introducing a 

bandgap in graphene. Although stimulating, such approaches would increase the complexity and number of steps 

required for the preparation of the material, with adverse effects on its exceptional carrier mobility. Fortunately, 

other 2D materials that studied after graphene have electronic properties that are complementary to those of 

graphene. In particular, the largely group of semiconductor TMDCs, with bandgaps ranging from 1 to 2 eV [9], 

and hexagonal boron nitride (h-BN), an insulator [10], can be used in lieu of and/or in combination with graphene 

to cover an extensive range of (opto)electronic applications[11]. The techniques developed to synthesize, transfer 

and characterize graphene are most of the time compatible with these materials too[6].  

1.2. Properties of transition metal dichalcogenides 

TMDCs are a class of materials that, like graphene, are natural occurring [12]. They are defined by their MX2 

structure, where the M stands for transition metals (TMs) such as Mo, W, etc, and X for a chalcogen ï group 16 

elements such as sulphur, selenium or tellurium [13]. The elements that make up this family of compounds are 

highlighted in the Periodic Table in Fig. 1.1.  
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Fig. 1.1 Periodic table highlighting the elements that make up the compounds from the TMDC family.[13] 

The TMDC family consists of more than 40 materials that exhibit a wide variety of properties (reported in Table 

1.1), depending on their composition and structure. Among them is the semiconductor molybdenum disulphide 

(MoS2) is the one that has been more extensively studied [14][15].  

Bandgap (eV) Mo W Ti  Zr  Hf  V Nb Ta Ni Pd Pt 

S Monolayer 1.8-2.1 1.8-2.1 ~0.65 ~1.2 ~1.3 ~1.1 metal metal ~0.6 ~1.2 ~1.9 

Bulk 1.0-1.3 1.3-1.4 ~0.3 ~1.6 ~1.6 metal metal metal ~0.3 ~1.1 ~1.8 

Se Monolayer 1.4-1.7 1.5-1.7 ~0.51 ~0.7 ~0.7 metal metal metal ~0.12 ~1.1 ~1.5 

Bulk 1.1-1.4 1.2-1.5 metal ~0.8 ~0.6 metal metal metal metal ~1.3 ~1.4 

Te Monolayer 1.1-1.3 ~1.3 ~0.1 ~0.4 ~0.3 metal metal metal metal ~0.3 ~0.8 

Bulk 1.0-1.2 metal metal metal metal metal metal metal metal ~0.2 ~0.8 

Table 1.1 Within the TMDC family different compounds are different electrical character. Additionally, thickness scaling 

also results in an indirect to direct bandgap transformation. Adapted from Progress in fabrication of transition metal 

dichalcogenides heterostructure systems[16]. 

The electronic properties of TMDCs can be grouped in the following way: MoX2, WS2, and most of the materials 

with Hf, Zr, Re and Pt as the transition metal are semiconductors. NbX2, TaX2, VX2 and others are metallic[3]. 

bandgap that varies from 0 (TiS2) to 2.1 eV (WS2), Interestingly, some have exhibited properties such as 

superconductivity [17] and charge density waves (CDW) [3]. They reason for this variability is explained by 

chemistry and structural arrangement, as introduced in the section below. 

1.2.1. Chemical 

The electron configuration of chalcogen elements in the valence shell is ns2p4 or ns2px
1py

1pz
2, meaning that the x 

and y orbitals are filled after the z orbital of the three p-orbitals possess unpaired electrons while the third one is 

occupied by a pair of electrons that generally do not take part in the covalent bonding, generally called ñlone-pairò 

of electrons (Fig. 1.2). The s-electrons are also generally chemically inactive [13].  



  

4 

  

 

Fig. 1.2 Chalcogenides have a lone pair of electrons that do not participate in bonding [13] . 

Transition-metals (also called ñd-elementsò due to the partial filled d sub-shell in its electronic configuration). The 

electronic structure of the a TMDC determines the coordination of the transition-metal and the number of electrons 

filling the its d-orbital (Fig. 1.3). If this orbital is only partially filled, the TM adopts an octahedral coordination 

and the resulting TMDC is a semi-metal. If the d-orbital is fully occupied the TM has trigonal prismatic 

coordination, making the resulting TMDC a semiconductor. A case of the latter are MoSe2 and MoS2, which are 

semiconductors. 

 

Fig. 1.3 Schematic DoS for TMDCs from different groups of the Periodic Table. Partially filled d-orbitals are indicator of a 

metallic TMDC, while TMDCs with fully filled orbitals are semiconductors. The symbols below represent the symmetry of the 

structures. d-band splitting.[18] 

By interpretation of the density of states (DoS) schematics from Fig. 1.3, one can observe that TMDCs with a TM 

from group 4, 6 and 10 are semiconductors, while with those from 5 and 7, semi-metals. Thus, it is the d-electrons 

count of the M atom that determines the materialôs most stable phase and consequently is electronic character, 

explaining the wide diversity of properties within the TMDC family [13].  

1.2.2. Structural  

TMDCs exhibit a layered structure with consecutive layers being bonded by van der Waals forces and ionic-

covalent bonds as intra-layer bonds [19]. The weaker forces at the inter-layer gap dictate the preferential cleaving 

direction for bulk TMDC crystals. Each individual layer is around 6-8 Å thick (0.6 - 0.7 nm). However, unlike 

graphene or hBN, where a monolayer consists solely on a 1 atom thick sheet, TMDC monolayers are ñsandwichesò 

i.e. a TMDC monolayer is actually 3 atoms thick: 1 transition-metal atom in the middle of 2 chalcogen atoms. As 

already mentioned in the section above, the transition-metal atom in a TMDC compound can be found in one of 
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two coordinations with the surrounding chalcogen atoms: trigonal prismatic and octahedral, also called trigonal-

antiprismatic, consequence of its d-electron count. This in turn will give rise to different phases or polytypes, with 

different lattice arrangements (Fig. 1.4): trigonal anti-prismatic coordination gives rise to the 1T phase, while 

trigonal prismatic gives rise to the 2H and 3R and are the most common polytypes for these materials. 

