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ABSTRACT 

 

 

 Supervising Professor:  Manuel A. Quevedo López 

 

 

Layered metal dichalcogenides (LMDs) have outstanding intrinsic properties and are considered 

potential candidate electronic materials for emerging devices in the fields of optoelectronics, 

piezoelectronics, and lately in spintronics. However, for the implementation of these materials on 

large scale applications, new synthesis methods that enable deposition with controlled area and 

geometry are needed. This work explores Pulsed Laser Deposition (PLD), as a new technique for 

the development of layered dichalcogenides materials.  In particular, MoS2, SnSe2, and MoSe2 

deposition parameters are explored, using materials characterization techniques such as X-ray 

photoelectron spectroscopy, Atomic Force Microscopy, Transmission Electron Microscopy, 

Raman Spectroscopy, Rutherford Backscattering Spectrometry, X-Ray diffraction, and in-situ 

Residual Gas Analysis – Mass Spectrometry. The structure, morphology and chemistry of each of 

the thin films is used to estimate the quality of the thin films. In addition, electrical characterization 

such as Hall effect measurements and the first SnSe2 PLD-grown/Silicon junction diodes are 

demonstrated. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Motivation 

The dimensions of electronic devices are continuously decreasing in size while demanding higher 

and higher reliability, while also reducing cost.1 Due to their unique properties, inorganic layered 

solids have emerged as a growing research field because of their crystalline structure,2 weak 

interlayer Van der Waals interactions,3 variable compositions, and band gap tuning 4 as well as 

proper band alignment 5, 6 for  tunneling applications.7,8  The structure of the materials is 

maintained by Van der Waals interactions that keep the layers together allowing the transition 

metal dichalcogenides to have unique electronic, optical, and chemical properties as the number 

of layers is modified. 9-13 Layered Metal Dichalcogenides (LMDs) outstanding electronic 

properties depend on the d-electrons (for those bonded with a transition metal atom), and on the 

crystalline polytype which give these materials different electronic behavior: metal, 

semiconductor, or semimetallic.14, 15  

Although LMDs have been studied since the past century16 their structure was first determined in 

1923.17 These materials became well known by 1960´s. By 2004, the synthesis of graphene studies 

sparked 16  opening a new door for research of two dimensional (2D) materials. Intrinsic graphene 

is characterized as a semi-metal, or zero gap semiconductor, with a high electron mobility at room 

temperature of 15,000 cm2V−1s−1 and a resistivity per monolayer of 10−6 Ohm–cm, the lowest 

resistivity substance known at room temperature.18 However,  to take advantage of these properties 

graphene sheets, i.e., single or few layers, have to typically be transferred to other substrates.19  

Despite all graphene’s properties the lack of a band gap has created the need to explore for more 

2D materials, especially  with a band gap. Some of these materials include molybdenum disulfide 

(MoS2),
20 molybdenum diselenide (MoSe2),

21 tungsten disulfide (WS2),
22 tungsten diselenide 

(WSe2),
23 hexagonal boron nitride (h-BN),24  borophene (2D boron),25 tin diselenide (SnSe2),

26 etc.  

The growth of high quality LMDs is currently a driving factor to ensure reliable and reproducible 

applications for these materials on electronic devices. Some of the methods used to fabricate 2D 

materials include mechanical exfoliation27, laser thinning28, Chemical Vapor Deposition (CVD),29-
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32Chemical Bath Deposition,33 Liquid exfoliation,34, 35Molecular Beam Epitaxy (MBE),36  and 

Lithium intercalation.37 Mechanical exfoliation has so far produced monolayers and multilayers of 

excellent quality.  However, there is a lack of control in the geometry, size and number of layers 

of MoS2 that can be achieved. Laser thinning method has also been used for the synthesis of 2D 

materials, but this method for MoS2 increases the roughness by 3x after thinning in comparison 

with a pristine monolayer.38 Chemical vapor deposition, solvent exfoliation and intercalation use 

expensive and dangerous precursors that may not be suitable for industrial applications. Physical 

vapor deposition techniques are alternate methods that deserved to be studied in more detail. 

Proper selection of the PVD deposition parameters might result in LMD films of high quality.  

Recently, Pulsed Laser Deposition (PLD) of MoS2 was demonstrated as an alternative method to 

produce highly crystalline and uniform layers of MoS2 on crystalline Al2O3 and GaN, and SiC-6h 

substrates.39,40, 41 Serrao et al. demonstrated a three-layer MoS2 film deposited from a Mo:S target 

with an atomic ratio of 1:4 and  resistivity of 1.6 Ω cm. This low resistivity is likely due to large 

defect densities in the MoS2 films. PLD is a process in which kinetics achieves high reaction rates 

on the substrate; this is an advantage that allows producing high quality thin films. Furthermore, 

the growth rate in this process is only limited by the repetition rate of the laser,42 allowing control 

of the thickness by adjusting the number of pulses.  One additional advantage of PLD is that, 

compared with processes such as CVD and Molecular Beam Epitaxy (MBE), the process is cheap 

and requires non-dangerous precursors.  

1.2 Pulsed Laser Deposition 

PLD is a complex technique involving the deposition, on a substrate, of material ejected from a 

pulse laser- irradiated target.  The material transfer from target to substrate is congruent (i.e. 

stoichiometry is preserved).  In this process, an incident laser pulse promotes rapid heating of a 

significant volume of target material. This produces a phase transition, and introduces high 

amplitude stress waves in the solid target. 43 Material will boil off and expand into the gas phase. 

The resulting plume of ejected material will be irradiated, and excitation and ionization of species 

in the plume are created. Plasma formation and subsequent optical emission will result. During the 

ablation process the pulsed laser is focused onto the target material and the target is rotated and 

rastered in order to avoid repeated ablation from the same spot. The plasma plume is formed and 
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the material evaporates away onto the substrate. The plume that is formed between the target and 

substrate is mainly formed by the intense absorption of the energy of the laser onto the target 

material, the material expands in a plasma containing electrons, excited atoms, molecular clusters, 

etc.44 Depending of the target composition several colors are observed. Every target material’s 

plume contains neutral and ionic species and, by charge conservation, electrons. All these species 

are moving at very high velocities away from the surface and having interactions between them 

which produces the plasma that absorbs energy, atoms get excited and then experimenting non-

radiative and radiative (which produces color) decay mechanisms.43, 45  

The growth and quality of the resulting film will generally depend on a number of fundamental 

parameters, including the choice of substrate, the substrate temperature, and the kinetic energies 

and/or arrival rates of the various constituents within the plume. In pulsed laser deposition, a 

background gas is often used for two main purposes: the formation of  multiple components films, 

and the reduction  of the kinetic energies of the ablated species. 46 

 

 

Figure 1. Pulsed laser deposition system (a) general and oxide deposition chamber, (b) Laser 

source (KrF = 248 nm), (c) chamber interior showing the set up for deposition.  
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Figure 1 shows the PLD system in the Flexible and Large Area Nanoelectronics Laboratory. The 

general deposition chamber was used for the work developed in this dissertation. The ablation 

process in this system is carried out with an excimer KrF laser with a wavelength of 248 nm 

(Figure 1b) which can be focused through a lens set up for deposition process in the general and 

oxide chamber. Figure 1c shows the inside of the PLD chamber. The PLD carrousel system is 

designed to hold a maximum  of 6 targets, the shutter between the substrate and the targets holder 

allows/block the arrival of material to the substrate surface during the preablation – target surface 

cleaning process. The electron gun is used to enhance deposition processes.  The substrate holder 

is back up by a heater that helps to control the temperature of the substrate material.  

1.3 Objectives 

The main objective of this dissertation is to demonstrate the potential of PLD for the deposition of 

LMDs and to study the PLD parameters affecting the synthesis of MoS2, SnSe2, and MoSe2 layered 

films. The PLD parameters to be studied include substrate temperature, laser energy density, 

deposition pressure and the correlation of the deposition parameters on the electrical properties of 

the resulting thin films.   

 

Specific objectives include: 

 Material chemistry studies for MoS2, SnSe2, and MoSe2 for the determination of the ideal 

PLD parameters to achieve layered structures.  

 Study the effect of the deposition environment, substrate type (amorphous or crystalline) 

on the stoichiometry and layered structure of the LMDs. 

 Demonstrate the potential of LMDs synthetized by PLD in simple devices.  

 Devolvement of standard process equipment to develop improvements for the synthesis of 

LMDs. 

1.4 Dissertation structure 

 Chapter 2 shows the literature review and current areas of research for synthesis, 

characterization and applications of LMDs such as: MoS2, MoSe2, and SnSe2. 
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 Chapter 3 shows the studies of MoS2 films deposited by PLD. TEM shows that layered 

films are obtained. Moreover, the effect of excess of sulfur in the targets is proposed as a 

solution to improve the stoichiometry of MoS2 for large area applications. Furthermore, 

the demonstration of large area deposition on a 2-mm sapphire wafer is demonstrated as 

well as the variation of different MoS2 thin film thickness on the same substrate.   

 Chapter 4 shows the study of layered SnSe2 by PLD. This chapter explores of the use SnSe2 

for electronic applications such as pn junction diodes. The resulting films are deposited on 

substrates with different surface characteristics: Sapphire (single crystal), SiO2 

(amorphous), and HfO2 (amorphous). Simple SnSe2/Si-diodes were fabricated with the 

evaluated as stoichiometric SnSe2 films with a maximum processing temperature of 300 

oC.  

 Chapter 5 provides an initial insight of the plasma conditions during the PLD deposition 

of several LMD. A process summary for the synthesis of crystalline LMDs by PLD was 

discussed. The deposition ambient was studied using RGA and the film homogeneity 

studied using Raman analysis. Results from this work, showed that during the ablation 

process, the increment of the number of pulses and the laser energy density has influence 

on the gas ambient characteristics of the thin films.  

 Chapter 6 summarizes the key findings of this dissertation and highlights the 

recommendations for future research areas in this work.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

The general formula for LMDs is MX2 (M: metal ; X  Chalcogen (S, Se, Te)).  The typical structure 

of these materials consists of a single layer of transition metal atoms sandwiched between two 

layers of chalcogen atoms.  Adjacent layers are held together to form the bulk crystal in different 

polytypes: 2H (hexagonal), 1T (tetragonal), 3R (Rhombohedral)47 (Figure 2). 

 

 

Figure 2. Schematics of the structural polytypes: 2H (hexagonal symmetry, two layers per repeat 

unit, trigonal prismatic coordination), 3R (rhombohedral symmetry, three layers per repeat unit, 

trigonal prismatic coordination) and 1T (tetragonal symmetry, one layer per repeat unit, octahedral 

coordination). The chalcogen atoms (X) are yellow and the metal atoms (M) are grey. Adapted 

figure from reference (47). Copyright © 2012, Rights Managed by Nature Publishing Group 

 

For example, LMDs such as MoS2 and MoSe2, present direct band gap nature only when the 

material is a monolayer. Nevertheless, as the number of layers increases, the band gap becomes 



 

7 

indirect as observed by fluorescence. 11 For example, MoS2 the bulk indirect bandgap of 0.917 eV 

changes to 1.659 to almost 2 eV when the material is monolayer structure.48 In the case of  WS2, 

MoSe2, and WSe2 this property is observed, too.49 Nevertheless, the transformation of the band 

structure from the bulk down  to monolayer causes insignificant change in the indirect to direct 

band gap nature of SnSe2, 
50  but there is just a  small flattening of the top valence bands resulting 

in an increase in the density of states at the valence band edge, while the lower-energy bands 

remain largely unchanged. All of these characteristics are a consequence of the crystal arrangement 

of the MoS2 and MoSe2 have the structure described in Figure 2a, adjacent layers are held together 

to form a bulk crystal, the metal atom (Mo) is in the center of the structures (spheres in violet) and 

the chalcogen atoms (Se or S) are located  in the adjacent layers.47 For these structures, the layer 

dependent properties have attracted long research attention, for example MoS2 monolayers exhibit 

large photoluminescence which opened the door for optoelectronic applications. Similar as MoS2, 

MoSe2 has a transition from  an indirect bandgap of 1.41 eV to a direct bandgap  of 1.58 eV when 

the layer thickness changes from 8 ML to a single monolayer.51 However, in comparison with 

MoS2, MoSe2 shows a stronger light absorption in the solar spectrum range. MoSe2 can absorb 

5%-10% of the incident sunlight in a thickness of less than 1 nm.52 In the case of SnSe2, tin (Sn) 

atoms replaces the transition metal atoms,  si instead of 3d electrons, Sn 3p electron are involved 

in the bond with Selenium (Se), leading to an indirect semiconductor nature with a smaller band 

gap of 1 eV, and small photoluminescence effects.53 SnSe2 has the structure depicted in Figure 2c, 

in this case the Sn atoms are in the octahedral sites and the Se atoms are located in the top and 

bottom layers. Due to this differences for several LMDs such as MoS2 the Raman signal changes 

with the number of layers, 50 but again this behavior is less for SnSe2 due to the absence of d 

electrons involved in the structural bonding.53 

2.1 Applications of Layered Metal Dichalcogenides 

Development of novel materials are fundamental for the development of new generations of 

sensors, transistors and high-performance devices. In particular, MoS2 has been extensively 

studied, especially for thin film transistor (TFT) applications. 54, 55, 56, 57, 58 ,59 MoS2 can reach 

mobilities in excess of 200 cm2/Vs and a current on/off ratio of 1x108  on HfO2 as a gate insulator 

and SiO2 as the  substrates dielectric.60 Lately this material exhibited motilities of 470 cm2/V-s 
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(electrons) and 480 cm2 /V s at thickness ~50 nm on PMMA substrates.61 Given its 2D-layered 

structure, short channel effects in MoS2 transistors can be greatly reduced while showing excellent 

drain-induced barrier lowering (DIBL, ~10 mV/V). These characteristics make MoS2 material 

theoretically ideal for filed effect transistors (FET) for dimensions < 10 nm. 62 Several applications 

have been demonstrated for MoS2, including gas sensors63, phototransistors 55, flexible thin film 

transistors64 , electrodes for lithium ion batteries,65 and black phosphorous heterojunctions 

diodes66. Lately, piezoelectric behavior in layered MoS2 has also been reported. 67 Moreover,  WS2 

field effect transistors (FET) had been grown by CVD on hexagonal boron nitride (h-BN) 

exhibiting mobilities of  185 cm2V-1s-1 at room temperature and 486 cm2V-1S-1 at 5K, and on/off 

ratio of output current of 107.68 Furthermore,  the extension of LMDs such as MoSe2 on polymeric 

substrates to fabricate TFTs has been explored showing room temperature mobilities of 100 to 160  

cm2V-1s-1which is higher than the mobilities of the same material on SiO2 substrates,50 cm2V-1s-1, 

opening a door for the applications of these materials on flexible electronics. 69 

In addition, Tin Diselenide (SnSe2) is a very interesting material due to its low cost,70 suitable for 

photodetectors 70-72, and  thin film transistors (TFTs).73-75 SnSe2 is an n-type semiconductor with 

a band gap of 0.95 eV and belongs to the hexagonal space group P3̅m1.76 The separation between 

the layers is about 0.62 nm with  a lattice spacing of 0.33nm.70  The difference between this 

material and the 2H structure reported from other layered metal dichalcogenides materials is that 

SnSe2 has a 1T polytype with an octahedral coordination, where the “1” represents the number of 

layers in the unit cell. 77 

Another interesting LMD is MoSe2. Contrary to SnSe2, this material has a crystalline structure 

analogous to the one of MoS2 and it has potential applications in flexible electronic and optical 

devices. 78 This material has a band gap of 1.51 eV 79 and  has been studied to develop fast response 

photodetectors  with photoresponsivity (93.7A/W) reported to date and a fast response time  of 

~0.4 sec to the incident light. 80 Furthermore, advances for the development of TFTs are being 

evaluated, MoSe2 TFTs are currently under study. Lee et al. 81 developed TFTs of MoSe2 using 

Al2O3 as capping layer with mobility of  10.26 cm2V-1s-1. 
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2.2    Growth of Layered Metal Dichalcogenides 

 

Figure 3. Single-layer crystallites of NbSe2 (a), graphite (b), Bi2Sr2CaCu2Ox (c), and MoS2 (d) 

visualized by AFM (a and b), by scanning electron microscopy (c), and in an optical microscope 

(d). (All scale bars: 1 µm.) The 2D crystallites are on top of an oxidized Si wafer (300 nm of 

thermal SiO2) (a, b, and d) and on top of a honey carbon film (c). 27 Reproduced with permission 

of reference 27.  Copyright (2005) National Academy of Sciences. 

 

 

Figure 4. TEM of nanosheets. (A to C) Low resolution TEM images of flakes of BN, MoS2, and 

WS2, respectively. (D to F) High-resolution TEM images of BN, MoS2, and WS2 monolayers. 