 

Fig. 1.4  1T, 2H and 3R polymorphs  

For each transition-metal/chalcogen element combination, one of the two coordination modes is 

thermodynamically preferred [20], although phase transformations are possible, having been reported when 

temperature and pressure are applied [13]. These are the basic units of the 2H and 1T phases, respectively, as seen 

in Fig. 1.4. The mineral molybdenite (natural MoS2) occurs mainly as 2H, while synthetic MoS2 may exhibit either 

2H and 3R polytypes[20]. The 1T phase (1 layer per unit cell, trigonal anti-prismatic coordination) is metallic, 

shows no bandgap and therefore no photoluminescence, as well as metallic conduction[21]. It is typically found 

on metallic TMDCs, such as TaS2, TaSe2, NbS2, NbSe2 and VSe2. While the trigonal prismatic coordination 

belongs to the D3h point group (honeycomb motif), the octahedral/trigonal anti-prismatic belongs to the D3d point 

group (centred honeycomb motif). These two phases can be identified by characterization techniques such as high-

resolution transmission electron microscopy (HRTEM) [20].  

Also interesting is the relation between the bandgaps of these materials and the sizes of their unit cells Table 1.2. 
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Table 1.2 Relation between cell parameters in TMDCs and their bandgaps. Adapted from Molybdenum Dichalcogenides for 

Environmental Chemical Sensing [22]. 

Interpreting Table 1.2, there seems to be an inverse relationship between the size of the unit cell and the bandgap 

of the material.  

The versatile bandgap of these materials has also been shown to be tunable by application of mechanical strain, 

electrical field perpendicular to the layer, or temperature[23].  

1.3. Applications 

Given the wide variety of properties shown in the above section, it comes as no surprise that the materials from 

the TMDC family have a wide range of applications. MoS2 and MoSe2 have traditionally used as solid-state 

lubricants[24],[25], catalysts[26],[27]  and electrodes[28].  Recently, with the exploration of materials at 2D 

thickness, it has been uncovered that a single monolayer of MoSe2 has a bandgap of ~1.5 eV[29], while MoS2 has  

a broader ~1.8 eV[30]. The narrower bandgap of MoSe2 makes it more interesting for harvesting solar energy in 

single junction solar cells[31],[32] by covering both the visible and IR parts of the solar spectrum. In fact, its use 

on photoelectrochemical[32], CIGS[33],[34] and  dye sensitized solar cells[35] has been reported. Not only are the 

optical properties of MoSe2 interesting for solar cells, but they make it an interesting material to be used for 

photodetectors[29],[36],[2],[37], [29], [32], [37]ï[39]. These are usually fabricated through metal contact on a film 

surface using lithography  as depicted in Fig. 1.5.  
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Fig. 1.5 Schematic of a MoSe2-based photodetector with gold contacts [29]. 

In relation to MoS2, MoSe2 has a higher carrier mobility and narrower bandgap [40]. Additionally, photocurrent 

measurements have shown response times ~1ms [41].  Semiconductor TMDCs can be used to build field effect 

transistors (FETs) [27][42][43][44][45][46][47][48], including applications chemical sensing devices, such as gas 

sensors for pollutant concentration monitoring[22]. The fabrication of a MoSe2 FET will be the ultimate goal of 

this thesis work, which shows that the grown material can be successfully used as a semiconductor layer. In 

addition to this, it is worth mention other interesting and promising applications outside the scope of this work, 

such as hydrogen evolution reaction (HER) [49][50], computer memory applications[51], the possibility of 

incorporating these materials in space bound devices[52] and the rising fields spintronics[53], [54], 

valleytronics[55] and polaritronics[56]. For these materials to be used in future technological applications, their 

production methods must be optimized and scaled to industrial level. This thesis focus will be put on MoSe2, an 

interesting semiconducting material from the TMDC family, and its adequacy as an active layer in test 

photodetectors evaluated. The next chapter illustrates several established techniques for TMDC synthesis, which 

pose as possibilities to synthesize MoSe2. 
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2. MX 2 production methods 

2D TMDCs can be synthesized by either one of two radically different approaches: top-down or bottom-up 

[13].Top-down approaches yield 2D layers of material by taking the bulk materials and thinning them down to 

atomically-thin layers by taking advantage of the weaker binding forces at the inter-layer gap. These include 

mechanical [2], electrochemical and liquid exfoliation [57] and ion intercalation. On the other hand, bottom-up 

approaches are methods which grow or deposit the material layer by layer (rather than reducing the size of an 

existing solid) and thus allow to control the thickness/number of layers of the material. They are methods such as 

Van der Waals epitaxy [58], molecular beam epitaxy (MBE) [59], atomic layer deposition (ALD)[60], 

sulfurization/selenization/tellurization of metallic films [36][61], [62][63][64] and chemical vapor deposition 

(CVD)[63][65]. Some of these approaches are described in greater details in the course of this chapter, with greater 

emphasis being put on the CVD procedures and its variants.  

2.1. Top-down approaches 

2.1.1. Mechanical exfoliation 

The approach by which graphene was firstly isolated: by using an adhesive Scotch tape, researchers were able to 

peel of single graphene layers from graphite. The mechanical action will preferentially break down the weaker van 

der Waals bonds, thus resulting in the separation of thinner layers of material. The thinner flakes will then stay 

adhered to the tape and can be transferred to a target substrate, in a process regarded as deterministic. This became 

known as the Scotch tape method and is currently one of the most efficient ways to obtain highly crystalline and 

atomically-thin TMDC layers[13], allowing their study. However, mechanical exfoliation acts solely on the 

principle of exploiting the weaker inter-layer bonds, and thus is not limited to the usage of the scotch tape. Other 

approaches have been used that act on this principle as well, such as coating a TMDC sample with a Ni layer and 

peeling with tape, which can then be transferred to a target substrate [66]. The single layers that result from 

exfoliation are stabilized by the development of a ripple structure, similarly to what happens in graphene[20]. 