(Insets) Fast Fourier transforms of the images. (G to I) Butterworth-filtered images of sections of 
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the images in (D) to (F). Reproduced with permission of reference 34. Copyright © 2011, 

American Association for the Advancement of Science 

2.2.1 Top down methods 

Mechanical Cleavage  

 

Mechanical cleavage is used to produce 2D flakes containing several crystal layers. In this method, 

a fresh surface of a MoS2 crystal is rubbed/pressed against a target surface resulting in flakes to 

attach to the target surface.27  Novoselov et al. developed this method for BN, MoS2, and 

Bi2Sr2CaCu2Ox. Figure 3 shows several examples of cleaved samples that Novoselov and his team 

prepared.27One can see that single layers can be achieved. However, the shape is highly non-

uniform. TEM analyses confirmed hexagonal and trigonal prismatic coordination.34 

The lateral size of these layers was typically 50 to 1000 nm for MoS2 and WS2 and 100 to 5000 

nm for BN. In Figure 4d to f the TEM images are shown. These images show the hexagonal 

symmetry of these materials. This is in contrast to previous reports on MoS2 and WS2 exfoliated 

by lithium intercalation, which results in substantial deviations from the hexagonal structure. The 

structures of MoS2, BN, and WS2 shown in Figures 4g to i.e. Figures 4 d-f show hexagonal 

symmetry.   

 

Lithiation  

 

For this method, a layered bulk crystal (cathode) and a lithium foil (anode) are incorporated in a 

Li-ion battery-like setup. After a discharge, the reaction between lithium and the solvent generates 

H2 gas, which separates the adjacent MoS2 layers. Since few layers or monolayers are obtained, 

the resulting exfoliated material is structurally and electronically different from the original bulk 

material.82 MoS2, WS2, and MoSe2 monolayers have been synthetized using the lithiation 

process.83  The structure of the exfoliated nanosheets of MoS2 is changed electronically because 

the material changes from semiconducting to metallic. This happens because of the change in the 

coordination of the Mo atom from trigonal prismatic (2H- MoS2) to octahedral (1T- MoS2). 

Annealing at 300°C helps to change the MoS2 sheets from octahedral to trigonal prismatic and the 

semiconducting properties can be recovered. 84 
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In the case of MoS2 and WS2, single-layered materials can be realized by using n-butyl lithium in 

hexane as the intercalation agent to insert lithium ions into the layered structures, the transition 

metal dichalcogenide is used as a cathode in an electrochemical cell. After the discharge the 

process is followed by exfoliation in water with ultrasonication.85 In this case, a lithium foil is the 

anode that provides the lithium ions. The lithium intercalation process is conducted at a 

galvanostatic discharge of 0.05 mA. After completion of the lithium insertion the intercalated 

compound (e.g. LixMoS2) is washed with an organic solvent (acetone) to remove the residual 

electrolyte (i.e. LiPF6), and then ultrasonicated in water or ethanol to isolate the 2D nanosheets. 

The efficiency of the Li-exfoliation depends on the process of Li-intercalation.86 Chng et al. 

studied the cytotoxicity of exfoliated MoS2 thin films with different organo-lithium compounds (– 

Me-Li, n-Bu-Li and t-Bu-Li –). This study confirmed that the t-Bu-Li and n-Bu-Li intercalating 

agents are more efficient at exfoliating MoS2 than Me-Li. The cytotoxicity studies on the exfoliated 

thin films revealed that MoS2 nanosheets exfoliated with t-Bu-Li and n-Bu-Li are significantly 

more cytotoxic than Me-Li exfoliated nanosheets.  

An issue that remains to be studied is the flammability of the Li compounds that requires working 

under inert gas. Furthermore, Li is expensive and these are incentives to find alternative  

methods. 47 

 

Liquid phase deposition 

 

Liquid phase techniques include various methods such as electrodeposition, hydrothermal, and sol 

gel. In these methods, ionic precursors containing Mo and oxygen or chalcogens are used.87 

Altavilla et al.,88 synthetized monolayers of MoS2 by thermal decomposition of ammonium 

tetrathiomolybdate in oleylamine at 360°C, a single source of Mo and S.  In another work, mixing 

2 moles of (NH4)2WS2 in a nitrogen atmosphere with 80ml of oleylamine produced layered WS2. 

However, the layers needed to be washed repeatedly with ethanol.88  

Molybdenum disulphide thin films have been also produced using chemical bath deposition 

method on a mon-conducting glass substrate using tartaric acid as complexing agent. 89 Tartaric 

acid controls the molybdenum ion concentration in the reaction vessel. Hydrazine hydrate acts as 
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the reducing agent. An increase in temperature decomposes the stable thiuorea to yield S2, while 

hydrazine hydrate reduces Mo+6 to Mo+4. The dissociation of Mo-A (tartarate) complex at higher 

temperature liberates Mo+4 ions that react with  the S-2 ion to get molybdenum dishulphide thin 

films. The growth mechanism can be described from the following reactions: 

 

𝑀𝑜+6 + 3𝐴−2 → [𝑀𝑜(𝐴)3] 

[𝑀𝑜(𝐴)3] + 2𝑁𝐻2 − 𝑁𝐻2 + 2𝑂𝐻− → 𝑀𝑜+4 + 3𝐴 + 2𝐻2𝑂 + 2𝑁2 ↑ 

𝐶𝐻4𝑁2𝑆 + 𝑂𝐻− → 𝑆𝐻− + 𝐶𝐻2𝑁2 + 𝐻2𝑂 

𝑆𝐻− + 𝑂𝐻− → 𝑆−2 + 𝐻2𝑂 

𝑀𝑜+4 + 2𝑆−2 → 𝑀𝑜𝑆2 

 

The deposition of molybdenum disulfide film occurs when the ionic product of Mo+4 and S-2 

exceeds the solubility product. X-ray diffraction, scanning electron microscopy, optical absorption 

and electrical measurements, were used to characterize the thin film. The X-ray diffraction pattern 

shows a MoS2 thin film with polycrystalline hexagonal structure (Figure 5). The direct optical 

band gap was found to be 1.8 eV. Electrical measurement suggests that specific conductance was 

found to be in the order of 10−5 to 10−2 cm−1, and showing n-type conduction mechanism.89 

Figure 6 shows a SEM micrograph of MoS2 thin film at 1000X. All the substrate is well covered 

and there is a nodular distribution, spherical grains of almost similar size. The band gap ‘Eg’ was 

calculated using the following relation:  

 

𝛼 = (
𝐴

ℎʋ
) (ℎʋ − 𝐸𝑔)𝑛 (1) 

 

Where hʋ is the photon energy and A and n are constants. For allowed direct transition n= 1/2, 

direct forbidden transition n = 3/2 and indirect allowed transition n=2. The band gap ‘Eg’ was 

determined from the variation of (αhʋ) 2 with hʋ (Figure 7). The linear nature of the plot indicates 

the existence of a direct transition.89 

The electrical properties of these thin films depend upon their structural characteristics and 

composition. It’s shown in Figure 8 that the conductivity of the film increases with increase in 
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temperature. This is the typical behavior of a semiconducting thin film. The electrical conductivity 

variation with temperature during heating and cooling cycles was found to be different and this 

shows that the films undergo an irreversible change due to annealing out of non-equilibrium 

defects during first heating.89 

Y. Xi et al., 90  developed  a selective solution method to prepare Molybdenum Disulfide (MoS2) 

thin films for thin film transistors (TFTs). The selective area solution-process grew on top and 

around the gold (Au) source and drain electrodes and in the channel area of the TFT.  

 For the MoS2 deposition process a 0.014 M MoS2 precursor solution was used. This was achieved 

by dissolving 62 mg of (NH4)2MoS4 in 17 ml of DI water. After centrifuging for five minutes at 

10k rpm, 15 ml of the clear (NH4)2MoS4 solution was mixed with 0.2 ml of hydrazine hydrate at 

room temperature. Hydrazine hydrate was used to provide the necessary electrons to reduce the 

Mo(VI) in the (NH4)2MoS4 to Mo(IV). The entire solution was then stirred to achieve a 

homogeneous solution. After this step, the substrates were submerged into the solution and the 

temperature in the vial was increased to 90 ºC and maintained at this temperature for 27 min. After 

the deposition, the substrates (SiO2 with Au contacts) were removed and ultrasonically cleaned. 

The 27 min deposition process results in MoS2 films with a thickness of 73 nm on top of the Au 

electrode, with a gradual thickness reduction to 11 nm at the center of TFT channel.90 

Figure 9a shows a top-view optical microscopy image of the TFT obtained after a 27min solution 

processing time. The schematic diagrams in Figures. 9b and 9c show side and cross-section views 

of the MoS2 TFTs fabricated via selective area solution processed deposition method reported by 

Y. Xi. 

The mobility for this fabricated MoS2 TFT was around 0.4 cm2 V-1 s -1 with an Ion/I off ratio of 106.  

This work proved that Au electrodes function initially as catalytic activators of hydrazine hydrate 

that introduces selective growth of MoS2 film faster than on a SiO2 surface. The advantages of this 

method include highly-selective growth and no requirements for costly high vacuum systems, 

which results in much lower cost. However, Y. Xi et al.  are investigating methods for reducing 

the thickness of the MoS2 channel thickness and increasing mobility for the device fabricated.90 
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Figure 5. XRD pattern of MoS2 thin film synthetized by liquid phase deposition. 89 Reproduced 

with permission of reference 89 Copyright © 2009 Elsevier B.V. All rights reserved 
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Figure 6. MoS2 thin film deposited by liquid phase deposition, SEM top view. Reproduced with 

permission of reference 89 Copyright © 2009 Elsevier B.V. All rights reserved 

 

 

Figure 7. Plots of (αhʋ) 2 against photon energy of MoS2 deposited by liquid phase deposition. 

Reproduced with permission of reference 89 Copyright © 2009 Elsevier B.V. All rights reserved 
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Figure 8. Variations of log (conductivity) with inverse temperature of MoS2 deposited by liquid 

phase deposition. Reproduced with permission of reference 89 Copyright © 2009 Elsevier B.V. 

All rights reserved. 

 

 

Figure 9. Fabrication of MoS2 thin film transistors via selective-area solution deposition methods. 

Schematic cross sections images of the TFT obtained after 27 min solution processing time.  

Reproduced by permission of reference 90. The Royal Society of Chemistry (RSC) on behalf of 

the Centre National de la Recherche Scientifique (CNRS) and the RSC. 
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 Laser thinning  

 

Recently a focused laser spot has been used to thin MoS2 down to monolayer thickness by thermal 

ablation with micrometer- resolution. The need for laser rastering makes it challenging to scale-

up. This process is based on the sublimation of the bulk TMD that is triggered by heating from the 

laser. Here, the van der Waals gap helps to dissipate the heat induced by the laser. The 2D material 

is formed by sublimating the top layers in a multilayered flake and the thinning procedure relies 

on the sublimation of the upper layers due to the heating induced by light absorption.28 Figure 

10a,b shows optical micrographs of a multilayered MoS2 obtained by exfoliation after a laser 

thinning process in the region showed by the dotted rectangle. Figure 10c shows the AFM in 

which the authors measure the thickness of the thin film. 

 

Figure 10. (a) Optical microscopy image of a multilayered MoS2 flake deposited onto a 285 nm 

SiO2/Si substrate. (b) Same as in (a) after scanning a laser in the area marked by a dashed rectangle 

in (a). (c) Topographic AFM images of the region marked by the square in (b). A vertical 

topographic line profile is included in (c) to indicate the thickness of the laser-thinned layer. 

Reprinted  with permission from reference 28 . Copyright (2012) American Chemical Society 

 

The resulting Ids-Vg characteristics for both pristine and laser fabricated samples are typical of an 

n-doped MoS2 FETs. The mobility of the thinned MoS2 layers were 0.04-0.49 cm2 V-1S-1 while the 

pristine monolayers are between 0.05-0.85 cm2 V-1S-1. These measurements were performed using 

a SiO2-based back gate.  

Figures 11a and d show micrographs of a pristine and a laser-fabricated single layer MoS2 FET 

device, respectively. The current on/off ratio of the devices was above 103 (for a Vg ranging from 

−10 to 40 V). Figures 11c and f show the Ids−Vds curves for the pristine and laser-fabricated 

FETs at different gate voltages. The pristine monolayer-based FETs exhibit a saturating behavior; 
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however, the current in laser-fabricated MoS2 FETs does not saturate within the bias window 

studied here.  

In summary, laser thinning can produce monolayers in different geometries, which make it ideal 

for application in devices.28 However, the laser heat produces 2D structures with high roughness 

 

 

Figure 11. Optical micrographs of field effect transistors fabricated from a pristine MoS2 

monolayer (a) and a laser-fabricated monolayer (d). The inset in (a) and (d) show the MoS2 flakes 

before processing. (b,e) Drain-source current as a function of gate voltage, measured for the 

pristine (b) and the laser-fabricated (e) MoS2 FETs at different drain-source voltages. (c, f) Drain-

source current as a function of the drain-source voltage, measured for different gate voltages, for 

the pristine (c) and the laser-fabricated (f) MoS2 FETs. Adapted  with permission from reference 

28 .Copyright (2012) American Chemical Society 
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2.2.2 Bottom up methods 

 

According to Balendhran et al. review,87 vapor phase synthesis methods can be divided into two 

different categories: (i) Physical Vapor Deposition (PVD)  such as: evaporation, molecular beam 

epitaxy (MBE), van der Waal epitaxy (VDWE), pulsed laser deposition (PLD), electron beam 

evaporation (EBE), Radio Frequency Sputtering ( RFS) and direct current  sputtering (DCS) and 

(ii) Chemical Vapor deposition (CVD): Metal Organic Chemical Vapor Deposition (MOCVD), 

Plasma Enhanced CVD (PECVD), Atmospheric pressure CVD (APCVD), Low-pressure 

CVD (LPCVD), Ultrahigh vacuum CVD (UHVCVD), etc.   

 

Chemical vapor deposition (CVD) 

 

CVD methods can yield high quality MoS2 films with scalable size, controllable thickness and 

excellent electronic properties. These films are also compatible with current nano and 

microelectronic fabrication processes. Some CVD methods for growing atomically thin MoS2 

films on insulating substrates have recently been reported. 20, 91-93These methods use different solid 

precursors heated to high temperatures. For example, sulfur powder and MoO3 powder vaporized 

and co-deposited onto a nearby substrate; a thin layer of Mo metal deposited onto a wafer heated 

with solid sulfur; and substrates dip-coated in a solution of (NH4)2MoS4 have also been used. 

Amani et al. reported MoS2 synthesis by CVD for field effect transistors applications.94 The films 

were produced using a hydrothermal process in which MoO3 nanoribbons were initially grown 

using a hydrothermal process and dispersed on a silicon substrate and then placed inside a tube 

furnace. Sulfur powder located near the opening of the furnace at an approximate temperature of 

600°C was sublimated and used as the sulfur source. 

The MoS2 films were patterned using a low power inductively coupled plasma reactive ion etch 

(ICP-RIE) in an inductively coupled plasma reactor. Source and drain contacts were deposited 

using e-beam evaporazated Ti/Au (15/85 nm). Then, a High K dielectric, Al2O3 was deposited 

over the MoS2. The authors produced several devices with varying length (L) and width (W). 

Typical ID-VDS curves at different temperatures are shown in Figure 12. In fact, this study claims 
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that despite the linear I-V curves produced in few-layer MoS2 there is a significant Schottky barrier 

height at the metal-semiconductor junction at low VDS when utilizing titanium as the source and 

drain contacts. This is likely a greater issue in single layer CVD material since the contamination 

at the interface as well as the large bandgap relative to bi- and few-layer material will tend to 

increase the barrier height. 

 

 

Figure 12.IDS-VGS characteristics taken at various temperatures (a), (c) and IDS-VDS characteristics 

at 300K (b), (d) for the same L/W400 nm/1000nm transistor before (a), (b) and after (c), (d) the 

deposition of a 15 nm ALD Al2O3 overcoat. Reproduced with permission of reference 94. AIP 

Publishing LLC 2013.  
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Lately Kibum Kang et  al. 95 developed a method to deposit MoS2 on four inch wafers. The MoS2 

films were deposited using metal organic chemical deposition. The MoS2 films reached mobilities 

of 30 cm2/V S at room temperature and 114 cm2 V-1 s-1 at 90K.  For the synthesis of this MoS2 the 

precursors used include Mo(CO)6, W(CO)6, (C2H5)2S and H2, all of which were diluted in argon 

as a carrier gas. Figure 13a shows the chamber reaction for this process.  

 

 

Figure 13. MOCVD growth of continuous monolayer MoS2 film. a, Diagram of our MOCVD 

growth setup. Precursors were introduced to the growth setup with individual mass flow controllers 

(MFCs). Red, Mo or W atom; yellow, S atom; white, carbonyl or ethyl ligand. b, Grain size 

variation of monolayer MoS2 depending on the hydrogen flow rate; from left to right, 5 standard 

cm3 min-1 (sccm) (SEM image shown), 20 sccm (SEM) and 200 sccm (TEM). c, False-colour DF-

TEM image showing a continuous monolayer MoS2 film. Scale bar, 1 mm.  ADF-STEM image of 

a laterally stitched grain boundary in a monolayer MoS2 film, with red and yellow dots representing 

the Mo and S atoms, respectively. Scale bar, 1 nm. Reproduced with permission of reference 95.  