Despite its simplicity and good results, this method is not adequate for large scale production due to the non-

controllable size and thickness of the flakes, as well as lack of scalability. 

2.1.2. Liquid exfoliation 

Liquid exfoliation is performed through ultrasonication and allows to reduce the exfoliate TMDCs and obtain 

monolayers dispersed in liquid solution. It consists on the sonication of commercial powders in a solvent (which 

can vary in surface tension) and centrifugation. Reports suggest that the most promising solvents are N-methyl-

pyrrolidone and isopropanol. This method requires that the resulting exfoliated nanosheets are stabilized to avoid 

re-aggregation after sonication. This can be achieved through solvation, steric of electrostatic repulsion. Posterior 

vacuum filtration and spraying allows the preparation of films of various thickness (few nm ï hundreds of 

micrometres). Exfoliation can be performed in water, followed by ultrasonication in an aqueous solution of sodium 

cholate, a surfactant that coats the sheets and prevents their re-aggregation. The choice of solvent should be one 



  

9 

  

that has surface energies comparable to those of the exfoliated crystals. The main challenges of this method are 

the increase in the monolayer yields and avoid reduction in the lateral size of the nanosheets. 

2.1.3. Ion Intercalation  

Ion-intercalation, such as lithium intercalation, is another method to obtain TMDC monolayer. The bulk material 

in powder form is submerged in a solution containing the lithium ionic species (such as n-butyllithium) for a period 

of days, allowing the lithium to intercalate. The intercalated material is then submerged into water ï the water will 

react with the lithium, between the layers, which will result in the formation of H2 gas, separating the layers 

This method yields monolayers nanosheets with lateral size in the sub-micron range; moreover, the Li intercalation 

will cause a phase change from 2H (trigonal prismatic) to 1T (octahedral), altering not only its structure, but its 

electronic properties from semiconductor to metallic as well. Annealing at 300ºC, however, restores the trigonal 

prismatic coordination and the semiconductor properties of the 2H phase. This method has been demonstrated for 

several TMDCs, including MoSe2 

2.1.4. Electrochemical exfoliation 

Bulk TMDC is submerged in a Na2SO4 electrolyte. An increasing DC bias is applied between the TMDC and a Pt 

wire. The resulting lower-thickness layers become dispersed in solution. By applying a positive bias to the TMDC 

electrode, SO2-
4 anions gather around the crystal and insert themselves in the inter-layer gap, weakening the van 

der Waals bond. Further oxidation of these anions causes SO2 release, which expands the interlayer gap to expand 

and single layers to be released from the bulk and become suspended in solution. There is a risk of oxidizing the 

resulting nanosheets (if the process is not optimized). 

2.2. Bottom-up approaches 

2.2.1. Molecular beam epitaxy 

Molecular beam epitaxy (MBE) allows for precise deposition of atomically thick films, with wafer-size uniformity 

and high throughput. In addition, it allows doping of the films and precise control over the composition profile 

(which can be made abrupt or continuous), making it a versatile technique[67]. MBE is an epitaxial process in 

which the growth takes place in ultra-high vacuum (UHV) (10ī9 mbar) conditions on a heated crystalline substrate. 

Epitaxy (or epitaxial growth) is the growth of a single crystal film on top of a crystalline substrate. The single 

crystal film lattice will growth to match the lattice of the underlying substrate, typically sapphire. The deposited 

layers have the same crystalline structure of the substrate or a structure with similar symmetry and a lattice 

parameter that differs no more than ~10% from that of the substrate. The molecular beams generally have thermal 

energy and are produced by evaporation/sublimation of suitable materials contained in ultrapure crucibles. An 

electron gun is usually added to study electron diffraction on the surface in real time, allowing to study composition 

and growth mechanics.  MBE has not only been used for research and obtainment of new materials, but also for 

industrial scale mass production of electronic, optoelectronic and photonic based devices. Although MBE is a 
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potential method to grow large-area and thickness controlled MoSe2 films, it has a high cost[29] and requires ultra-

high vacuum. 

2.2.2. Metal chalcogenization 

A metallic foil (Mo) is placed inside a furnace chamber together with a chalcogen precursor (Se) in powder form. 

The X precursor zone is heated to its evaporation point or higher, leading to the transition to vapor phase. The 

vapor phase precursor will then be carried to the metal foil through the use of a carrier gas flow (an inert gas,  such 

as Ar), where it will react with the native oxide layer of the foil. The thickness of the obtained TMDC layer is 

usually in the order of the tens of micrometres, as it depends on the thickness of native oxide layer in the metallic 

foil.   

Although metal chalcogenization is considered to be a bottom-up method, it yields typically thicker films than the 

other bottom-up methods here described, with less control over the thickness of the resulting film. By using the 

Mo foil as Mo precursor, the amount of MoOx available for reaction is that of the native oxide layer of the metal 

ï which makes the initial conditions unknown, unless a controlled annealing or deliberate of oxidation is done. 

MoO3 should be reduced to MoO2 in order to react with the vapor phase Se and deposit.  

Note that the sublimation temperature of the oxides is significantly less than that for directly releasing Mo atom 

from the foilôs lattice (the melting point for molybdenum is 2623ÁC), making the whole process much more energy 

efficient. However, it is worth mentioning that through the top-down methods above described it is possible to 

reduce these films to the desired thickness through adequate optimization of the process. The metal 

chalcogenization may happen during a CVD process, where the metal precursor reacts with the vapor phase 

chalcogen in situ rather than in the surface of a substrate.   

2.2.3. Chemical vapor deposition 

Chemical vapor deposition (CVD) is a technique for depositing films based on the chemical reaction between 

vapor phase reactants. It is a bottom-up technique, and, for graphene, it was the breakthrough technique that 

allowed for the fabrication of large sized nanosheets. Similarly, it is seen as one of the most promising routes for 

the growth of large area TMDC nanosheets. The precursors to the vapor phases are placed inside the furnace 

together with the substrate to be coated. All species, with the exception of the deposited film, should be volatile at 

growth temperature[68]. The general growth mechanism by CVD is illustrated in Fig. 2.1.  