© 2015, Rights Managed by Nature Publishing Group 

 

According to these studies, the grain structure of the MoS2 film depends on the concentrations of 

H2, (C2H5)2S and the residual water. Figure 13b shows the two effects of H2, whose presence is 

necessary for the elimination of carbonaceous species generated during the MOCVD growth: the 

average grain size increases with decreasing H2 flow, and the MoS2 grains grown under higher H2 

flow have triangular shapes without, a trend that disappears with lower H2 flow. These 
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observations were observed before with the H2-induced decomposition of (C2H5)2S (increasing 

nucleation due to hydrogenolysis and the etching of the MoS2. 
96 97 Batch-fabricated MoS2 FET 

devices on a 4 inch SiO2/Si wafer were fabricated and the   ISD–VSD curves were measured from 

two FETs to measure the mobilities of 30 cm2 V−1 s−1 at room temperature and 114 cm2 V−1 s−1 at 

90 K for MoS2. 

 

 

Figure 14. (a) Schematic diagram of the chemical vapor deposition method. (b) Structural model 

of a layered SnSe2. (c) Optical image of as-synthesized SnSe2 flakes. d) A typical optical image of 

an ultrathin triangle shaped SnSe2 flake. (e) A typical AFM image at the flake edge, and the height 

profile showing a thickness of ≈1.5 nm. Reproduced with permission of reference 70. John Wiley 

and Sons and Copyright Clearance Center. 2015 

 



 

23 

High-quality ultrathin SnSe2 flakes had been  synthesized by CVD method, too (Figure 14). 70 By 

using SnI2 ($ 117 per gram - Sigma Aldrich in 2017) as a precursor providing more uniform and 

stable growth conditions during CVD process. In this process SnI2 reacts a with Selenium as 

follows: 

𝑆𝑛𝐼2 + 2𝑆𝑒 = 𝑆𝑛𝑆𝑒2 + 𝐼2 (𝑔𝑎𝑠) 

 

By this reaction, flakes of SnSe2 are synthetized at 600 oC  in H2 and Argon atmospheres achieving 

thicknesses of 1.5 nm approximately 2.5 SnSe2 monolayers.  

 

 

Figure 15. MoSe2 monolayer synthesis and morphology. (a) Schematic of the controlled synthesis 

of monolayer MoSe2 via CVD. Se pellets and MoO3 powder are positioned in same ceramic boat 

at the center of the tube furnace. (b,d) Typical optical images of monolayer triangles and 

continuous film. Small bilayer domains with darker color can be observed in (c) and (d). (e) AFM 

height topography of monolayer MoSe2, and the height profile (inset) showing a thickness of ∼0.8 

nm, as measured along the red dotted line.  Reproduced with permission of reference 98. Copyright 

© 2014, American Chemical Society 

 

MoSe2 has been produced by CVD methods by the reaction of MoO3 and Se pellets on Silicon 

oxide (SiO2) substrates (Figure 15). The temperature used in this process was 750 
oC in a Ar/H2 

gas mixture at atmospheric pressure. 98 Similar to  MoS2 and SnSe2 , MoSe2 grows in a pyramidal 
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shape (Figure 15b) (See figure 15e). The electrical properties here examined by FET devices. 

(Figure 16).  As in exfoliated  MoSe2 samples, all the devices were n-type.99From the data, the 

MoSe2 FET (Figure 16b) had an on/off current ratio of 106, electron mobilities of 20 to 80 cm2V-

1s-1.  

It is clear that by CVD materials such as MoS2, MoSe2, and SnSe2 grow in a pyramidal shape. 

However, in the case of SnSe2 temperatures of 550 to 750 oC need to be used to promote crystal 

growth and simulation of the growth mechanisms of these materials are currently under study. 100 

 

Figure 16. Field-effect transistor (FET) device from the CVD grown MoSe2 monolayer. (a) Optical 

image of the fabricated device. (b) Typical plot of gating voltage vs source/drain current (the 

source/drain voltage is fixed at 0.5 V). Inset: Corresponding I-V curves at different gating voltages. 

Reproduced with permission of reference 98. Copyright © 2014, American Chemical Society 

 

 

Magnetron Sputtering  

 

The main problem with magnetron sputtering is the difficulty to control the S or Se sources and, 

therefore, the stoichiometry of the TMD. The production of high quality monolayers of MoS2 by 
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magnetron sputtering have been reported by Tao et al.101 .These MoS2 films are highly 

homogeneous with an area coverage of up to several centimeters.  

 

Figure 17. Crystal structure characterization of the MoS2 film using TEM. (a) High resolution 

TEM image of the MoS2 film. The inset shows the diffraction pattern of the hexagonal symmetry 

of the MoS2 structure. (b) Zoom-in image of the area highlighted in (a). (c) TEM image the from 

bilayer (2L) and trilayer (3L) samples. All scale bars in (a)–(c) are 2 nm. (d) Thickness-dependent 

photoluminescence spectra of MoS2 films on SiO2. Layer numbers are indicated on the curves. 

The inset of (d) is a zoom-in image to highlight the existence of the B exciton transition that 

became more intense as the number of layers was reduced. Adapted with permission from 

reference 102. Copyright (2014) American Chemical Society 

 

The TEM microphotographs of the reposted films are shown in Figure 17. There is, however, no 

clear explanation of how the power on the target affects the thickness of the thin films, or the 

influence of the sputtering conditions in the stoichiometricity of the MoS2. Furthermore, there is 

no explanation of how the substrate crystalline structure affects the growth of the TMD thin film. 
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Thermal properties of MoS2 thin films with thicknesses between  50 and 150 nm have been 

reported for areas > 1 cm2 by magnetron sputtering.102  

 

Figure 18. TEM cross-sectional images from (a) strongly (002) oriented 50 nm sputtered MoS2 

film and (b) strongly (100) oriented MoS2 film. Both images show a representative cross-sectional 

area observed close to surface of the film. By adjusting the power supply pulse two different 

orientations can be synthetized.  Adapted with permission from reference 101. Copyright (2014) 

American Chemical Society 

 

 

 

Figure 19. Scanning electron micrographs of a sputtered MoSe2, film on quartz at 150 oC: (a) cross-

sectional and (b) surface morphologies.  Lamellar structre of MoSe2 was synthetized by magnetron 

sputtering at 150 oC. Reproduced with permission of reference 103. Copyright © 1984 Published 

by Elsevier B.V. 
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Tao et al. synthetized MoS2 and studied the thermal conductivity for MoS2 (002) and (100) 

orientations (Figure 18). When the thickness increases the thermal conductivity was 1.5 W m-1 K-

1 along MoS2 basal planes compared to 0.25 W m-1 K-1 across the basal planes for samples that 

were not exposed to ambient air. The material has thermal anisotropy, and this factor was attributed 

to crystalline domain orientation and size. However, the results demonstrated the importance of 

thermal boundary scattering in limiting thermal conductivity in nano-crystalline MoS2 thin films. 

MoSe2, files were prepared by r.f. magnetron sputtering, too. 103 Morphology of these thin films 

was  examined by scanning electron microscopy (SEM) (Figure 19). The films were not confirmed 

to be complexly amorphous nor crystalline. However, the influence of the substrate temperature 

was studied. Films deposited at 150oC presented crystallites size of 12 nm and a lamellar type 

microstructure with the basal plane of the crystallites perpendicular to the substrate. Furthermore, 

the bias voltage had influence on the selenium concentration.  

In summary, magnetron sputtering is an inexpensive technique, however development of MoS2 

and MoSe2 monolayers, or highly crystalline films is still under development. Sputtering has 

produced MoS2 mostly for tribological applications at thicknesses higher than the required 

monolayer MoS2 for FET aplications.104-106 

 

Pulsed Laser Deposition (PLD) 

 

Y. Ho et al. synthetized thin MoS2 by PLD on sapphire substrates (Figure 20). In this work the 

thickness of the thin films was controlled by the number of laser shots. To eliminate the presence 

of oxides, the films were exposed to sulfurization at 650°C for 10 min.  Figure 21a shows the Mo 

3d XPS region of the thin films as deposited. There was presence of oxygen in the thin film, likely 

due to molybdenum oxides. The authors report that the oxygen comes from the sapphire substrate 

due to a reaction with the thin film, which is not thermodynamically possible. However, after the 

sulfurization the oxygen decreased (Figure 21b).  The films were analyzed by Raman 

spectroscopy.  Figure 21c shows the Raman vibration modes for MoS2, the small peak around 417 

cm-1 correspond to the sapphire substrate. 
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Figure 20. Cross-sectional view of high resolution TEM images of MoS2 grown on sapphire by 

using (a) 210 pulses and (b) 300 pulses of PLD. (c) SAD pattern take along sapphire [2 1 10] zone 

axis. Adapted from reference 41 © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
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Figure 21. XPS spectra of Mo 3d, S 2s core level peak regions. (a) As-grown MoS2 by 100 pulses, 

(b) after post sulfurization. (c) Raman spectra of MoS2 deposited on sapphire with various pulse 

numbers in PLD. (c) The two characteristic Raman vibration modes E1 2g and A1g are labelled. The 

peak at 417.3 cm–1 is attributed from the A1g of sapphire substrate. Adapted from reference 41 © 

2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

 
 

Interestingly, the MoS2 films produced by PLD  on a tungsten (W) tip emitter can deliver a large 

emission current density of ∼30 mA/cm2 at a relatively lower applied voltage of ∼3.8 kV. Thus, 

MoS2 can be utilized for various field emission-based applications. 107  However, no S 2S peaks 

were observed.  

PLD is a technique that allows the number of monolayers in different processes by controlling the 

number of laser pulses. The ablation of the MoS2 target by 50 laser pulses (energy density: 1.5 

J/cm2 )  can result in the formation of a monolayer of MoS2, as shown in recent reports.41 Siegel 

et al. synthetized MoS2 by PLD and studied the formation of a monolayer using Atomic Force 

Microscopy (AFM) and Raman spectroscopy.  Figure 22a shows the AFM height profile and 

Figure 22b the Raman spectra in which A1g and E1
2g peaks were observed at 404.6 cm−1 and 384.5 

cm−1 with a spacing of 20.1 cm−1, confirming the monolayer thickness of the film. The extra peak 

corresponds to the sapphire substrate. The authors produced several layers of MoS2 by varying the 

number of pulses. In Figure 23a the E1 2g vibration mode is observed to decrease as the number 
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of monolayers increased, while the wavenumber of the A1g increased. The inset of Figure 23b 

shows the variation of the difference in wavenumber, ∆f, between the A1g and E1
2g modes with the 

number of monolayers (n) in the film. The value of ∆f was found to vary from 26.1 to 20.1 cm−1 

as the layer thickness reduced from 60 monolayers to a single monolayer.  

 

 

 

Figure 22. AFM thickness profile and Raman spectra. AFM Height profile of the MoS2 film 

prepared by 50 laser pulses (monolayer) .Raman spectra of the MoS2 film prepared by 150 laser 

pulses (trilayer).41. Reproduced with permission of reference 41. APL Materials 2015.   
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Serrao et al.39 synthetized highly crystalline thin films of MoS2 on Al2O3 (0001), and GaN (0001) 

by pulsed laser deposition. In his work the authors used a Mo: S target 1:4 in weight composition. 

Figure 24a, shows the MoS2 multilayer stacking synthetized by PLD on GaN, Figure 24 b shows 

the electron diffraction peaks indexing.  

 

 

Figure 23. (a) Raman spectra for various MoS2 films.  Positions of the A1g and E1 2g peaks as a 

function of number of MoS2 monolayers in the film. Inset shows variation of ∆f with the number 

of monolayers in the film. Black symbols and solid line represent experimental data of n : number 

of layers. Adapted from reference 41.  
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Figure 24.Cross-sectional TEM image of a MoS2 sample grown on GaN (0001). Good stacking of 

MoS2 layers with (0001) orientation. (b) Reverse contrast selected area electron diffraction with 

peaks indexed for MoS2 showing in-plane quasi-epitaxial relationship (1010) MoS2 II (1010)GaN. 

Adapted from reference 39. Rights managed by AIP Publishing LLC. 

 

 

 

 

 

Figure 25. Schematic of top-gate MoS2 transistor device geometry and Optical top view. (a)Stack 

of the MoS2 transistor. (b)Optical micrograph of the MoS2 transistor structure showing the GaN 

substrate, patterned MoS2 films as the channel, and the source, drain, and channel potential 

electrodes (Ti 3 nm/ Au 50 nm). Adapted from reference (39) Rights managed by AIP Publishing 

LLC. 
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Figure 26. The XRD patterns of the silver doped SnSe2 PLD films. (a) Ag0.1, (b) Ag0.2, (c) Ag0.5 

and (d) Ag1. By increasing the doping concentration of Ag in SnSe2 the films did not showed any 

diffraction peak of crystalline SnSe2. Reproduced with permission of reference 109.Copyright © 

2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 

 

The low resistivity (1.6 Ω-cm) observed was attributed to large defect densities. The obtained thin 

film was p-type. Figure 25 a and b show the device geometry for the measurement of electrical 

properties. Since the thin films were deposited from targets with Mo:S 1:4 composition, the excess 

of sulfur can induce additional doping and low resistivity, as observed. The as-grown films showed 

a high degree of crystallinity and out-of-plane texture.  This work provided us with an idea to 

produce uniform films over the entire substrate using targets of MoS2 with sulfur excess.  
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Figure 27. (a) Micro-diffraction pattern and cross-sectional TEM micrograph of MoSex film, 

formed by PLD in vacuum of 10−4 Pa on SiO2/Si substrate; (b) detailed view of the domain inside 

the rectangle. The arrows point to nanocrystals with interatomic distance 0.2 nm, which could be 

of cubic molybdenum. Reproduced with permission of reference 110. Copyright © 2007 Elsevier 

B.V. All rights reserved. 

 

Amorphous thick films, mostly a mix of SnSe2 and SnOx, have been achieved by PLD, too. 

Pospescu et al.,108 synthetized amorphous SnSe2 by PLD, and doped it with Ag for sensing 

applications.109 These are the  two  reports the authors found in the literature for SnSe2 deposited 

by PLD. (Figure 26) 

MoSe2 deposition by PLD was explored aiming to tribological applications.110  The depositions 

were made at 200 oC yielding polycrystalline thin films  with an amorphous interlayer between the 

substrate and the thin films. (Figure 27) The inert gas (argon) considerably influenced the 

expansion and deposition of the laser-induced plume. The ratio Se/Mo at the center of the 

deposition area increased up to 2 at the pressure of 2 Pa, while selenium concentration increased 
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the relative rate of molybdenum deposition decreased over all the substrate area, promoting 

amorphous regions in the thin film and non-uniform chemical distribution of MoSe2 all over the 

substrate.  

PLD is a versatile low-cost technique that can grow a thin film in from 10 to 15 minutes. Synthesis 

of ultra-thin materials using this deposition technique has been reported.111, 112 However, during 

the MoS2 target ablation some sulfur is lost creating a heterogeneous thin film. Furthermore, the 

previous authors have not synthetized a thin film with less than 2 nm with Mo/S stoichiometry of 

0.5, this stoichiometry is very important since it has influence on the electrical properties of the 

thin films (as explained in the next electrical characterization session of this work). For the 

enhancement of this technique for the synthesis of TMDS having as starting point is the target 

engineering. 

 

Molecular Beam Epitaxy (MBE) 

 

Molecular beam epitaxy (MBE) is widely used for the synthesis of material systems to obtain 

electronic  LMD materials, thickness control and precise doping.113 MoSe2,
114 SnSe2,

115 WTe2,
116 

etc., have been synthetized using this technique. 

Molybdenum Telluride (MoTe2) and MoSe2 have been grown by MBE on Bi2Se3 
117  . When 

MoSe2 is done at 400 oC, protrusions enclosing large smooth regions are observed, but the 

interfaces remained sharp.  

In addition, Vishwanath et al., deposited by the same technique SnSe2 on MoSe2. As evaluated by 

TEM the sample showed some regions with SnSe at the interface (Figure 22) between MoSe2 and 

SnSe2. 
117 MoSe2 has been deposited by MBE on highly ordered pyrolytic graphite (HOPG)/ 

Graphene where the step edges of the substrates promote the nucleation of MoSe2 .
118 For the best 

nucleation of this material Jiao et al., used high temperature post- annealing on the films to control 

the density of defects on the domain boundaries which allows to tune the density of defects 

depending on the MBE- MoSe2 application.   
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Figure 28. HAADF-STEM image of the heterostructure SnSe2 grown on MoSe2 ad Bi2Se3 by 

MBE.  SnSe2 deposited on MoSe2 produced the formation of an extra phase of SnSe 117 Adapted 

from Reference  117. Copyright © Materials Research Society 2016 

 

 

In the family of LMDs, WSe2 is been studied because it possesses the largest spin splitting in the 

valence band (VB) which makes it ideal for studying for potential spintronic applications.119  When 

WSe2
 is grown on highly ordered pyrolytic graphite (HOPG), differential conductance spectra 

taken from both monolayer and bilayer of  WSe2 shows that the band gap  narrows when changing 

the film thickness. 120  
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CHAPTER 3 

 

CONTROLLED DEPOSITION OF LAYERED MoS2 BY PULSED LASER DEPOSITION 

 

 

3.1 Pulsed Laser Deposition Parameters studies for layered MoS2 synthesis 

Pulsed laser deposition (PLD) is a process in which kinetics is used to achieve high reaction rates 

on the substrate; which is advantageous in producing high quality thin films. Furthermore, the 

growth speed in this process is limited only by the repetition rate of the laser, 42 allowing the 

thickness to be controlled by the number of pulses.   