  

11 

  

 

Fig. 2.1 Adapted from Materials Science of Thin Films: Deposition and Structure.[69] 

Film growth on a target substrate can be summarized in the following steps: 

1. Carrier gases transport the gas phase precursors to the reaction zone; 

2. The gas phase precursors react, creating new species and by-products; 

3. The new species and by-products travel to the substrate surface; 

4. The species become chemically and physically adsorbed on the substrate surface and travel on it through 

surface diffusion; 

5. Heterogeneous reactions catalysed by the surface lead to nucleation, followed by island and step growth; 

6. Volatile by-products of the surface reactions desorb; 

7. Convective or diffusive transport takes the surface reaction by-products away from the reaction zone and 

back to the main flow zone. 

2.2.3.1. CVD of MoX 2 

Most materials used in the semiconductor industry can be obtained through CVD[69], including MoSe2. This is 

the production method that will be explored in this thesis work. In particular, the so-called ñtwo-powder routeò 

was selected as the CVD growth method. In this approach the M and X components are supplied in powder for in 

two zones of the furnace held at different temperatures. Other approaches include the use of MoCl4 complexes 

[70], that were not considered for this thesis, and the use of Mo metallic foils [71] as M precursors.   
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Fig. 2.2 CVD system schematic and crucible position example. In this image the crucibles are spaced 

Notable examples of this approach to synthesize MoSe2 are the works of Fremes et al.[72] and Campbell et al. 

[73], having achieved 0.5 mm singles crystals and a polycrystalline film of a few square millimetres, respectively. 

Give the current status of the methodology concerning the CVD growth of MoSe2, several CVD parameters need 

to be optimized to produce atomically thin MoSe2 with the desired properties. The main challenges in this context 

are two-fold: the suppression of vertical growth (by thermodynamic favouring of horizontal crystal growth [74]) 

that gives rise to multilayer samples, and the control over the nucleation density as to grow monocrystalline 

samples, which would have better electrical properties than to polycrystalline ones due to the absence of grain 

boundaries [75]. Mono-crystalline samples should also be in principle easier to transfer to target substrates, since 

the sample would break at the grain boundaries. In the following chapter,  some of  the most relevant CVD 

procedures that have been used to produce MoSe2 and MoS2 samples are outlined. The literature analysis provided 

the grounds for the present thesis work. MoSe2 is regarded as more challenging to synthesize, in relation to MoS2, 

due to the lower reactivity of Se, when comparing to S [76]. Because of this lower reactivity of the chalcogen 

species, a flow H2 is used commonly during synthesis as a reducing agent of the MoO3 powder[77], [78], 

commonly used as a Mo precursor[79], thus allowing it to react with Se. Typically, the reaction takes place by 

introducing an hydrogen (H2) flow in the chamber, which reduces the MoO3 to MoO2. MoO2 in turn sublimates 

(at 550 °C) and reacts with vapor phase Se. Not only does the H2 flow promote growth, but it has been shown to 

control the crystal shape through the variation of its content [80], as well as avoiding defects at the grain boundaries 

[81].  
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Fig. 2.3 Control over crystal shape was achieved through variation of the H2 content in the gas flow mix.[80] 

The reason behind the H2 flow shape dependence, the authors propose, is due to rate at which the Se- and Mo- 

terminated edges grow during the deposition: by increasing the H2 flow, the Se-terminated edges growth rate would 

match that of the Mo- terminated edges, through the increased supply of  intermediate MoOx-3 precursor resulting 

from the increased H2 flow, which in this sense acts as a reducing agent.   

Zheng et al. for example reports the results of using different pressures, temperatures and growth times when 

following a two-powder route to obtain MoS2 and MoSe2 crystals. Notably, their work resulted in the obtainment 

of different shaped crystals with micron-range lateral size [82]. It has also been shown that the size and shape of 

MoS2 single crystals can be controlled through regulation of the supply of each precursor[77][83]. Fig. 2.4 shows 

schematically a CVD setup similar to the one used in this thesis. 

 

Fig. 2.4 Evolution of crystal size with regard to Mo supply.[77]   
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As illustrated, different regions in the substrate show crystals of different sizes and shapes, according to their 

distance to the Mo precursor. In a similar sense, the Mo supply can be tuned by raising the distance of the substrate 

to the powder. Fig. 2.5 shows another example of an experimental setup showing this effect.   

 

Fig. 2.5 Experimental setup used to produced MoSe2 flakes with different morphologies: vertical alignment, 

pyramids, flat triangles and hexagons.[83] 

Fig. 2.5 shows that a variation in the height between the Mo precursor and the substrate yields crystals with 

different morphologies. It also introduces the usage of PTAS, one of the many growth promoters that have been 

used to grow MoX2 compounds. These are discussed below. 

The already mentioned work by Fremes et al. showed the positive effect on Na in the growth of several TMDCs 

by mixing NaCl in the precursor pool, allowing to lower the reaction temperature. Density functional theory (DFT) 

has been used to study the positive role of Na in TMDC growth. There have been reports of Na as reducing the 

energy needed for adsorption of the Mo adatom [71], therefore acting as a catalyst. Soda-lime glass has typically 

12-16 w% of Na2O in its composition and has been used as substrate.  It is also worth mentioning the usage of 

growth promoters, although this did not translate into the experimental work in this thesis. Organic and inorganic 

seeding promoters such gold nanoparticles and tetrapotassium perylene-3,4,9,10-tetracarboxylate (PTAS)[83], 

[84],[74] and catalysts (NaCl powder spin coating[71], etc) have been used to this end with varying degrees of 

success, allowing for pattering as well[71], [72]. In addition to this, pre-treatments, such as subjecting the substrate 

to oxygen plasma, have been used successfully as growth promoters, allowing to obtain control over the thickness 

of the film thought the duration of the exposure to plasma[85]. 
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Fig. 2.6 Relation between plasma treatment duration and the thickness of the deposited MoS2 layer [85] 

Having laid out the methodology that will serve as grounds for the growth methods in this thesis, it is important to 

take into account the reports that indicate that CVD grown TMDCs are prone to oxidation[75],[86]. This is a 

concern that relates to the long-term stability of any device that is fabricated using these materials, not only in 

terms of physical stability, but also degradation of their photoluminescence. As a means of quantifying their 

stability, the authors have performed XPS measurements in fresh and one-year old samples (Fig. 2.7).  