Initial deposition studies for MoS2 deposited by PLD were developed for tribological applications 

for films thicker than 1 μm. 121 Parameters such as topography, substrate temperature, and laser 

post-annealing temperature were also studied. 122, 123 When MoS2 is deposited at room temperature 

the material is amorphous and rich in superficial sulfur, but increasing the substrate temperature 

to 300°C promotes the crystallization of the thin film. 124 Furthermore, the ratio of Mo:S is 

dependent on the laser fluence coming from the target and the density of particles on the thin film  

can be reduced by minimizing the laser power density. 125 Post-annealing treatments completed at 

100 °C and 200 °C on MoS2 films deposited at room temperature do not provide features in the 

Raman spectra and X-ray Diffraction (XRD) that are expected. Post-annealing also produces a 

loss of sulphur, likely caused by a reduction in its sticking coefficient. When thinner films (400 

nm) are deposited across different temperatures, it is seen that there is a high density of particles 

on the surface and large amounts of carbon and oxygen in the material. 123 Furthermore, when 

different energy densities are used to deposit MoS2 at room temperature, there are no crystalline 

features present in the Raman or XRD data. When the material is subjected to a slower laser 

annealing, it can crystallize, but produces a more disordered structure of MoS2 .
126 In comparison, 

MoS2 thin films deposited by PLD are crystalline as indicated by the structure and arrangement in 

the Raman spectroscopy measurements. 127 The broadening of the vibration band is the result of 

variations in the location of atoms, such as Mo and S, in the crystalline lattice. In addition, when 

a buffer gas atmosphere is used to deposit this material, the stoichiometry has been shown to be 

affected. 128 
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Recently, Y. T et al. 40 synthetized MoS2 crystalline thin films by PLD on sapphire substrates by 

controlling the thickness of the thin films with the number of laser shots. MoS2 films deposited by 

PLD on a tungsten (W) tip emitter can deliver a large emission current density of ∼30 mA/cm2 at 

a relatively low applied voltage of ∼3.8 kV. Thus, MoS2 can be used for various field emission-

based applications. 107  PLD is a technique that allows the number of monolayers to be altered in 

different processes by controlling the number of laser pulses. The ablation of the MoS2 target with 

50 laser pulses (energy density: 1.5 J/cm2 )  can result in the formation of a monolayer of MoS2, 

as shown in recent reports 129. Siegel et al. synthetized MoS2 by PLD and studied the formation of 

a monolayer using atomic force microscopy (AFM) and Raman spectroscopy. The authors 

produced several layers of MoS2 by varying the number of pulses.  The thicknesses of the thin 

films were measured indirectly by using the separation between the Raman peaks (∆f), finding 

values between 26.1 to 20.1 cm−1 as the layer thickness reduced from 60 monolayers to a single 

monolayer. In addition, PLD MoS2 was demonstrated as an alternative method to produce 

crystalline and uniform layers on crystalline Al2O3, GaN, and SiC-6H substrates. 40 

Previous MoS2 films deposited by PLD used a laser energy of 530 mJ/cm2 at a deposition substrate 

temperature of 300 ºC, but the films were not crystalline. 126 On the other hand, Serrao et al. 39 

reported that MoS2 films deposited at 700 ºC are highly crystalline. In this paper, we deposited 

crystalline and layered MoS2 thin films at 700 oC using a laser energy density of 530 mJ /cm2 for 

the substrate temperature.  Our work highlights the importance of target and speed rotation to 

reduce the number of particles on the thin films, ideal energy density, and temperature for 

synthesis of layered MoS2. In addition, this work shows depositions of MoS2 films thinner than 20 

nm. 

This chapter is based on: Serna, M. I., Moreno, S., Higgins, M., Choi, H., Minary-Jolandan, M. 

and Quevedo-Lopez, M. A. (2016), Growth parameter enhancement for MoS2 thin films 

synthesized by pulsed laser deposition. Phys. Status Solidi C, 13: 848–854. 

doi:10.1002/pssc.201600091. My contribution was in planning, executing and analyzing the PLD 

thin fims by Raman, XPS, SEM, TEM pictures analyses, and writing the manuscript. The TEM 

characterization was performed by H. Choi, M. Higgins, S. Moreno. M.Quevedo-López and M. 
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Minary Jolandan are acknowledged for the valuable input in guiding the experiment and 

manuscript writing. 

3.1.1 Thin film uniformity- Effect of substrate temperature. 

For this experiment a MoS2 target (99.999%) was used to deposit two films using a KrF laser 

(λ=248nm).  The laser frequency was set to 1 Hz with an energy of 30 mJ. The substrate 

temperature was set at 300°C. The total deposition time was 50 min, corresponding to 3000 total 

laser pulses. The MoS2 films were deposited on silicon oxide (500 nm) substrates synthetized by 

thermal evaporation. Prior to the deposition, the PLD chamber was evacuated to a pressure of <10-

6 Torr. The actual deposition pressure increases to 0.1 mTorr due to the generation of chemical 

species from the plasma plume during the ablation process. After the deposition, the substrate was 

cooled down at a rate of 10 ºC/min. 

The electron microscopy pictures show that thin films deposited at room temperature had areas of 

MoS2 on the substrate which show poor uniformity (Figure 29a). However, when the substrate is 

heated, the uniformity of the thin film is improved (Figure 29b). Both thin films deposited with 

or without substrate heating shows a weak Raman signal for MoS2. Raman characterization can be 

an indirect method to measure the crystallinity and atomic arrangement of the thin films. 127 The 

in-plane vibration mode, E1
2g, signal was not very strong for both thin films, while the out-of-plane 

A1g has a strong but not sharp signal. These results are evidence of the low uniformity or crystalline 

arrangement. 

3.1.2 Thin film uniformity- Effect of the frequency and number of pulses 

The intensity of the Raman signal is used to monitor the quality and thickness of the MoS2 thin 

film. 130 To evaluate the effect of the laser frequency and number of pulses, MoS2 film deposited 

using a laser frequency of 10 Hz for 8.33min, corresponded to 5000 laser pulses. This deposition 

confirmed that the improvement in the uniformity was due to the increase in the substrate 

temperature and not the number of laser pulses or frequency (Figure 30).  The film deposited at 

room temperature, even with an increased number of pulses, still shows areas of poor uniformity. 

In comparison, the film deposited with a heated substrate did not show any signs of poor 

uniformity (Figure 30a, b). The particles in the electron microscopy image were acquired during 



 

40 

the sample preparation. Both films deposited at room temperature and 300 ºC were evaluated by 

Raman spectroscopy. The characteristic Raman peaks are very sharp for the films deposited with 

a heated substrate, proving the enhancement of the process for MoS2 thin film synthesis. 

 

 

 

 

Figure 29. MoS2 thin film deposited at (a) room temperature and (b)300°C . 

 

3.1.3 Particle reduction- Effect of Target and substrate rotation speed 

In this work, the number of particles after the deposition was checked by electron microscopy 

(Figure 25). Two MoS2 films were deposited at 300 °C under high vacuum pressure with a target 

and substrate rotation speeds of 60 deg/min (Figure 31a) and 30 deg/min  (Figure 25b). These 
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are lower rotation values than those reported in previous works 124 . Evidently, when the speed of 

the target is reduced, the density of particles on the surface is low. Since the target was ablated 

uniformly, heating is uniform throughout the entire surface area as well.   

 

 
Figure 30. Thin films deposited at 10 Hz, 530 mJ/cm2, and an increased number of pulses at room 

temperature (a) and 300 ºC (b). 

 

 

3.1.4 Effect of Energy density and Temperature for MoS2 deposition 

Since low target and substrate rotation speeds are needed to decrease the density of particles on 

the thin films, and a heated substrate is necessary for the growth of MoS2, it was decided to evaluate 

the energy density for the deposition and test different temperatures on the substrate (Table 1).  

For the first experiment, the energy density was kept constant at 0.53 J /cm2 and the effect of the 
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temperature on the thin film was evaluated, while the second experiment consisted of a series of 

depositions at 300 ºC at different energy densities. All the depositions were completed at 10 Hz 

and under high vacuum. 

MoS2 deposited at 0.35 and 0.25 mJ/cm2 did not exhibit any Raman signals. Films deposited at 

energies over 0.25 J/cm2 showed particles on the thin films. However, thin films deposited at 0.75 

J/cm2 had a high density of particles but showed lower intensity Raman peaks compared with the 

films deposited at 0.53 mJ/cm2 (Figure 32). 

It is evident that high energy densities damage the arrangement of the material since in the Raman 

signal, both vibration modes E1
2g and A1g show low intensities for the film deposited at 0.75 J/cm2 

(Figure 32). Perhaps sulphur is lost during the deposition of the thin film since it has a preference 

to be ablated from the target. This produces changes in the layered MoS2 structure and due to this, 

particles on the surface are created. There is a segregation of sulphur on the target surface at very 

high energy densities, resulting from the bombardment of particles (ions, atoms) accelerated at 

high velocities in the laser plume during the intensive laser irradiation of the target. This could 

lead to the variations in the stoichiometry of MoS2 films 128. Particles on the thin film were 

produced at high energy densities; this process is observed when the temperature of the substrate 

was increased to 500 °C. However, the films deposited at 400°C and 700°C possess less particles. 

We believe that a more in-depth study of MoS2 deposited on amorphous substrates is needed.  

Each film was evaluated by X-ray photoelectron spectroscopy (XPS) (Figure 33). The dashed line 

in blue shows the approximated binding energies for the peaks for  MoS2: Mo 3d ½ (232.6 eV) 

and  3d 5/2 (229.5 eV); S 2p 1/2 (163.6 eV) and 2p 3/2 (162.4 eV) 131. There is a shift from these 

values to lower binding energies for all the films deposited at 300 °C, except the film at 0.25 

mJ/cm2 which did not show any MoS2 peaks.   

Furthermore, for  films deposited at 500 ºC and 700 ºC at 0.75 J/cm2 there is a small shift to lower 

energies for the S 2p peaks, which may be produced by the presence of  sulphur vacancies 131. In 

addition, a broadening of the Mo 3d and S 2p peaks was observed for films deposited at 400 ºC 

and 0.35 J/cm2, altering the MoS2 stoichiometry. The Mo 3d peak at 400 ºC shows a signal 

broadening, indicating the presence of a different species, other than MoS2, in the films.  
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Even when the Raman peaks were intense and sharp for the films deposited at 700 ºC and 

530mJ/cm2, the Mo 3d spectra consists of peaks around 229.5 eV and 232.6 eV that correspond 

to Mo4+ 3d 5/2 and Mo4+ 3d3/2 of MoS2 respectively. Deconvolution of peaks from the sample 

deposited at 700ºC revealed additional peaks that were shifted to different energies with respect 

to the actual binding energy value of the MoS2 peaks (Figure 34). The data fitting shows some 

low intensity oxides peaks (MoO2 and MoO3).  

 In the S 2p region of the spectra, additional peaks were obtained from the doublet peaks of MoS2. 

These peaks are the  S 2p1/2 and S 2p3/2, which have binding energy at 163.6 eV and 162.4 eV 

respectively. The shifting of these additional peaks suggests the presence of molybdenum oxides 

and the MoSX (with X≠2) phase.  

3.1.5 Cross section and interlayer separation. 

Raman spectroscopy can be used as a tool to study the arrangement of the S and Mo atoms in the 

MoS2 structure 126. The thin films deposited at 700 oC and 530 mJ/cm2 showed sharper and more 

intense Raman vibration modes of MoS2 than the other thin films. This indicates a good crystalline 

arrangement of the material despite the low content of oxides. This shows that MoS2 may grow 

better at higher temperatures, such as 700 oC, than at lower temperatures. This sample was 

evaluated with transmission electron microscopy (TEM) to confirm the crystalline arrangement 

evaluated by Raman spectroscopy in Figure 32b. 

The films were 13 nm thick. The typical layered structure of MoS2 can be observed in the 

transmission electron microscopy micrograph in Figure 35a. In Figure 35b, the profile was taken 

from the approximated length shown in red in Figure 35a. The interlayer separation values 0.61 

nm, 0.69 nm, and 0.63 nm are close to the ideal value of 0.65 nm  reported in literature 58 (Figure 

36). The small variations in the continuity of the films were mainly produced by the resolution of 

the TEM measurement and/or to small local stoichiometry variations in the films. Furthermore, a 

fast Fourier transform (FFT) image was taken from the whole area of the cross section (Figure 

36c). The FFT simulation image showed amorphous platinum (Pt) and silicon oxide. However, the 

simulation taken from the layered area showed diffraction points. From these results, it is evident 

that the temperature of the substrate plays an important role in the development of the layered 

MoS2 structure, even on amorphous substrates. 
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It was decided to explore a crystalline sapphire (0001) substrate and reduce the number of pulses 

for the thin film deposited at 700 oC and 530 mJ/cm2 by 50%, allowing the PLD deposition to 

produce two MoS2 monolayers (Figure 36).  Two monolayers with an interlayer spacing of 0.61 

and 0.71 nm can be deposited on a crystalline sapphire substrate (Figure 36a, b). 

 

   

 

Figure 31. MoS2 thin film deposited at target rotation 60 deg/min (a) and at 30 deg/min  (b). 
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Table 1. Deposition of MoS2 at different temperatures and energy densities. 

Thin films deposited 

with temperature 

variation  at 0.53 J/cm2 

Thin films deposited   

with energy variation 

at 300 ºC 

300 ºC 0.25 J /cm2 

400 ºC 

500 ºC 

700 ºC 

0.35 J /cm2 

0.53 J /cm2 

0.75  J /cm2 

 

*four depositions were made at 0.53 J/cm2 varying the temperature and four depositions were 

developed using different energies densities at 300 °C. 

 

The FFT patterns show the amorphous nature of the capping metal and crystalline nature of the 

substrate and thin film (two dots are barely diffracted). As was shown in Figure 30a, the layer still 

has some discontinuity that is believed to be created from a slight modification in the stoichiometry 

of the thin film as determined by the XPS analysis. 

It is believed from these results that the thin film is a mix of MoS2 and molybdenum oxides. 

Nevertheless, a more in-depth stoichiometric analysis of the layered films is needed. 

In summary, MoS2 thin films were synthesized with different substrates temperatures and laser 

energy densities. From the results of this work, it can be seen that the XPS data shows a shift 

towards lower binding energies for sulphur for the films deposited at 700ºC with an energy density 

of 0.53 J/cm2 and 300 ºC at 0.75 J/cm2. This demonstrates a loss in the stoichiometry of the thin 

films.  Even though the sample deposited at 700 ºC shows the sharpest peaks in the Raman spectra, 

a more in-depth study of the stoichiometry of the thin film is needed to re-evaluate some non-

continuous areas shown in Figure 29 and Figure 30a.  In this work, the effect of the substrate 

temperature is confirmed to improve the MoS2 order quality, as well as the synthesis of layered 

material without a post annealing treatment on amorphous SiO2 and crystalline sapphire. 
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Figure 32. Raman spectroscopy characterization for films deposited at different (a) energy 

densities at 300 oC (b) and substrate temperature at 530 mJ/cm2with their correspondent electron 

microscopy image 
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Figure 33. XPS characterization for samples deposited at (a) different energy densities at 300oC 

and (b) at different substrates temperatures at 530 mJ/cm2 
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Figure 34. Deconvolution of the thin film deposited at 700ºC and 530mJ / cm2. 

 

 

 

Figure 35. TEM image (a) and profile of interlayer separation (b). Reduced FFT pattern of the 

capping metal, MoS2 thin film and the SiO2 substrate (c). 
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Figure 36. TEM image (a) and profile of interlayer separation (b). Reduced FFT pattern of the 

capping metal, MoS2 thin film and the sapphire substrate (c). 

 

3.2 Large Area Deposition of MoS2 by Pulsed Laser Deposition with In-Situ Thickness 

Control 

In this section, a large-area compatible process to deposit stoichiometric MoS2 with layers ranging 

from 1-10 is reported. This is achieved by properly controlling target composition, MoS2 to Sulfur 

particle size in the target, and PLD deposition conditions. 1.33 nm thick MoS2 films and Mo/S 

ratio of ~0.5 can be achieved with the method reported here. Furthermore, this process can be used 

to deposit layered MoS2 on amorphous, polycrystalline and single crystal substrates. PLD 

deposition conditions evaluated to enable layered MoS2 include laser fluency and deposition 

pressure. These parameters were optimized to allow the nucleation and arrangement of the MoS2 

layers on the substrate. Three different targets with excess of Sulfur were used to compensate the 

potential loss of this element during the laser ablation. The combination of target composition and 

proper PLD conditions results in deposition of MoS2 films on ~50.8 mm diameter substrates. In 

addition, the influence of the target characteristics on the chemistry, crystallinity, and electronic 

properties of the layered MoS2 films was studied. An additional advantage of the method reported 

here is the capability of tuning the MoS2 thickness across the entire substrate by simply modifying 
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the PLD deposition conditions. This enables in situ thickness gradient control on a whole substrate 

and under the same deposition conditions.  

Note: This section is based on: Serna, Martha I. Serna, Seong H. Yoo, Salvador Moreno, Yang Xi, 

Juan Pablo Oviedo, Hyunjoo Choi, Husam N. Alshareef, Moon J. Kim, Majid Minary-Jolandan, 

and Manuel A. Quevedo-Lopez. ACS Nano 2016 10 (6), 6054-6061. DOI: 

10.1021/acsnano.6b01636. My contribution was in planning, executing and analyzing the PLD 

thin films by Raman, XPS, SEM, RBS, CTLM, TEM picture analyses, target fabrication, PLD thin 

films deposition, and writing the manuscript. S. Yoo, helped with the target experiment design, 

target fabrication, and TEM analyses.  Further TEM characterization wasperformed by H. Choi, J. 

Kim, and J.P Oviedo, H. Alshareef helped with the RBS experiments, S. Moreno. M.Quevedo-

López and M. Minary Jolandan are acknowledged for their valuable input in guiding the 

experiments and manuscript writing. 

3.2.1 Experimental details 

Target fabrication 

 Powder metallurgy was used to fabricate three target types (labeled 100ºC / 2 µm, 75ºC / 2 µm, 

75ºC / 43 µm, in this article). Each target has an atomic ratio of MoS2 to S of 1:1. MoS2 and S 

precursors were acquired from Sigma-Aldrich Korea and include MoS2 with particle size of 43 

µm and 2 µm, and S powder with a particle size of 20 µm. To ensure good homogeneity, the MoS2 

and S powders were mixed for one hour before target fabrication on a SPEX mill, SPEX Sample 

Prep, Inc. model 8000D Dual. The resulting mixed powder was hot-pressed at 75ºC for 3 h at 18 

ton-force or 100ºC for 1 h at 25 ton-force.  

 

Thin film deposition 

The laser frequency was 10 Hz, with an energy of 30mJ and the substrate temperature was kept at 

700°C. The MoS2 films were deposited on Al2O3 (0001) double – side polished substrates 

(sapphire), HfO2 (grown by PLD and annealed on N2 atmosphere), Quartz, and SiO2. Before 

deposition, the PLD chamber was evacuated to a pressure of <10-6 Torr. The process was carried 

out at 0.1 mTorr without any intentional background gas due to sulfur saturation in the PLD 

chamber. After the deposition, the substrate was cooled down at a rate of 2 ºC/min. 
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Thin film characterization 

The first thin film characterization studies were evaluated by Raman spectroscopy with a  Thermo 

ScientificTM DXRTM Raman microscope with 532 nm excitation and 50X objective. The laser 

power was kept at 0.3 mW during the experiment.  The XPS measurements were executed using 

a PHI 5000 Versa Probe II. All the evaluations were taken at a 45 take-off angle with respect to 

the sample surface. Monochromatic Al Kα radiation (hν= 1486.6 eV) was used with a 0.1 eV step 

size and a pass energy of 23.50 eV. The base pressure in the analysis  chamber was 1.6x10-8 Torr. 

All binding energies reported in this work are relative to the C 2S peak at a binding energy of 

284.8 eV. The cross section of each film was used to examine crystalline structures and thicknesses 

of the film by high-resolution transmission electron microscope (HRTEM, Tecnai F20 G2, FEI, 

USA) with an energy dispersive spectroscopy system (EDS, PV9761/55, Ameteck, USA). The 

TEM samples were prepared using a focused ion-beam system (FIB) system (Nova nanolab 600, 

FEI Ltd., USA). The electrical properties of the thin films were studied by Circular Transfer 

Method (CTLM). Au contacts were defined by lift off lithography.  A photoresist 1813 available 

commercially, was applied by spin coating on the films. Afterwards, the samples were exposed to 

UV light and the areas for conversion were under covered. All samples were developed with 

MF311.  After this step, gold contacts 400 nm were deposited on the samples by Thermal 

Evaporation at 10-6 Torr. Subsequently, the excess of gold Au was detached from the CTLM 

structures with acetone. Then, the remaining organic components were removed by washing the 

samples with Isopropanol and deionized water. Several circles and gaps were measured and 

averaged during this study with a probe station Cascade Model SUMMIT 11741B-HT. The RBS 

composition vs depth profile was obtained with 400 keV He+ ions with a beam size about  of 1 

mm. The experimental data were fitted using Analysis IB RBS software 2007 Kobelco. Figure 45 

shows the RBS linear fitting for each thin film fabricated in this work on sapphire.  

3.2.2 Target  fabrication for the stoichoimetric MoS2 synthesis by PLD 

 

Conventional powder metallurgy methods were used to fabricate the PLD targets with MoS2 to S 

ratio of 1:1. Particle size for the target preparation was 20 μm (Sulfur) and 43 and 2 µm (MoS2). 

Two different hot press conditions for the target fabrication were evaluated: a) 100°C and 
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compression of 25 tons per one hour, and b) 75°C with compression of 18 tons for 3 hours (Figure 

37). For comparison, a commercial MoS2 target with no excess of Sulfur (MoS2 to S ratio of 1:0) 

from Testbourne Ltd was used.  This is referred to  as target “T” in this article. 

 

Figure 37. Target fabrication and process flow chart for the fabrication of MoS2 Thin films.  

 

Table 2. Target Fabrication Specification. 

 

 

The 3 targets fabricated for this work are identified as follows: 100ºC / 2 µm, 75ºC / 2 µm, and 

75ºC / 43 µm. A detailed outline of the target preparation conditions is shown in Table 2. The 

relative density of each target was measured by Archimedes principle and defined as the ratio of 

the experimental and theoretical density values. Relative densities of 88.1%, 88.7% and 99.9% 

were obtained for targets 100°C / 2 μm, 75°C / 2μm, and 75°C / 43μm, respectively. It is important 

to note that the 100°C / 2 μm and 75°C / 2 μm have the same S particle size (Figure 38). The 

difference in the density with respect to the 75°C / 43μm target is due to the MoS2 particle size and 
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target fabrication conditions. . The films are named with the same nomenclature as the 

corresponding targets.   

3.2.3 Powders and thin films characterization (SEM) 

The morphology of the MoS2 thin films and the powders used for the target fabrication, was 

imaged using Scanning Electron Microscopy (SEM) with an electron microscope Zeiss Supra-40. 

Figures 38 a,b,c,d,e,f show the top view of each thin film and the particle shape of Sulfur and 

molybdenum disulfide powders. The film deposited by target 75ºC / 43 µm with the parameters in 

the experimental section had less particles on the surface and it appeared more superficially 

homogeneous than the other thin films (Figure 38d). 

 

 
Figure 38. Scanning electron microscopy of thin films (top view) and MoS2 and Sulfur powders.  

Figures 32 a, b, c, d show the top view of thin films 100ºC  /2 µm, 75ºC / 2µm, 75ºC / 43 µm and 

T, respectively. The films were deposited without any background gas, 10 Hz, and 30mJ.  Figures 

38 e-f show MoS2 powder of 2 µm and 43 µm. Figure 38 g shows the Sulfur particle size.  

 

3.2.4 Thin film Thicknesses and cross section -  layered structure 

All the targets described before were used to initially deposit MoS2 films by PLD on sapphire 

(single crystal). The cross-section for each MoS2 film was obtained using Transmission Electron 

Microscopy (TEM) (Figures 39a,d). MoS2 films with thicknesses of 8.87 nm, 4.79 nm, 1.33 nm 
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and 6.67 nm were obtained for films deposited from targets 100°C / 2 μm, 75°C / 2 μm, 75°C / 

43μm and T, respectively. The TEM results showed that MoS2 films obtained from targets 100°C/ 

2 μm, 75°C / 2 μm, and T have a well-defined layered structure with some areas showing a wavy-

like structure. Nevertheless, layered films were observed for all these films. Films obtained from 

the target with the largest MoS2 particle size (75°C / 43 μm) showed the thinnest and most ordered 

layered structure (Figure 39c). The interlayer spacing evaluated from the TEM images were 6.27, 

6.19, 6.70, and 6.41 Å for 100°C / 2 μm, 75°C / 2 μm, 75°C / 43 μm, and T, respectively 

 

 

 

Figure 39. MoS2:S targets, Transmission Electron Microscopy (TEM) for the MoS2 films 

deposited from the different targets, and Raman spectra of the thin films. (a) to (d) show PLD 

targets, TEM cross-sections and interlayer spacing for films deposited using targets fabricated at 

100°C / 2 μm, 75°C / 2 μm, 75°C / 43 μm, and the commercially available target. The thin films 

were deposited without any background gas, 10 Hz, and 30mJ.  The thinnest MoS2 film (c) was 

deposited from the target with the highest density and larger MoS2 particles (43 μm). Raman 

spectra (e) acquired for the MoS2 shown in Figures a-d. For reference, the dashed lines in Figure 

1e show the Raman shift values for a monolayer of MoS2.  

 

. These values are very close to the theoretically expected value for monolayers of MoS2 which is 

~6.5 Å.58 The small variations observed are likely due to small local stoichiometry variation in the 

films due to Sulfur depleted areas, which will be further discussed in the following sections.  

3.2.5 Thin films chemical characterization  

The Raman spectroscopy analyses of the films showed the typical E1
2g and A1g vibration modes 

for MoS2 (Figure 39e). The red dashed lines in Figure 39e indicate the expected vibration mode 



 

55 

values for a monolayer of MoS2.
130 The additional vibration bands observed for these films are 

from the sapphire (Al2O3) substrate.132 The difference in frequency in the MoS2 vibration modes, 

defined as ∆β, is proportional to the separation of the Raman peaks and can be used to estimate 

the thickness of the films.130 The difference in the ∆β values with thickness is due to the dipolar 

interaction of the substrate with the MoS2 thin film due to variations in the electrostatic 

surroundings and interaction between the substrate and the Sulfur atoms. This affects the MoS2 

vibration modes.133 The ∆β values calculated from Figure 39e were 24 cm-1, 23 cm-1, 20 cm-1, and 

24 cm-1 for thin films 100°C / 2 μm, 75°C / 2 μm, 75°C / 43 μm and T, respectively.  The expected 

Δβ values as function of number of layers are: 18 cm-1 (one layer), 22.4 cm-1 (two layers), 23 cm-

1 (3 monolayers), and 25 cm-1 for bulk MoS2.
130 From the TEM data, it is clear that films 100ºC / 

2 μm, 75 ºC / 2 μm , and T are relatively thick and, therefore, show Δβ values closer to bulk MoS2. 

However, thin film 75°C / 43 μm showed the lowest value for ∆β (~20 cm-1) indicating that this is 

the thinnest film on the order of 1-2 monolayers. This is in agreement with the TEM results shown 

in Figure 39c.  

In general, the thickness of the MoS2 films are inversely proportional to the density of the target 

Therefore, the target with the highest density (75°C / 43 μm) yielded the thinnest MoS2 films. The 

thinner MoS2 films resulting from targets with higher density is likely due to lower ablation rates 

from denser targets. Additionally,  besides producing thicker MoS2 films, low-density targets also 

produced more particles on the MoS2 surface (Figure 38).44 Excess of sulfur was used to saturate 

the deposition ambient and minimize vacancies in the MoS2 films. During the ablation, the excess 

of Sulfur from the target evaporates more readily than the MoS2 producing in-situ sulfurization 

environment allowing more stoichiometric MoS2 to be deposited on the substrate. We used an 

RGA system (Residual Gas Analyzer) during the deposition to monitor the increase in sulfur 

partial pressure during the ablation. 

Large area depositions were performed on 50.8 mm sapphire substrates using the target with the 

highest density (75°C / 43 μm). This target was selected because it yielded the thinnest MoS2 film 

(Figure 40a).  PLD deposition of thin films on large substrates, a laser deposition power of less 

than 6W is recommended.134 Therefore, the power used in the deposition reported in this paper 

was set to 3W. This PLD deposition power yields MoS2 films, as shown in the optical image 
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shown in Figure 40a. The whole sapphire wafer (Figure 40b) was covered, with the exception on 

the small wafer edges that were suspended on the substrate holder during the deposition (Figure 

41).  The Raman spectra from different areas of the same substrate: top, bottom, left side, right 

side and center of the wafer are shown in Figure 40b. All areas showed the E1
2g and A1g MoS2 

vibration modes indicating presence of the MoS2 thin film on the wafer. The overall thickness of 

the films, as measured by TEM was 1.33 nm, or close to 2 monolayers. The (*) represents the 

vibration modes E1g (~379 cm-1) and A1g (~416 cm-1) for the sapphire substrate.135 The variation 

of the intensity of these peaks can be evidence of little defects or our thin films.  

X-ray photoelectron spectroscopy (XPS) studies were further used to analyze the films after a 

subtle sputter-clean with Ar+ ions. The Mo 3d region shown in Figure 42a showed typical binding 

energies for MoS2 (red dashed lines) for thin films deposited from targets 100 ºC / 2 µm and T. 

The small variation in the S2p region observed in Figure 42b for films deposited from targets 75  

ºC / 2 µm and T can be attributed to Fermi level pinning due to sulfur deficiencies.136 Nevertheless, 

all the thin films showed bands typical for MoS2 (Figure 43).  The data fitting shows some low 

intensity oxides peaks (MoO2 and MoO3) for all the films, with the highest concentration for the 

films deposited from the commercial target, T. Thin film 75  ºC / 43 µm was not subjected to 

sputter cleaning due to its thickness, but showed the closest binding energies to bulk MoS2. 

The Mo 3d spectra consists of peaks at around 229.5 and 232.6 eV that correspond to Mo4+ 3d 5/2 

and Mo4+ 3d3/2 of MoS2, respectively. Deconvolution of peaks from samples 100ºC / 2 µm, 75ºC 

/ 2µm, and T revealed additional peaks that were shifted to lower and higher energies with respect 

to the actual binding energy value of the MoS2 peaks. In the S 2p region of the spectra, additional 

peaks were obtained from the doublet peaks of MoS2, S 2p1/2 and S 2p3/2, which have binding 

energy at 163.6 and 162.4 eV, respectively. 

Deconvolution of peaks from samples 100ºC / 2 µm, 75ºC / 2µm, and T revealed additional peaks 

that were shifted to lower and higher energies with respect to the actual binding energy value of 

the MoS2 peaks. In the S 2p region of the spectra, additional peaks were obtained from the doublet 

peaks of MoS2, S 2p1/2 and S 2p3/2, which have binding energies at 163.6 and 162.4 eV, 

respectively. The shifting of these additional peaks suggests the presence of molybdenum oxides, 

MoSX (with X≠2) phase, molybdenum oxysulfides, and free Mo. Furthermore, no peaks were 
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observed between 233 and 236 eV for thin film 75ºC / 43 µm, which indicated that Mo atoms 

remained unoxidized.  

High-Resolution Rutherford Backscattering (HRRBS) analyses were performed to better evaluate 

the composition of the MoS2 films (Figure 44a). 

 

 

Figure 40. (a) 1.33 nm thick (2 monolayers) MoS2 thin film deposited by PLD on a 50.8 mm 

diameter sapphire wafer.  (b) Sapphire wafer without MoS2 thin film (c) Raman spectroscopy from 

the MoS2 films.  (a) Shows that the characteristic E1
2g and A1g vibration modes for MoS2 are 

present across the entire surface of the substrate. The (*) shows the vibration modes for sapphire 
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Figure 41. MoS2 thin film 75°C / 43 μm on a two inches diameter sapphire wafer 

 

 

Figure 42. X-ray photoelectron spectroscopy (Fig 42a and 42b) for films deposited on sapphire. 

For reference, the dashed lines in each figure shows the expected binding energy or Raman shift 

for stoichiometric MoS2. The thinnest film (~1.3 nm, film 75°C / 43 µm) was deposited from the 

target with the highest density and seems to be the most stoichiometric 
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Figure 43. Deconvolutions of XPS spectra for each thin film. Thin film 100ºC /2 µm (a), Thin film 

75ºC / 43 µm (b), 75ºC / 43 µm, (c), Thin film T (d). Thin film 100ºC / 2 µm showed binding 

energies typical of MoS2 and two bands typical of MoO33 
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Peaks for S, Mo and the substrate are clearly observed in the experimental data. The difference in 

peak width and intensity observed in the HRRBS spectra is related to the thickness of the MoS2.  

The thinnest film was obtained from 75 ºC / 43 µm target, in agreement with Raman and TEM. 

The HRRBS experimental data were fitted to obtain the depth profile for each film. The inset in 

Figure 48a shows typical fits (red line) and experimental data (black line).  The depth profile 

extracted from the fitting is shown in Figure 44b. Thin film 100 ºC / 2 µm shows a large depletion 

of S at the surface with composition variation throughout the entire thickness of the thin film. Thin 

film 75 ºC / 2 µm showed higher Mo/S ratios close to the surface, but from 1.0 to 2.2 nm the Mo/S 

ratio approached the theoretical ratio of 0.5. The film from the commercial target (T) also showed 

variations in the Mo/S ratio. On the other hand, thin film 75 ºC / 43 µm showed ratios close to 0.5 

throughout the entire thickness of about 2 monolayers. The inset in Figure 44b shows the 

stoichiometricity of these films over the entire thickness.  The complete HRRBS spectra and 

simulations are shown in Figure 45.  