 

Fig. 2.7 XPS measurements from (a) WS2 and (b) MoS2. The XPS spectra on top were taken on fresh samples, while the ones 

on bottom refer to the same samples after one year, revealing the presence of peaks relative to oxygen.[75]  

The XPS measurements performed on fresh a one-year old samples revealed the rise of new peaks that correspond 

to the presence of oxygen bonded to the transition-metal. Having in mind the stability concerns in CVD-grown 

TMDCs, the stability in the samples grown throughout the course of this thesis was evaluated through XPS and 

Raman spectroscopy. 
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3. Characterization techniques 

In this chapter the techniques used for characterization of the resulting materials are described, as well as to assess 

the quality of each fabrication steps. Through material characterization it will be possible to relate the CVD growth 

conditions with the resulting properties of the film. Characterizations techniques will serve to ascertain structural, 

optical, and electrical properties of the CVD grown MoSe2. Each of the selected characterization techniques 

provide insight on the different properties of the synthesized MoSe2, as well as its morphology at different 

dimensional scales. The basic working principles of each of the above-mentioned techniques are summarized in 

the following sections.  

3.1. Raman spectroscopy 

When monochromatic radiation reaches a system with a certain angular frequency (ɤi) a part of it is transmitted, 

while the other is scattered (ɤd). The scattered light has two components: elastic (ɤd=ɤi) and inelastic (ɤd Í ɤi), 

known as Stokes (ɤd < ɤi) or anti-Stokes (ɤd >ɤi). The shift in frequency in inelastic scattering is attributed to 

energy transfer between the incident radiation and the scattering system: the shift in frequency is related to the 

energy necessary for the creation of annihilation of phonons in the lattice. The inelastic component of scattering 

is around 1000x less intense than the elastic component. The Stokes component is typically much more intense 

than the anti-Stokes component.  Scattering is a change of light direction due to its interaction with matter. In 1928, 

C. Raman discovered the inelastic scattering of photons, now known as Raman scattering and since then, the 

technique known as Raman Spectroscopy relying on this discovery became increasingly used in material 

characterization, due to advances in laser technology and spectrometry techniques. 

It is known as Raman Spectroscopy, and relies on the low frequency vibration modes that allowed by the molecular 

structure of a particular solid material, thus allowing of its identification and study. The Raman effect has its origin 

in the virtual electronic transition that occur during light scattering. The study of Raman scattering in materials 

provides information about the lattice vibrations, which are consequence of structure, making it suitable and  for 

and routinely used to study many materials: thin films, polymers, alloys, and, more recently, 2D materials, offering 

results that are complementary to X-ray diffraction or photoluminescence (PL) emission. Raman spectroscopy 

offers the advantage of being a non-destructive technique, although the power of the excitation laser beam should 

be kept below a certain threshold in order to avoid thermal evolutions in the material.  

Here, the vibrational modes of MoSe2 were studied using a laser power of 1.7 -2 mW, 532 nm of wavelength, a 

grating of 1800 grooves/mm grating and a magnification of 100x. The number of acquisitions was 10 with 2 

seconds of integration time.  The equipment used was a WiTec Alpha300R , operated by the Control FIVE 

software. Due to the grating of the equipment being insufficient to observe peak splitting at ~240 cm -1, a fitting of 

the curves with Lorentzian functions was performed, allowing to ascertain the contribution of the peaks described 

in literature to the broadening of the experimentally observed peak.  

For 2H-MoSe2, there are 12 vibration modes at the centre of the Brillouin zone which can be expressed as: 
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 ɻ = A1g + 2A2u + B1u + 2B2g + E1g + 1 E1u + 2E2g + E2u (1) 

 

Where A2u
1 and E1u

1 are acoustic modes, A2u
2 and E1u

2 are infrared active modes, A1g, E1g, E2g
1, and E2g

2 are Raman 

active modes, and the rest are inactive [34]. The B2g  mode is active when the MoSe2 few-layer, and inactive when 

it is monolayer and bulk [54]. In that sense, the Raman spectrum of MoSe2 reflects its thickness[9]. There are two 

main peaks in the spectrum: a sharp peak at low wavenumber corresponding to the A1g mode (out of plane 

vibration) and another, broader peak, at high wavenumber corresponding to the E2g mode (in plane vibration), as 

shown in Fig. 3.1. 

 

Fig. 3.1 Allowed vibration modes and Raman spectra [54] obtained with a 2400 grating. 

The position of these peaks can be used to identify the thickness/number of layers in the material. As the thickness 

of the material increases, the A1g peak is blue-shifted, while the E2g is red-shifted[9]. There are also reports B2g 

mode as being active when the material is few-layered, and inactive when it is only one layer thick or bulk [54]. 

The work reported by Nam et al. describes the wavelength dependency of the intensity of each vibration mode[34].  

 

Fig. 3.2 MoSe2 Raman spectra with regard to laser intensity [34] 



  

18 

  

A paper by He et al. reports the existence of a defect mode at ~252 cm-1 [87]. Se vacancies can be considered 

defects.  

Raman spectroscopy was the main tool used to characterize the samples and have a feedback on the effect of the 

CVD parameters, as it allows quick identification of the deposition results; in addition, it is versatile, as it allows 

not only for the identification of the structural properties of the materials, but also of the thickness (number of 

layers) and crystalline phase. 

3.2. Photoluminescence spectroscopy 

Photoluminescence (PL) is the light emission from a material after absorption of photons i.e. after the excitation 

of electrons from the valence to the conduction band, electron-hole pairs. Following excitation, various relaxation 

(energy and momentum) processes typically occur towards the band minimum. Finally, the electrons recombine 

with holes emitting a photon with the energy corresponding to the bandgap of the material when returning to its 

non-excited state. The luminescence signal is then collected by a monochromator. The higher the intensity of the 

laser, the more PL signal will be collected by the monochromator. The photoluminescence of the grown samples 

was measured by exciting the materials with a 532 nm wavelength laser at room temperature. The intensity of the 

laser source is controlled by the shutter and was set to 2 mW. Photoluminescence (PL) emission was used to 

investigate the optical properties of the samples, such as the bandgap. Both Raman and PL measurements were 

carried out in the same equipment (WiTec Alpha300R). Fig. 3.3 shows PL measurements of a MoSe2 thin film.  

 

Fig. 3.3 Photoluminescence peak shift as a function of MoSe2 film thickness.[54]  

As shown in Fig. 3.3, photoluminescence is quenched when in bulk. This transition from indirect to direct enables 

strong photoluminescence [88] at the wavelength corresponding to the direct bandgap of the material. This enables 

not only a quick identification of the thickness of the sample (since strong PL signifies an atomically thin film) 

and identification of the optical bandgap as well, making photoluminescence spectroscopy a very useful technique 

in the scope of this work.  
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3.3. Scanning electron microscopy 

Scanning electron microscopy, or SEM, is a non-destructive technique that uses an electron beam to achieve 

greater magnification than that that can be achieved through optical microscopy. SEM is typically used for 

morphological characterization of samples as its magnification can go to more than 500 000x. 

During a SEM measurement a beam of electrons is focused on a target spot on the sample. These electrons bombard 

the sample and are known as primary electrons (PE). Primary electrons remove electrons from the sample ï 

secondary electrons (SE) (< 50 eV), which once released from the sample will be collected by a positively biased 

grid/detector. The beam is swept across the sample, generating a signal which is converted into images of the 

topography. Aside from secondary electrons, the primary electron beam results in the emission of backscattered 

electrons (BSE) from the sample. These are more energetic than the secondary electrons (BSE > 50 eV) and have 

a definite direction ï due to this, they cannot be collected by the detector unless the detector is in their path. To 

summarize, the volume of analysis under SEM is proportional to the amount of energy used to accelerate the 

electrons, as shown in Fig. 3.4. Due to the thickness of the films under study, all the SEM images shown were 

obtained by the secondary electron detector.  

 

Fig. 3.4 SEM: electron acceleration vs volume of interaction.[89]  

To collect signal from a sample of sub nanometre thickness, such as the expected films, Auger electrons should 

be collected. For that, the electron acceleration should be kept low (3kV?). 

SEM has been used to characterize CVD grown MoSe2 nanosheets[78]. It allows to know the morphology of the 

surface in greater detail than with an optical microscope, as well as better contrast between the substrate and the 

grown film. Under SEM, defects in the film such as clustering and secondary nucleation should be identifiable ï 

brighter spots in the image can be connected to abrupt changes of topography. However, since the thin films here 

under study are of nanometre thickness (sometimes below 1 nm, in the case of monolayers), the electron 

acceleration should be very low to avoid collecting information from the electrons of the region below the film 

(substrate). The same equipment also allows to perform energy-dispersive X-ray spectroscopy (EDX), which is 

used to for elemental identification. This is a complementary technique in this experimental work, as it allows for 
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the identification of the composition of any contaminants or particles resulting from the deposition, namely the 

presence of oxides. Scanning electron microscopy (SEM) (Dual Beam FIB-SEM) with a maximum acceleration 

voltage of 5 kV and optical microscope (OM) were used to obtain images of the morphology of the film surface. 

Scanning electron microscopy was used to obtain detailed images of the surface of the films, which provided 

important insight on the presence of defects and impurities which is crucial for the continuous optimization of the 

growth process and substrate treatment. EDX analysis, performed on the same equipment, is also of use to ascertain 

the composition, identify impurities and intermediate precursors (molybdenum oxides) and clustering (secondary 

nucleation points and material accumulation).  

3.4.  Atomic force microscopy 

A single monolayer of MoSe2 has a thickness of 0.7 nm [90]. Atomic force microscopy (AFM) is a vital technique 

in nanotechnology and nanofabrication. In systems with 10 nm or less, AFM and related scanning-probe 

microscopy (SPM) techniques are used to make dimensional, electrical, magnetic and mechanical measurements. 

Additionally, it can be used to modify the surface and even build nanostructures[91]. It has a vertical resolution of 

0.1 nm, while the lateral resolution is 10 nm. It does not require sample preparation nor vacuum [91], although 

vacuum can be used to enhance the resolution of the measurement. It allows for the observation of structures with 

unprecedented small sizes and thus has been routinely used to measure the thickness of TMDC films, including 

MoSe2[92], whose monolayer thickness is known to be ~0.7 nm. In this experimental work AFM was used to 

know the thickness of the obtained CVD grown films. AFM height measurements are made by scanning a 

probe/tip/piezoelectric scanner over the sample surface and building a map of heights or topography as it goes 

along. This is the simplest mode of measuring and is known as contact mode; this mode, however, might cause 

damage to the sample due to contact from the tip. Other modes ï non-contact and tapping mode. In the first, the 

cantilever oscillates near its resonance frequency. As the tip approaches the sample surface the oscillation 

amplitude decreases as a consequence of the electrostatic/ van der Waals forces near the surface. This difference 

in amplitude is used to determine the roughness of the surface and consequently the height of the deposited films. 

In tapping mode, the tip touches the sample but does not drag on the surface. AFM measurements in this 

experimental work were made under tapping mode as to avoid damage to the film. Firstly, a region with a scratch 

(where the substrate was visible underneath) was selected to make the thickness measurements. Gwydion, open 

source software, was used to analyse the gathered data and make an adequate fitting. Atomic force microscopy 

(AFM) (Bruker Dimension Icon) was used to determine the thickness of the films. Artefacts on the measurement, 

make it necessary to complement the height measurements with other techniques (such as Raman, where a peak 

shift is expected when there is an increasing number of MoSe2 layers).  