3.2.6 Thin film resistivity and  Mo / S ratio   

The mechanisms for electronic transport in 2D materials are not entirely clear yet since the carrier 

transport in layered MoS2 films as well as in the contact interface is very complex. 47, 58, 95, 137, 138 

In this paper, we used a well-accepted method (Circular Transfer Method, CTLM) to measure sheet 

resistance and resistivity that eliminates potential contact resistance issues while performing the 

measurement. Gold contacts were used for the analyses.  The results were then correlated to the 

Mo/S ratio in each film.  For the CTLM method, the I -V responses of the structures were measured 

at room temperature and in air. From these data, electrical resistivity values of 8.0, 7.0, 1.3, and 

1.54 × 104 Ω cm-1 were obtained for 100 ºC / 2 µm, 75 ºC / 2 µm, T, and 75 ºC / 43 µm films, 

respectively (Figure 46).   

Clearly, as Mo/S ratio increases the electrical resistivity of the films is reduced. This can be 

produced by presence of defects at the thin film metal interface too. The area analyzed by both 

Raman ( ̴ 2 x 109 m2) and HRRBS (9 x 106 m2) is much larger that the size of the CTLM structure 

used for the measurements, which is 1.2 x 106 m2 which is considerably larger that commonly 

exfoliated MoS2 flakes.139  
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Figure 44. Rutherford Backscattering Spectra for the MoS2 films. (a) Experimental spectra. The 

inset shows the experimental spectra (continuous dark line) and simulation spectra (red line) for 

thin film 75 ºC / 43 µm. (See Figure 45 for simulations details for all the films). The Mo/S ratio 
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depth profiling for all the MoS2 thin films on sapphire was measured (b). The inset shows the 

zoomed-in view for 75°C / 43 µm (green) and the commercial target (T).  

 

 

Figure 45. Rutherford Backscattering Spectrometry. RBS spectra (dark line) and simulation 

spectra (red line) for thin films 100ºC / 2 µm (a), 75ºC / 2µm,  (b), 75ºC / 43µm, (c), and T (d). 

 

 

Figure 46. Resistivity and Mo/S atomic ratio for thin films 100ºC /  2µm, 75ºC / 2µm, 75ºC / 43 

µm and T are shown. The Mo/S ratio is closer to the ideal value of 1:2 (0.5) for thinner films and 
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the contact resistivity increases as the thickness is reduced. This shows a relationship between the 

content of Sulfur and the resistivity of the films. The 75ºC / 43 µm film, which is the thinnest, has 

an approximate ratio of 0.5 and highest resistivity (~104 Ω-cm).  

 

 

Figure 47. CTLM measurements for thin films.  I-V characteristics of (a) Thin film 100ºC / 2 µm 

(b) 75ºC / 2µm, (c), 75ºC / 43µm, (d) and T. All the films have ohmic contact with Au. 

 

 

In addition, the sheet resistance (Rsh) values reported in this paper are 1.15 X 1011 Ω /sq., 1.4 X 

107Ω / sq., 9.4 X 104Ω / sq., and 1.9 X 106 Ω / sq., for films 75ºC / 43µm, 75ºC / 2µm, 100ºC / 

2µm, and T, respectively. These large values for sheet resistance might indicate uniform MoS2 

films on the analyzed areas. 

For reference, the largest sheet resistance for large area deposition of MoS2 by Chemical Vapor 

Deposition reported a range from 1.46 - 2.84 x 107 Ω/ sq.140 Furthermore, the values of Rsh and ρ 

are much larger for bilayers than for films with several layers of MoS2, which have been reported 

in previous works. 141 The thinnest thin film showed and Mo/S ratio of 0.5, but the material still 

needs improvement for electronic applications. The changes in resistivity could also affected by 
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defects and impurities at the interface metal – semiconductor as well.141 Figure 47 shows that all 

the films had ohmic contact with Au 

3.2.7 Thin film deposition on different substrates 

The PLD method reported here was also used to deposit MoS2 on SiO2, quartz, and polycrystalline 

HfO2 (Figure 48a-c). The films were deposited from the target that produced the most 

stoichiometric film (75ºC / 43 µm). The quartz substrate had some amorphization during the TEM 

sample preparation due to the use of Focus Ion Beam (FIB) during sample preparation.  The MoS2 

thin films deposited on HfO2 (Figure 48c) seem to have better quality than films deposited on 

amorphous SiO2 substrates. These initial outcomes indicate that further improvements in the PLD 

process for amorphous substrates are required.  The thicknesses for the films deposited on SiO2, 

quartz, and HfO2 were 2.5 nm, 2.83 nm, and 2.08 nm, respectively. The films were evaluated by 

Raman spectroscopy and the vibration modes for MoS2 were present on all the substrates. 

However, the Raman bands for MoS2 on SiO2 and quartz were broader than those on crystalline 

HfO2, indicating better quality of the MoS2 films deposited on this dielectric (Figure 48d).  

3.2.8 In-Situ Thickness Control 

The process demonstrated here is also a great method to achieve different MoS2 thicknesses on the 

same substrate. Such thickness control can be used to fabricate devices on the same substrate with 

variable number of MoS2 layers. The analyses of these films are shown in Figure 49 with area-1 

corresponding to the thickest and area-5 the thinnest MoS2 films, respectively. Raman 

spectroscopy (Figure 49b) and Raman mapping (Figure 49c) was carried out on the entire area of 

the wafer to evaluate the uniformity of the MoS2 films. The typical modes for MoS2 (E
1
2g and A1g) 

monotonically decrease with thickness, as expected. In addition, the separation of the peaks (Δβ) 

was also proportional to the thickness of the thin films indicating a thickness gradient across the 

substrate.130 For the gradient generation, the substrate  rotation speed was reduced and it was 

moved off-axis from the target, followed by a normal process of deposition. 

The thickness of each area was approximately: 10 layers, 8 layers, 3, layers, 2 layers and 1 layer 

for areas 1, 2, 3, 4, and 5, respectively (Figure 49d). These results show that PLD process is 
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potentially capable of producing a surface on which different electronic structures with several 

MoS2 thicknesses can be created and studied.  

 

 

 

Figure 48. MoS2 thin films deposited on different substrates. MoS2 films are achieved on SiO2 

(amorphous) (a), Quartz (single crystal) (b), and HfO2 (polycrystalline) (c) substrates. The 

thicknesses of the films were 2.5 nm, 2.8 nm and 2.1 nm for SiO2, quartz, and HfO2, respectively.  
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Figure 49. MoS2 thin film with graded thickness and the corresponding Raman mapping. (a)  The 

optical image shows a MoS2 thin film thicknesses gradient on half sapphire wafer deposited by 

PLD thicknesses gradient. Raman spectra and Raman mapping are shown (b-c). Areas of high and 

low intensity are represented by red and blue colors in the Raman mapping. (d) TEM cross-section 

results for areas 1 through 5 showing the thickness gradient for the MoS2 films along the entire 

substrate. The scale in every Raman mapping picture is 5 μm. 
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3.2.9 High Resolution Transmission Electron Microscopy Analyses 

 

 

Figure 50. Number of pulses effect on thin film T thickness. The number of MoS2 layers can be 

adjusted by simply reducing the number of laser pulses. 

 

 

PLD allows reduction in the thickness of the thin films by simply changing the number of pulses, 

even for the commercial target (Figure 50). In order to evaluate the crystallinity of PLD MoS2, the 

thinnest and most stoichiometric MoS2 film (75 ºC / 43 µm) sample was deposited on  an exfoliated 

Hexagonal Boron Nitride (h-BN) / Graphene (Gr) stack and subjected to TEM analysis. The top 

view TEM results for the MoS2 on h-BN/Gr and the corresponding Fast Fourier Transform (FFT) 

patterns are shown in Figure 51a-b, respectively. The inversed FFT patterns in Figure 51b reveals 

the presence of lattices for the MoS2/h-BN/Gr stack demonstrating the crystalline nature of the 

films. For reference, the corresponding lattice points for MoS2 and h-BN/Graphene are shown in 

Figure 56b.  Detailed FFT analyses were carried out to separate the signals from MoS2 and h-

BN/Gr (Figure 51c-d). The filtered FFT analyses reveal a crystalline MoS2 lattice on this substrate 

(Figure 51c). Figure 51d shows the filtered FFT for the entire MoS2/h-BN/Gr stack. 
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Figure 51. (a) Top view of a 75 ºC / 43 µm MoS2 deposited on h-BN/Graphene. (b) Inverse Fast 

Fourier Transform (FFT) results. Zoomed FTT images for MoS2 (c) and MoS2/h-BN/Gr (d).  

 

 

 



 

69 

 

Figure 52. Phase contrast profiling. Cross section of films 100 Thin film 100ºC / 2 µm (b) 75ºC / 

2 µm, and (c) 75ºC / 43 µm. The red line shows the location of the profile. 

 

 

A profile for each thin film was acquired using a Gatan Microscopy Suite software (v. 2.32.888.0). 

Each line in red (Figure 52) shows the location of the profile. From these analyses an atomic 

arrangement consistent with a crystalline film is evident from the atomic separation results shown 

in the corresponding profiles. The 0.30 to 0.35 nm interatomic distance experimentally measured 

match closely the theoretical interatomic separation between Sulfur in MoS2, which is 

approximately 0.31 nm. 142The films synthetized in this work are crystalline.  
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The grain size of thin film 75ºC / 43 µm was measured on Graphene. On average the grain size 

was 16.80 nm.  Furthermore, the FFT image shows that the film is polycrystalline (Figure 53). A 

plain view image of the deposited film on Graphene was obtained using a JEOL JEM-ARM 200F 

transmission electron microscope operating at 200 kV. The FFT image demonstrates the 

polycrystalline nature of the MoS2 thin film (Figure 53). Grain orientation maps were then created 

(using the Gatan Microscopy Suite software) from the Fourier spectrum of these images, by 

moving a mask at discrete angular steps of 5 degrees along a circular path corresponding to the G 

vectors of the MoS2 reciprocal lattice, and obtaining their inverse FFT. Sobel and Smooth spatial 

filters were applied to highlight the grain area, after which the Particle Analysis package was used 

to identify the grains in the image and obtain their dimensions.143 Figure 54 shows a region of the 

sample where the MoS2 grains were found, its grain orientation map, and grain size distribution 

derived from the above method. On average the grain size was 16.81 ±6.39 nm (Figure 55).  

 

 

Figure 53. Top view of MoS2 Grains and MoS2 on graphene FFT image simulation. The rings and 

multiple points in the materials shows that the film is polycrystalline. 
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Figure 54. Grain orientation maps for 75ºC / 43 µm on Graphene. The areas in gray represent the 

grains of MoS2 with different orientations. The scale bar is 5 nm.  

 

 

 

Figure 55. Grain size distribution for thin film 75ºC / 43 µm deposited on Graphene 
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3.2.10 Conclusions 

A potential process for large-area growth of stoichiometric layered Molybdenum Disulfide (MoS2) 

by PLD has been developed. The process uses laser ablation from carefully-designed targets with 

controlled particle size and Sulfur content. One to ten layers of MoS2 without any surface 

preparation can be grown using this process. The high MoS2 electrical resistivity seems to be 

related with the stoichiometry of the material, showing that not just density of defects between 

MoS2-metal interfaces can have effect on performance of the thin films.  Furthermore, MoS2 

growth on amorphous, polycrystalline and single crystal substrates was also demonstrated. With 

further work, the method reported here can lead to future large-scale deposition of MoS2 for 

various applications.  
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CHAPTER 4 

 

SYNTHESIS AND CHARACTERIZATION OF CRYSTALLINE SnSe2 BY PULSED  

LASER DEPOSITION 

 

 

Among  2D materials, Tin diselenide (SnSe2), part of the IV-VI group of layered materials, is very 

abundant in earth’s crust, making it a very attractive material due to its low cost,70 suitability for 

photodetectors 70-72 and modified thin film transistors (TFTs).73-75 Bulk SnSe2 is an n-type 

semiconductor with a band gap of 0.95 eV and belongs to the hexagonal space group P3̅m1.76 

Similarly to MoS2, Van der Waals (VdW) forces between each monolayer determine Tin 

diselenide’s CdI2-type structure. In this structure, the Se atoms are located at the corners of an 

octahedron and the Sn  is in the center.75 The separation between the layers is about 0.62 nm with  

a lattice spacing of 0.33 nm.70  A substantial difference between this material and the 2H structure 

reported for other layered metal dichalcogenides materials  is that SnSe2 has a 1T polytype with 

an octahedral coordination, where the “1” represents the number of layers in the unit cell. 77 

Disregarding the previous amorphous process by PLD for SnSe2, 
108, 144 this is a dynamic technique 

for the synthesis of thin films with different properties for semiconductor and nanocrystalline 

materials. This is due to the congruent stoichiometric transfer of the target to the thin films 

deposited on the substrate. The congruent transfer is the result of non-thermal reaction between 

the laser and the target material during the ablation process. 145 PLD  has been demonstrated in 

studies of the synthesis and applications of layered metal dichalcogenides.39, 146, 147In this study, 

we report the synthesis and characterization of layered crystalline SnSe2 by Pulsed Laser 

Deposition. The high vacuum pressure is a key factor in the stoichiometry of Sn:Se, 1:2, as well 

as the temperature of the substrate. The electrical characteristics of the films evaluated by  the Van 

der Pauw (Hall effect) method show mobilities of 4.3 cm2/V s, 4.0 cm2 / V s, and 4.4 cm2/ V s for 

4.57, 6.93, and 15.24 nm SnSe2 films, respectively. SnSe2 p-n diodes were fabricated on lightly 

doped p-type silicon with Ion/Ioff ratios of 103-104.  

4.1 Experimental details 

The SnSe2 films were grown on Al2O3 (0001) double – side polished (sapphire), HfO2, and SiO2 

substrates using a SnSe2 Target (Testbourne, 99.999%) and a KrF laser (λ=248nm) laser.  The 
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laser frequency used for the deposition process was 2 Hz, with an energy of 30mJ. Before film 

deposition, the PLD chamber was evacuated to a pressure of <10-6 Torr.  Depositions at various 

pressures were carried out under an Argon environment. Before the ablation, the chamber pressure 

was adjusted to the desired value and stabilized for 3 minutes. For the experiments at different 

laser energy densities, the laser spot area was modified. For deposition, the target and substrate, 

were set at 5 rpm. For the temperature deposition studies the substrate temperature was set at 300 

oC, 200 oC, and 500oC. After the deposition, the substrate was cooled down to room temperature 

at a rate of 2 ºC/min.  

 

 As grown-thin film characterization 

The resulting thin films were characterized by Raman spectroscopy (Thermo ScientificTM 

DXRTM Raman microscope) with a 532 nm excitation source and 50X objective at a 1.2mW laser 

power. The X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 

5000 Versa Probe II. All the analyses were taken at a 45 take-off angle with respect to the sample 

surface. A monochromatic Al Kα radiation source (hν= 1486.6 eV) with a 0.1 eV step size and a 

pass energy of 23.50 eV was used. The base pressure in the analysis chamber was 1.6x10-8 Torr. 

All binding energies reported in this work are relative to the C 2s peak at a binding energy of 284.8 

eV. High Resolution Transmission Electron Microscopy (HR-TEM) was used to examine 

crystalline structures, thicknesses, and layers of SnSe2 using  an electron microscope (HRTEM, 

Tecnai F20 G2, FEI, USA) with an energy dispersive spectroscopy system (EDS, PV9761/55, 

Ameteck, USA). The TEM samples were prepared using a focused ion-beam system (FIB) system 

(Nova nanolab 600, FEI Ltd., USA).  Electrical measurements were performed by Hall system 

(Lake Shore 8400 Series), which can be used in both DC and AC field modes. The system includes 

fully integrated instrumentation, a magnet and power supply. Metallic contacts of chromium (Cr) 

(10nm) and gold (Au) (150nm) were deposited by e-beam evaporation. Contacts were deposited 

over the sample using a shadow mask.  

The composition depth profile was obtained using HR-RBS with 400 keV He+ ions with a beam 

size of 1 mm. The experimental data was fitted using Analysis IB RBS software 2007 Kobelco. 

Figure 67 shows the RBS fitting for each thin film fabricated in this work on sapphire.  
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Diode fabrication 

A SiO2 (300nm)/Si wafer was processed through lithography and wet etching to expose the Si 

lightly doped  wafer underneath ( Resistivity: 5-10 Ω-cm and doping concentration around 1-

2x1015 cm-3). The oxide was removed using BOE 7:1 (etch rate: 60nm/min, total etch time: 6 min).  

The wafers went through RCA cleaning to remove particles, and contamination (oxides, organic 

materials, residue etc.). Then, SnSe2 was deposited by (PLD). The thickness of the films was varied 

by changing the number of laser pulses. Then, the top contacts of Chromium (Cr) 10nm and 400 

nm of gold  (Au) were deposited by e-beam evaporation at pressures of 10-6 Torr on the SnSe2 

films. Negative photolithography (photoresist: nLof 2020, developer: AZ 300 MIF) was performed 

to pattern the electrodes. Subsequently, the contacts were etched, using a Gold Etch-Type TFA 

(1:1 diluted by DI water, etch rate: 100nm/min) for 20 seconds, and in Cr etchant (CR-7S Chrome 

etch; etch rate: 40nm/min) for the same time. The samples were then cleaned with Acetone, 

Methanol and DI water, each for 5 minutes. Following that, O2 plasma was used to etch the 

surrounding SnSe2 and remove any residual photoresist. Finally, the back contact was deposited 

using an e-beam evaporator. We used 100 nm of Au as back electrodes. 250μm x 250μm sized 

electrodes were measured. 