3.5.  X-ray diffraction  

X-ray diffraction (XRD) is a non-destructive technique that gives information about the crystal structure of a 

sample (such as lattice parameters, space group and crystal orientation). In this technique, a crystal is irradiated 

with X-rays, which are then diffracted and create a pattern. Different spots on the diffraction pattern are 

representative of the crystal structure. Interaction between the material and the X-rays is possible due to the 
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wavelength of this type of radiation, which is dimensionally comparable to the distance between the atoms in the 

lattice arrangement. XRD is described by Braggôs law, which allows to interpret the resulting diffraction patterns. 

 Îʇ ςÄȢÓÉÎʃ (2) 

where n is the order of diffraction, ɚ is the wavelength of the incident radiation, d is the distance between Miller 

planes, and ɗ the angle of incidence relative to the tangent between planes.  

Grazing incidence X-ray diffraction (GIXRD) is a variant of XRD that has been developed to analyse samples of 

thicknesses in nanometre range. The small incidence angle ɗ causes the path travelled by the X-rays to increase 

significantly, allowing to collect more information about the structure of the sample. GIXRD was adopted to obtain 

information about the synthesized MoSe2 thin films. GIXRD, however, changes the location of the peaks in the 

spectrum in relation to those obtained in regular XRD. As such, results from this technique cannot be directly 

compared with the majority of the data found in a database. An alternative is to use a software such as xray utilities 

(open source) [93] which allows to calculate the GIXRD and XRD peaks from the crystallographic data of the 

material (in .cif format). Grain size and other relevant dimensions in the film can be deduced from the peaks 

measured in XRD through the use of the Scherrer equation. X-ray diffraction (XRD) was used to study the 

crystallography of the materials, such as lattice parameters, inter-layer distance and grain size. MoSe2 belongs to 

the P63/mmc space group [94], which must be taken into account when analysing the XRD data. XRD 

measurements have been performed on MoSe2 [95]. 

3.6. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used method for measuring the chemical composition of solid 

surfaces. The sample is irradiated with x-rays with energy between 1 and 3 keV. The excited electrons are analysed 

to obtain a spectrum which corresponds to the ionization energy from the core electron orbitals of atoms at the 

surface. In the scope of this experimental work, XPS was utilized to obtain a measure of the stoichiometry of the 

grown MoSe2. XPS measurements were carried out in an ESCALAB 250Xi system. 

3.7.  Electrical measurements 

Photocurrent is related with the separation of charge carriers due to the absorption of light in the material/crystal 

lattice. The photoresponsivity of a semiconductor material is a factor to evaluate the performance of a 

photodetector in which it is acts as an active layer. Current is measured by placing probes on metallic contact on 

opposite ends of the material, applying a certain amount of voltage (V). The measurements are performed in dark 

and under illumination. The photocurrent is then calculated by comparing the current in a dark room (dark current), 

and then taking a second measurement of the current with a light source of known intensity and wavelength (light 

current). The intensity of the current is expected to be proportional to the intensity of the applied light source [29], 

as well as its wavelength.  

 ὍὴὬ ὍὭὰὰόάὭὲὥὸὩὨὍὨὥὶὯ (3) 
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Due to having exhibited intense and fast photoresponse, semiconductor TMDCs have been regarded as important 

materials for light harvesting and sensing, being optimal materials for solar cells and photodetector fabrication. 

The material can be tested for photoresponse by depositing electrodes on top of the film. Then, using two probes 

it is possible to applying a bias voltage and to measure the current in the dark and comparing to the current in when 

a light reaches the sample. If the intensity of the light is enough to raise an electron from the conduction band to 

valence band, then an electron-hole pair is generated. These are charge carriers and will contribute to the electrical 

current. These are referred to as dark and light current, and the difference is the photocurrent of the material. The 

current was measured using a Keithley 6487 Picoammeter/Voltage source. 

The measurements are typically done using a light source of known wavelength and intensity. The intensity of the 

light source is measured using a photodiode with a known responsivity. The photoresponse of the material Is tied 

to its bandgap: the incident radiation will only be able to create charge carriers if it is energy is enough to excite 

electrons from the valence to the conduction band. In the case of few-layer MoSe2, the bandgap is 1.5 eV. The 

energy (E) required to rise an electron from the valence to the conduction band is given by  

 E = h. v (4) 

 

Where h is Planckôs constant and v is the frequency. The frequency, in its turn is 

 v = c / ɚ (5) 

 

where c is the speed of light and ɚ is the wavelength of the radiation, giving 

 ɚ = h. (c / E) (6) 

 

Another important parameter in the characterization of TMDCs and photosensitive material in general is the 

photoresponse time.  
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4. Growth of 2D MoSe2 

The analysis of the production methods currently available to produce atomically thin TMDCs (presented in 

Chapter 2) gave insight into the various production methods, allowing to weight their pros and cons. As an 

example, MBE seems to yield excellent results in terms of doping profiles and material throughput, but it requires 

ultra-high vacuum (UHV) and expensive instrumentation. Mechanical exfoliation, also known as the scotch-tape 

method, produces very good quality samples but has dire restrictions in terms of size and throughput.  

Differently from these techniques, CVD can be performed at atmospheric pressure and over large areas. It is a 

reliable and cost-effective technique, making it viable to to produce large area samples. As such, CVD appears as 

one of the most promising approaches for the growth of mono- and few-layer MoSe2. The experimental work in 

this thesis is thus focused on the optimization of the CVD growth process for atomically thin MoSe2. This chapter 

begins with the description of the methods used for the preparation of the MoSe2 samples and will then move the 

presentation and discussion of the results. A continuous optimization of the process steps was conducted in an 

attempt to minimize the filmôs thickness and maximizing substrate area coverage, while keeping a high crystalline 

quality in the grown MoSe2. 

4.1. Materials and methods 

The growth experiments in this work were carried out in a CVD setup featuring a 1 m quartz tube furnace with 60 

mm of internal diameter, shown in Fig. 4.1. 

 

Fig. 4.1 CVD furnace at INL 

The furnace has 3 separate heating zones. In each heating zone there is a thermocouple that gives temperature 

readings. The flanges are water-cooled to lower the temperature at both ends of the tube to ease the sample 

handling.  
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The substrates used for MoSe2 in CVD experiments can be inert (Si/SiO2[73], quartz), or active (SLG [71], 

[96],,[97]), i.e. they can catalyse the reaction and promote nucleation. Substrates can be chosen for their dielectric 

properties, optical transparency, lattice parameters (e.g. they can favour aligned growth, as c-plane sapphire does), 

or flexibility  (e.g. polymers, such as PET [71], although these have a low melting range and thus cannot be used 

directly as a substrate during deposition). Mica has been used as well [98].  

 In the present experiments, the selected substrates used were of Si/SiO2 (100 nm and 300 nm of oxide thickness, 

with the substrates with thinner oxide layer presenting advantages when fabricating devices with a back gate). 

They were cleaved using a diamond tip pen in squares of ~2 cm2. After cutting the substrates were cleaned by 

ultrasonication in acetone, IPA and DI water, 5 minutes each. After ultrasonication, the substrates were subjected 

to an O2 plasma treatment (with a PVA TEPLA Plasma Asher) in order to increase the reactivity of the surface 

and promote growth. The parameters in Table 4.1 were in used.  

Gas flow (sccm) 250 O2, 25 N2 

Power (W) 150 

Time (minutes) 1 

Table 4.1 Plasma pre-treatment: parameters 

Powder Se (99,99%, Alfa Aesar) and powder MoO3 (99,99%, Alfa Aesar) were used as precursors. In each run 

~300 mg of Se and ~20 mg of MoO3 were placed in alumina crucibles with a depth of 70 mm. While the placement 

of the Se crucible is variable, the MoO3 is placed always in the third zone. The Si/SiO2 substrates were placed on 

the MoO3 crucible with the polished side facing the powder.  

Vapor phase Se condensates the lower temperature regions of the tube. For this reason, a tube cleaning step prior 

to each deposition was adopted: 5 hours, under a flow of 150 sccm of Ar and 30 sccm of H2 with a temperature of 

1050°C in all 3 zones. During the cleaning process, the introduced H2 reacts with the solid selenium on the tube 

walls to form hydrogen selenide (H2Se). 

 

 Se + H2 Ą H2Se (7) 

 

H2S is produced at ~450ºC and can then be carried downstream. After leaving the 3 zones at 1050ºC for 4 hours, 

the system is let to cooldown. At this point H2 flux is turned off and Ar 220 sccm is introduced to flush the contents 

of the tube. When the tube is at a temperature below 60ºC it is safe to unscrew and open. H2 ignites in oxygen at 

550ºC. Prior to cleaning and deposition, vacuum flushing is in order to remove all oxygen from the chamber. In 

this case, a rotary pump generates the vacuum for the flushing of the chamber.  

Before each run and after tube cleaning, the chamber was vacuum-pumped at room temperature (RT), following 

the procedure described in Appendix. After this purging, the growth zone was set to 750ºC with a heating ramp of 

50ºC/min. Se evaporates at ~220ºC, while MoO3 sublimates at 550ºC, contributing to the vapor phase. Upon 
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reaching 750ºC in the third zone (T3), the temperature was kept for 12 minutes, and then the heating was turned 

off and a flow of 220 sccm of Ar was set. The upstream distance of the Se precursor boat determines its lower 

temperature, accordingly. The cool-down step (to a temperature below 70ºC) took around 30 minutes. 

 

Fig. 4.2 Precursor boat and substrate configuration (left) and temperature profile during procedure (right) 

The growth experiments in this thesis used Ar and H2 gases in different proportions. A mass flow controller with 

connection to Ar, H2, Ar/H2 mix and N2 lines, was used to control the gas flow inside the tube during all operations. 

The control over the gas flow during the process was crucial and strongly influenced the final quality of the 

deposits.  

4.2. MoSe2 film growth by CVD: parameters and optimization 

The MoSe2 films were deposited following the ñtwo-powder route, as describedò in section 4.1. A specific goal 

was pursued: maximizing the MoSe2 deposition - area of coverage in the substrate and its homogeneity, while 

minimizing its thickness (up to few-layer). To this end, a wide set of parameters was investigated and optimized: 

the cleaning cycle, the gas flow, the position of the crucibles, and growth time. To test the influence of these 

parameters, several experimental depositions were carried out, fitting into the categories that are shown below. 

Relevant samples were characterized using the techniques described in the Characterization techniques chapter.  

The relationship between the Mo concentration and the growth zone of the deposits shown in Fig. 2.4 matches the 

obtained experimental results, with the produced samples showing higher nucleation density in the region above 

the MoO3 powder. 
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4.2.1. Role of hydrogen  

The H2 flow is regarded as being vital for the growth of MoSe2 by avoiding the formation of intermediate 

precursors[99]. As an initial test on the role of H2, two experiments were carried out with the same CVD conditions 

except for the carrier gas flows. The common conditions were as follows: growth temperature at 750ºC, Se powder 

at 570ºC (16 cm upstream from the third heating zone) and 12 minutes of growth. 

 

 

 

 

Table 4.2 Experimental H2 flow parameters 

The results from each deposition were characterized mainly by optical microscopy and Raman spectroscopy. Fig. 

4.3 shows representative regions from each sample. 

 

Fig. 4.3 Comparison of morphology and Raman spectra of samples M01 and M02.  

The process conducted without H2 (sample M01) and the Se precursor at 570ºC resulted in an uneven deposit 

which is not homogenously dispersed throughout the substrate. Analysing the deposit under Raman spectroscopy 

reveals a spectrum that corresponds to that of MoO3, leading to the conclusion that without H2 the MoO3 vapor 

Sample Ar/ H 2 flow (sccm) 

M01 150/0 

M02 150/10 






































