 

4.2 Synthesis of Crystalline and Stoichiometric SnSe2 by PLD- Ideal deposition 

parameters 

The effect of substrate temperature, laser energy density, and ambient pressure on the quality of 

the SnSe2 films was initially evaluated and the resulting films studied by Raman and X-ray 

photoelectron spectroscopy (XPS) (Figure 56). Raman spectroscopy was used as an indirect 

method to evaluate the layered nature of the resulting SnSe2 films, as previously reported.148 

Similarly, XPS has been used to evaluate the inorganic layered materials composition and 

stoichiometry.113, 115 Figure 56a shows SnSe2 deposited at several temperatures and at a laser 

energy density of 530mJ/cm2 and on sapphire.. Films deposited at 200 oC showed binding energies 

(represented with dashed lines in Figure 56) corresponding to SnSe2 and shifted Eg and A1g Raman 

vibrations peaks at 118.21 and 186.70 cm-1;148 the  peak at  ~ 250 cm-1 corresponds to amorphous 

Se.149 
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Figure 56. XPS and Raman spectroscopy for films deposited at different temperatures, laser energy 

densities, and deposition pressures. (a) SnSe2 deposited at HV at 200oC, 300oC, and 500oC 

substrate temperature. The Se 3d regions showed the presence of Se for 300 oC and 200 oC, the 

Raman spectra showed typical SnSe2 vibration modes for the films deposited at 300oC. (b)After 

choosing 300oC as the ideal temperature the effect of the laser energy density was evaluated. All 

the films showed typical binding energies and vibration modes of SnSe2 and a broadening of the 

Eg peak for the films deposited at 1000 mJ/cm2.  (c)  For the pressures studies at HV, 15mTorr, 

30mTorr all the Raman vibration, Sn 3d and Se 3d peaks were observed 
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Figure 57. XPS deconvolutions for samples deposited at different energy densities (a) 350 mJ/cm2, 

(b) 750 mJ/cm2, and (c) 1000 mJ/cm2 

 

Therefore, films deposited at 200 oC are not entirely SnSe2, and contains free Se. For complete 

incorporation of Se in the layered structure higher substrates temperatures are clearly required.  

Films deposited at 300 oC, on the other hand, showed the typical Sn 3d and Se 3d XPS binding 
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energies as well as the Raman vibration modes of SnSe2 and seems to be the optimum temperature. 

To better understand the deposition mechanism, SnSe2 films were also deposited at 500 oC. Both 

melting and boiling point of alloys and pure material are affected by changes in the pressure. This 

is especially true for SnSe2.
150 According with the  phase diagram of SnSe2 the intermetallic 

transition  from solid to liquid occurs at 646 oC. 151 However, this transition temperature 

corresponds to atmospheric pressure. The low pressure used for the deposition of the SnSe2 films 

likely affected the transition temperature, shifting to lower temperature. Due to this modification 

in the pressure, films deposited at 500 oC show no Raman vibration modes or typical Se 3d binding 

energies peaks for SnSe2 (Figure 56a – green plot). Besides the impact on the boiling and melting 

point of SnSe2 at 500oC, the sublimation of Se is also severe152. In summary, nor 200 oC or 500 oC 

as substrate temperature resulted in SnSe2, then 300 oC was the optimum substrate temperature.  

Next, the impact of laser energy density was evaluated adding new values of  350, 750, and 1000 

mJ/cm2 (Figure 56b). Films were deposited on sapphire at 300oC.  Films deposited at 350 mJ/cm2 

showed band of Se and SnOx while SnSe2 deposited at 750 and 1000 mJ/cm2 energies showed a 

broadening of the Raman vibration mode at 109 cm-1indicating a modification on the SnSe2 

structure by high laser energy. In addition, for these films there was an energy shift from the 

expected SnSe2 binding energies for Sn 3d and Se 3d to higher binding energy. Combined with 

from the previous results, the optimum laser energy density was 530 mJ/cm2, since films deposited 

with this condition did not show peaks corresponding to binding energy of SnOx and free Se. 

(Figure 57) 

Films deposited at different laser energy densities XPS results are shown in Figure 57.   (Typical 

bands of SnSe2 are represented in blue, for Se in pink,  for SnSe in green, and for SnOx in orange)  

For films deposited at different laser energy pulses on sapphire, for 350 mJ/cm2, free Se bands 

were detected. However, as the laser energy density increases up to 1000 mJ/cm2 the free Se 

quantity decreases. However, as shown by Raman spectroscopy the layered structured of the 

materials is affected.  

Figure 58 shows the XPS deconvolution for the films evaluated at different pressures, the bands 

in blue are indicative of SnSe2, the bands in green for SnSe, and the pink peaks represent Se. Small 
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quantities of SnSe are present in films deposited at HV and 30 mTorr. Se is observed in films 

deposited at 15mTorr.  

Additionally, the impact of the deposition pressure was evaluated on films deposited at 300 oC and 

laser energy of 530 mJ/cm2 using three different pressures: 1x10-6 to 2x10-6 Torr (referred as High 

Vacuum – HV), 15, and 30 mTorr was investigated is shown in Figure 56c. The XPS and Raman 

results for all the films showed typical  binding energies and Eg  and A1g  Raman vibration modes50 

and extra small bands of free Se for the films deposited at 15mTorr (Figure 58). However, further 

analyses of the SnSe2 microstructure by Transmission Electron Microscopy (TEM) showed 

remarkable differences in SnSe2 layered structure and thicknesses, as shown in Figure 59 and 

Figure 60. SnSe2 films deposited at HV (Figure 59a) are formed by highly homogenous and 

continuous layers. Films deposited at 15mTorr (Figure 59b) had some discontinuity, while films 

deposited at 30mTorr (Figure 59c) clearly resulted in non-uniform layers. Fast Fourier Transform 

(FFT) analyses showed two main diffraction planes: (001) and (002) indicating a polycrystalline 

nature of the SeSe2 films (Figure 61). The difference in thickness as function of pressure can be 

explained from the difference in mean free path at different pressures. The kinetic energy of ablated 

PLD species at high pressure is low,46 but the quantity of ablated material from the target is high. 

The opposite is true for films deposited at lower pressure. For the SnSe2 film deposited at 30 

mTorr, a large quantity of ablated SnSe2 reaches the surface at lower kinetic energies, resulting in 

the non-continuous SnSe2 films. The same argument can be used to explain the layered SnSe2 

observed for films deposited at HV. 

The minimum number of pulses needed to achieve continuous layered SnSe2 films was also 

explored. Films were deposited at 750, 1000, 1500, and 3000 laser pulses (LP) on sapphire at 300 

oC and under HV conditions. The resulting films were evaluated with Atomic Force Microscopy 

(AFM) and the results are shown in Figure 62. Films deposited at 750 LP showed pinholes and 

the film deposited with a 1000 LP clearly has an inhomogeneous layered structure (Figure 63) 

with crystalline SnSe2 material embedded in thick amorphous material. As the number of pulses 

increased up to 2000 and 3000, SnSe2 developed the typical layered structure. (Figure 64b, 64c).  

From these results, the minimum number of pulses to achieve continuous layers is 2000. Figure 

60 shows the cross section and the interlayer profile for each thin film deposited in this work. The 
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average interlayer spacing and the thickness values were measured in several areas and then 

averaged. 

 

 

Figure 58. XPS deconvolution for (a) 1500 LP- HV- Sapphire, (b) 1500 LP- 15mTorr- Sapphire, 

and (c) 1500 LP- 30mTorr- Sapphire. 



 

81 

 The final values for each thin film thickness and average interlayer spacing are written in each 

picture. The differences in thickness shows that SnSe2 nucleates differently in crystalline substrates 

(sapphire) and on amorphous substrates (SiO2 and ALD growon-HfO2). 

Rutherford Backscattering Spectrometry (RBS) has been used ass characterization technique for 

the analysis of layered transition metal films.153 For example, RBS was used in WS2 and WSxOy 

films  thicker than 10 nm  to analyze the content of oxygen and sulfur and its relation to the  

amorphous nature of the film.154 MoS2 exposure to oxygen environments for tribological 

application have also been analyzed by this technique as well.155, 156 To better understand the 

minimum thickness of SnSe2 films  that can be achieved by PLD deposition parameters reported,  

RBS analyses were performed on  films deposited at 1500, 2000, and 3000 LP, corresponding to 

4.57, 6.93, and 15.24 nm thick films, respectively. The analyses were performed in a high-

resolution RBS (HR-RBS) system (Figure 64d). Stoichiometric Sn/Se ratio is achieved as the 

thickness increased and stoichiometric SnSe2 films are obtained for films deposited for LP > 1500.  

The optimized SnSe2 deposition process was also used to deposit films on amorphous substrates: 

SiO2 and HfO2. The structure of the resulting films was evaluated by TEM (Figure 65a-c). Layered 

SnSe2 is observed for films deposited on both SiO2 and HfO2.  From the HR-RBS analysis the 

surface of SnSe2 was not stoichiometric. (Figure 65d). 

This was likely due the presence of superficial SnO oxides or carbon from the environment. 

However, the bulk of the SnSe2 shows the expected Sn/Se ratio of 0.5. For the SnSe2 grown on 

amorphous substrates the layered structure seems to have a slight diagonal orientation with respect 

to the surface of the substrate. 

Such diagonally oriented layers could be produced due to the amorphous nature of SiO2 and HfO2 

since  LMD can crystallize on minimally rough substrates with their basal planes parallel to the 

substrate to minimize surface energy.157
 Figure 65 shows the RBS spectra for the films deposited 

at different number of pulses on sapphire and on amorphous substrates: HfO2 and SiO2. From the 

RBS spectra, the difference in thicknesses is clear for each thin film, for example, the peaks for 

the films deposited at 3000 LP are wider and more intense than those for 2000 LP and 1500 LP on 

sapphire. 
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Figure 59. Effect of deposition pressure on TEM cross section results. Films deposited at (a) High 

vacuum 1500 LP (1x10-6 to 2x10-6 Torr) showed the typical uniform layered SnSe2 structure. The 
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layered structure showed non- uniform areas for 1500 LP -15 mTorr  (b) and 30 mTorr deposited 

at 1000 laser pulses(c).  

 

 

 

 

Figure 60. Average interlayer spacing and thickness for  1500 LP HV- Sapphire (a), 2000 LP –

HV- Sapphire (b), 3000 LSP–HV- Sapphire (c), 1500 LP-15mTorr- Sapphire (d), 1500 LP-

30mTorr- Sapphire (e), 1500 LP –HV- SiO2   (f), 3000 LP- HV- SiO2 (g), 3000 LP- HV – HfO2 

 

 

For the films deposited on amorphous substrates the high intensity of the peaks for the 3000 LP 

film deposited on HfO2 is mainly due to the thickness of the dielectric.  

Figure 66 shows the deconvolution of SnSe2 films deposited at 2000 LP and 3000 LP on sapphire. 

Here, the films deposited at 3000 LP showed intense peaks of free Selenium, which is evidence of 

the defects in the thin film and in-homogeneities and deviation of the Sn/Se ratio at its surface as 

evidenced by RBS in Figure 64. 
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Furthermore, thin films deposited on SiO2 and HfO2, showed small quantities of SnO (Figure 67) 

which was detected by the small deviation of the Sn/Se ratio on the thin film surface Figure 66.  

 

 

 

 

Figure 61.  Fast Fourier Transform for (a)1500 LP HV- Sapphire, (b)1500 LP-15mTorr- Sapphire, 

(c)1500 LP-30mTorr- Sapphire, (d) 2000 LP –HV- Sapphire, (e)3000 LP –HV- Sapphire. 

 

4.3 Electrical Characterization and Diode Demonstration 

Hall measurements at different temperatures (T) for the SnSe2 films were carried out for films 

deposited at 1500 LP, 2000 LP, and 3000 LP, corresponding to thicknesses of 4.57, 6.93, and 15.24 

nm, respectively. All films were deposited on sapphire substrates and with the optimized 

conditions. Hall effect results showed that all the SnSe2 films were n-type and formed a good 

Ohmic contact with the gold (Au) contact used for the measurements (Figure 68). Figure 69(a-c) 

shows the electrical conductivity (σ), carrier concentration (ne), and mobility (μ) for the SnSe2 
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films as function of thickness. As shown in Figure 69a, the σ trend with temperature is similar to 

that observed in un-doped polycrystalline SnSe2.
158  

 

 

 
Figure 62 Effect of number of laser shots on the covered area and nucleation. AFM images for  (a)  

750 , (b) 1500 (c) and 3000 laser pulses AFM images. 

 

 

Figure 63. Figure 64. 1000 LP SnSe2 thin film TEM Cross Section 
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Figure 64. Effect of number of laser shots on the covered area and nucleation. (a) For the films 

deposited at 1000 LP a layered structure was not observed. (b), When the number of pulses is 

increased to  2000 and (c) 3000 LP  is more stoichiometric with an approximate  Sn/Se ratio of 0.5 

through their thicknesses (d) and the layered structure is present in all the films. 
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Figure 65. Deposition of SnSe2 on different substrates. Films deposited on SiO2 (300nm) at (a) 

1500 and (b) 3000 LP. The films diagonal orientation compared with those deposited on sapphire. 

Equally, (c) HfO2 (30nm) deposited at 3000 LP showed the same diagonal structure, this was 

produced due to the amorphous nature of the substrate. (d)  RBS Sn/Se ratio for different substrates. 
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Figure 65. SnSe2 RBS experimetnal data for (a) 1500 LP, 2000 LP, and 3000 LP on Sapphire and 

(b) for 1500 LS on SiO2 and 3000 LS on HfO2 
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Figure 66. XPS Deconvolution for samples deposited at; (a) 2000 and (b) 3000 LP on sapphire 

 

At room temperature similar conductivities where observed for all the films regardless of the 

thickness, with values varying from 680 Ω-1 cm-1 (4.57 nm), 523 Ω-1 cm-1  (6.93nm), and 406 Ω-1 

cm-1 (15.24 nm). Similar behavior was observed for the carrier concentration with ne approximately 

1020  cm-3 (Figure 69b). Mobility’s were on the order of 4.0 - 4.4 cm2/ V s depending on the film 

thickness (Figure 69c).This value is third part of μ values for bulk polycrystalline SnSe2. 
158As the 

measurement temperature decreased the carrier mobility increased, indicating phonon-dominated 

mobility, a typical behavior for materials with high carrier concentrations. Kim et al. reported a 

similar behavior for undoped and doped SnSe2 samples as well.158  

2D materials exhibit excellent modulating optoelectronic properties at extreme low thicknesses159 

and, using this characteristic,  highly doped p-type silicon heterostructures with 2D materials have 

been fabricated as photodetectors.160 
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Figure 67. Deconvolution for samples deposited on (a) SiO2 at 1500 LP, (b) SiO2 at 3000 LP, and 

(c) HfO2 at 3000 LP  

 

For example, a MoSe2/Si heterojunction with graphene top contact and an effective area of 0.03 

cm2 was demonstrated by Mao et al. This  device has a strong light absorption and an ultrafast 
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response speed due to the presence of a strong built-in electric field and short transit time.160 In 

addition, diodes of MoS2 using MoOx metallic contacts have been fabricated showing 

forward/reverse bias current ratios of up to ∼105 with ideality factors of 1.4 due to the low 

contribution of recombination current and low density of trap states at the semiconductor/contact 

junction.161 

No SnSe2 crystalline / p type Si diodes have been reported yet, especially at low temperature. The 

SnSe2 films synthetized in this work were used to demonstrate a SnSe2/Si diode using back and 

top contacts of Ni/Au and Cr/Au, respectively. One advantage of the process reported in this work 

is the low deposition temperature (300 oC) used in the process, which is the highest temperature 

used for the diode fabrication. The diode fabrication flow is shown in Figure 70. The diode 

schematic and TEM cross-section are shown in Figure 71a,b indicating the easy integration of the 

deposition process to silicon.  Moreover, energy dispersive X ray spectroscopy (EDS) chemical 

mapping for each section of the diode show only Sn and Se in area corresponding to the SnSe2 

films with no evident diffusion into the Si substrate. The band structure of the diode is shown in 

Figure 71c. The work function of the SnSe2, as measured by Scanning Kelvin Probe, is 5.0 eV. 

As mentioned before, Au forms an Ohmic contact with SnSe2 and with Cr. A schematic of the 

diode structure is shown in Figure 71a.SiO2 wells were used to avoid direct “punch through” 

during the electrical testing of the diodes. The characteristic I-V curves for the resulting diodes as 

function of SnSe2 thicknesses were evaluated from -2 to 2 volts (Figure 71d). For comparison, 

devices without SnSe2 were also fabricated. These devices are labeled “no material” in Figure 

71d.Ideality factors were calculated to be 1.6, 1.2, and 1.3 for 1500 (4.57 nm), 2000 (6.93 nm), 

3000 LP (15.24 nm), and 10000LP (24 nm) respectively.  It was clear that current densities at 

reverse bias (-2V) decreased from 10 -1 A/cm2 (No SnSe2) to 10-5 A/cm2 (10000 LP thin film). 

Forward current densities ratios values were around 103-104 for diodes with SnSe2 material.  

Figure 72a shows the IV curves for the diodes in Figure 71d, and Figure 72b depicts the 

magnified I-V curve in forward bias for all the diodes showing the typical regions in a pn diode: 

recombination, injection, diffusion, and series resistance.  In forward bias electrons inject into the 

n-type SnSe2 thin films while holes inject into the p-type Si creating a current. Notably, the 

introduction of layered SnSe2 enhanced the forward current for low thicknesses of the thin films 
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(See Figure 72a). Furthermore, Au and Cr metal contacts allow the transport of electrons to the 

external circuit. Figure 72c,d show the top optical view of the diode and  the layered structure of 

SnSe2 on the p- type silicon.  

 

 

 

 

Figure 68. I-V curves for SnSe2 deposited on Sapphire at (a) 1500 LP, (b) 2000 LP, and (c) 3000 

LP. 

 

 



 

93 

 

Figure 69. Hall measurements for SnSe2 thin films on sapphire deposited at 4.57 nm, 6.93 nm and 

15.24 nm thickness. (a) The σ decreases with T. The 4.57 nm film showed a large conductivity in 

comparison with those with thicknesses of 6.93 nm and 15.24 nm. (b) This behavior was similar 

for ne measurements, 4.57 nm thin film showed the highest ne value, (c) mobilities vs 1000/T for 

thin films.  

 

 



 

94 

 

 

 

 

 

 

 

 

 

Figure 70. SnSe2 diodes. Steps for diode fabrication. 
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Figure 71. (a) TEM – diode cross section and inversed FFT for each layer evidencing the 

crystalline structure the materials and layered SnSe2, (b) SnSe2 diode structure showing the Ni/Au 

and Cr/Au bottom and top contacts , (c) Band diagram of SnSe2 diodes with back contact of Ni 

and top contact of Cr.  (d) I-V current measurement of diodes with different thicknesses.  

 



 

96 

 

Figure 72. (a) I-V diode current curves for the diodes in Figure 73, (b) Current versus voltage for 

a diode with series resistance, and (c) Top view optical image of diode 250µmx250µm, (d) TEM 

cross section showing layered SnSe2 on p-type silicon.  

 

4.4 Conclusions 

The synthesis of crystalline SnSe2 was reported. The deposition parameters were  for this work 

determined as: 530 mJ/cm2, 300 oC and HV, as laser energy density, substrate temperature, and 

deposition pressures, respectively.   

 Independently from the deposition pressures and as shown by Raman and XPS, a substrate 

temperature as low as 300 oC promotes the nucleation of SnSe2. The RBS results show that the 

minimum number of pulses to produce stoichiometric thin films is 2000, corresponding to a 

thickness of approximately 7 nm. Furthermore, the deposition can be extended to SiO2, HfO2, and 

Si. A pn junction diode with SnSe2 deposited by PLD grown was demonstrated. Films achieved 

mobilities of 4 cm2 V-1 s-1 and diode leakage current densitiy as low as 10-5A/cm2 for -2 volts.  
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CHAPTER 5 

 

GROWTH MECHANISM STUDIES OF LAYERED METAL DICHALCOGENIDES 

DEPOSITED BY PULSED LASER DEPOSITION 

 

 

In this chapter, initial studies of the mechanism to produce layered structures of MoS2, MoSe2, and 

SnSe2 by PLD are discussed. A combination of materials analyses and as in-situ residual gas 

analyzes (RGA) are used. It is demonstrated that by simply tuning the PLD conditions the 

deposition of MX2 (M= Mo, Sn and Se, X= Se, Se) can be readily obtained. Metal Dichalcogenides 

(LMDs) deposited by PLD are high quality thin films.  

This chapter focuses on MoS2, MoSe2 and SnSe2 as model systems because these materials are 

being explored for the synthesis of  devices such as: photodetectors, and 70, 80 80 thin films 

transistors 81 54.  While MoSe2 and MoS2 are direct band gap semiconductors at monolayer 

thicknesses, SnSe2 does not behave as those materials since Sn is not a transition metal 

dichalcogenide. SnSe2 has outer p electrons rather than d electrons like  Mo, involved in the 

structural bonding, leading  to the indirect semiconductor nature of SnSe2 with a smaller band gap 

around 1 eV, and weak photoluminescence.53 

 

5.1 Experimental Details for MoS2, MoSe2, and SnSe2 Deposition  

The MoS2, MoSe2, and SnSe2 films were grown on Al2O3 (0001) double – side polished (sapphire). 

The SnSe2 and MoSe2 targets were acquired from Testbourne (99.999%), whereas the MoS2:S 

(1:1) target was fabricated using the methodology explained in Chapter 3. A KrF pulsed laser 

(λ=248nm) laser was used for the deposition and the laser frequency adjusted for the deposition 

process with 2 Hz for SnSe2, 20Hz for MoSe2, and 10 Hz for MoSe2 with an energy of 30 mJ. 

Before film deposition, the PLD chamber was evacuated to a pressure of <10-6 Torr and the 

chamber pressure adjusted to the desired value and stabilized for 3 minutes. The depositions were 

carried out at different pressures: the synthesis of MoSe2 a 15mTorr  Ar pressure  was used, and 

there was not intentional gas introduced  for MoS2 and SnSe2 depositions. For the ablation process, 

the target and  substrate raster velocities were set at 5 rpm for MoS2 and SnSe2 and 3.3 rpm for 

MoSe2. The substrate temperature was set at 300 oC, 600 oC, and 700oC for SnSe2, MoSe2 and 
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MoS2, respectively. At the end of each deposition, the substrate was cooled down to room 

temperature at a rate of 2 ºC/min.  

The resulting thin films were characterized by Raman spectroscopy (Thermo ScientificTM 

DXRTM Raman microscope) with a 532 nm excitation source and 50X objective at a 1.2 mW for 

SnSe2, 0.3mW for MoS2, and 1.0 mW for MoSe2 laser power. The X-ray photoelectron 

spectroscopy (XPS) measurements were performed using a PHI 5000 Versa Probe II. All the 

analyses were taken at a 45o take-off angle with respect to the sample surface. A monochromatic 

Al Kα radiation source (hν= 1486.6 eV) with a 0.1 eV step size and a pass energy of 23.50 eV was 

used. The base pressure in the analysis chamber was 1.6x10-8 Torr. All binding energies reported 

in this chapter are relative to the C 2s peak at a binding energy of 284.8 eV. High Resolution 

Transmission Electron Microscopy (HR-TEM) was used to examine crystalline structures, 

thicknesses, and layers of LMDs  using  an electron microscope (HRTEM, Tecnai F20 G2, FEI, 

USA) with an energy dispersive spectroscopy system (EDS, PV9761/55, Ameteck, USA). The 

TEM samples were prepared using a focused ion-beam system (FIB) system (Nova nanolab 600, 

FEI Ltd., USA).  

 

5.2 Layered Metal Dichalcogenides Deposited by Pulsed Laser Deposition 

As shown in Figure 73, semiconductor transition metal di-chalcogenides (TMDs) have a 2H MX2 

structure, in which M represents Mo or Sn (gray spheres) and X the chalcogenides, S or Se (red 

and blue spheres, respectively). On these structures, the X-M-X sandwiched structure is weakly 

bonded by van der Waals forces that allow the material to be exfoliated in several or monolayers.162 

Opposite to its layered counterparts, SnSe2 has the metal atom Sn replacing Mo, (here represented 

in gray in Figure 73) and a CdI2 tetragonal structure. In LMDs such as MoS2, Mo is involved in 

the structural bonding providing d electrons, for SnSe2 the Sn provides p electrons that gives it its 

indirect band gap. 53 

TMDs have been synthetized by exfoliation,163, 164 CVD,95, 98 and MBE.165, 166  So far these 

techniques are the only ones that have provided a path for the synthesis of stoichiometric and 

crystalline LMDs. 
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Figure 73. Crystalline structure of LMDs. MoS2 and MoSe2 has a hexagonal structure with 

crystalline prismatic coordination, while SnSe2 have a hexagonal structure with tetragonal 

coordination. 

 

Some reports about  the synthesis of LMDs by PLD have been published for MoS2
39, 167 yielding 

a crystalline structure when a target with excess of sulfur is used during the ablation process,168 as 

previously discussed on Chapter 3. For SnSe2 and MoSe2 by PLD, no crystalline or layered 

structures has been reported in the last 10 years.  In this work, synthesis of layered crystalline 

SnSe2 was demonstrated in Chapter 4. Initial synthesis of MoSe2 is discussed in this chapter.  

5.3 Tuning PLD Deposition Conditions For The Synthesis of LMDs 

PLD is well known as versatile thin film deposition technique. A high-power laser is used as the 

energy source to ablate a target of the thin film desired material. A set of lenses is used to focus 

and raster the laser beam over the target surface and select the laser spot size for energy density 

controls. The ablation process can be carried out in a reactive or non- reactive gas environment 

using Oxygen, Nitrogen, or Argon. The deposition mechanisms developed in the PLD chamber 

depend on plasma reactions, characteristics of the target, substrate temperature, etc.  When the 

target absorbs the radiation of the ablation, electromagnetic energy is converted into electronic 

excitation and then into thermal, chemical, and even mechanical energy to cause evaporation, 

ablation, excitation, plasma formation, and exfoliation. Then, the plasma plume is created in a cone 

shape that is directed to the target surface.169 
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5.3.1 Preliminary Studies of The Synthesis of MoSe2  

Fominski et al.,110 developed the first studies for the synthesis of MoSe2 coatings by PLD by 

evaluating the deposition pressure studies from high vacuum up to 75 mTorr in Argon. The 

chemical composition of the coatings was found to be sensitive to the inert gas pressure .  When 

the gas pressure was increased from 7.5x10−4 Torr to 75 mTorr the ratio of the atomic 

concentrations of Se and Mo(x=Se/Mo) increased from 1.5 to 2.4. In general, the work developed 

by Fominski identified 15 mtorr as the ideal pressure that yielded stoichiometric MoSe2. However, 

these films developed an amorphous interlayer at the substrate and thin film interface.  

 

5.3.2 Energy and Temperature Studies 

Our depositions here adopted the 15 mTorr reported before, and used the following PLD deposition 

parameters: 20 Hz, 15 mTorr, and 200 oC as substrate temperature. The laser energy density as 

well as the substrate temperature were investigated. The MoSe2 was at 5000 laser pulses. Three 

different energy densities were used to deposit the thin films: 565, 1220, and 1730 mJ/cm2. As  in 

cited previous chapters, Raman spectroscopy can be used as an indirect way to study the quality 

of the layered structure in LMDs. For MoSe2, the in-plane E1
2g and out of plane A1g vibration 

mode are 240.5 - 242.5 cm−1, and 270 cm-1. 170 These vibration modes were observed for the films 

deposited at 1220 and 1730 mJ/cm2, but not for the films deposited at 565 mJ/cm2.  Contrary to 

SnSe2 and MoS2 (refer to Chapter 3 and 4), the main vibration modes of MoSe2 are more intense 

and sharper for films deposited at higher energy densities than those deposited at lower energy. 

The former results indicate minimal damage in the layered arrangement produced by the 

modification of the laser influence, as seen in Figure 74a. The highest energy density was used to 

deposit thin films (Figure 74b) for substrate temperatures of 200 oC , 400 oC, 600 oC, 700 oC, and 

800 oC. All these films showed the typical Raman vibration modes corresponding to MoSe2 with 

the exception of the film deposited at 800 oC. This is likely due to re-evaporation of MoSe2 from 

the sapphire substrate. X ray diffraction (XRD) was used to further investigate the effect of the 

temperature in the quality of the thin film (Figure 74c). 
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Figure 74. Temperature and laser energy studies for deposition of MoSe2. (a)  Raman spectra for 

films deposited at different energy densities and temperatures, the main vibration modes A1g and 

E1
2g are observed just for 1200 and 1700 J/cm2. (b) XRD characterization MoSe2 thin films 

deposited at different substrates temperatures, (*) represents the diffraction peak corresponding to 

the (002) plane in MoSe2, and (*) represents the (110) plane of Mo. 

 

 

The characteristic peak for hexagonal MoSe2 (002) was observed for all the films except for 800 

oC. The films deposited at 800 oC show only a peak corresponding to Molybdenum (Mo) (110). 

Clearly, when deposited at high temperature the material is damaged and its composition and 

crystalline structure impacted. Furthermore, the films deposited at 700 oC  and 200 oC showed the 

hexagonal phase peak (105), revealing the polycrystalline nature of the material. The film 

deposited at 600 oC presented a high intensity of the diffraction peak (002) and no extra peaks 
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from free Mo were observed. This indicates that the material is highly oriented when deposited at 

this temperature, promoting larger grain size than the other films deposited at substrate 

temperatures different than 600 oC. 

Next, the MoSe2 was deposited at high vacuum pressure, 15, 30, and 45 mTorr (Figure 75) at 600 

oC and 1.7 mJ/cm2 as substrate temperature and laser energy density, respectively. Regardless of 

the pressure, all the vibration modes were observed with the highest intensities at 30 and 45 mTorr. 

The main differences for the different pressures were evident in the XRD results (Figure 75b). 

When the deposition pressure was increased from HV pressures up to 45 mTorr, the diffraction 

peak plane (002) intensity increased reaching its maximum for 15 mTorr and then it decreased to 

its minimum at 45mTorr. This suggests that the ideal deposition pressure tested was  15 mTorr, 

since the material had the highest preferred crystalline orientation in the plane (002). 

 

5.4 PLD Deposition Parameters for MoS2, SnSe2, and MoSe2 

The previous chapters demonstrated the ideal parameters for the deposition of MoS2, and SnSe2, 

and the MoSe2 deposition parameters discussed in this chapter are summarized in Table 3.  

Figure 76 summarizes the strategy of the PLD parameters optimization for the synthesis of MoS2, 

MoSe2, and SnSe2. The chalcogens and metal atoms are changed from Mo to Sn and from S to Se. 

For example, to read this graphics simply follow the next steps: XMoS2, represents the standard 

values for laser energy density (E), frequency (f), temperature (T), and pressure (P) to synthetize 

MoS2 (as shown in table 3). 

This is the starting point of the schematic. XMoSe2 represents the standard variable values for the 

synthesis of MoSe2. For example, to deposit MoS2, a highly dense target with excess of sulfur is 

required to produce stoichiometric thin films; for the synthesis of MoSe2 by PLD the following 

MoS2 process variables need to be changed: laser energy (E) increases 3x (3XMoS2), pressure (P) 

(1000 XMoS2) 1000 x, and the frequency (f) increases 2x (2 XMoS2 ). But, the temperature (T) needs 

to be reduced by 100 oC (XMoS2 – 100oC). For the deposition of SnSe2 the graphic is read in a 

similar way: E and P are kept to the same values of XMoS2 , and the frequency is reduced a fifth 

(1/5 XMoS2) and T is reduced 400 0C (XMoS2 -  400 oC). Moreover, to change the variables from 
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MoSe2 to SnSe2 the graphics is read in similar way, but in terms of the standard parameter values 

XMoSe2 

 

   

 
Figure 75. Deposition pressure studies for deposition of MoSe2 (a) Raman spectroscopy and (b) 

XRD for thin films deposited at 600oC, 1.7 mJ/cm2, 20 Hz, at different Ar pressures and no 

background gas (high vacuum) (*) represents the diffraction peak corresponding to the (002) plane 

in MoSe2. The typical MoSe2 Raman vibration modes A1g and E1
2g are observed for all the 



 

104 

deposited films. However, the most intense XRD diffraction peak was observed for the film 

deposited at 15mTorr, indicating  the best preferential crystalline quality.  

 

  

Table 3. Summary of PLD basic deposition parameters for synthesis of layered LMDs 

  
Deposition parameter 

LMD Pressure Frequency Substrate 
temperature 

Energy 
density 

MoS2 HV 10 Hz 700 oC 530 mJ/cm2 

SnSe2 HV 2 Hz 300 oC 530 mJ/cm2 

MoSe2 15 mTorr 20 Hz 600 oC 1700 mJ/cm2 

 

 

 
Figure 76. PLD parameter process diagram for the deposition of MoS2, MoSe2, and SnSe2 thin 

films. XMoS2, represents the standard values of laser energy density (E), frequency (f), temperature 

(T), and pressure (P) to synthetize MoS2 

 

Some LMDs have a high melting temperature that can be over 1000 oC at atmospheric pressure. 

At ideal conditions these materials are chemically inert.171 From the phase diagram of SnSe2,
151 

MoSe2, 
172 and MoS2 

173 the  maximum equilibrium temperatures of each material are: 646 oC, 
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1200 oC, and 1100 oC, respectively (the equilibrium of MoS2 extends  from MoS2 to MoS2.2)  at 

atmospheric pressure. Then, for the purpose of these experiments, it was assumed that the melting 

temperature is proportional to the laser energy density necessary to evaporate the LMDs from the 

target during the PLD process. This assumption explains the high energy density needed to 

evaporate MoSe2. This high laser energy density cannot be used for MoS2 and SnSe2 since from 

previous results it was shown that high energy density promoted modification of the evaporated 

species. The deposition pressure of the chamber during the pulse laser ablation can be 

characterized as either passive or active (without or with background gas).169 If the gas is reactive 

(active) it can create particulates from the plasma species that nucleate on the thin film as micro 

or nano-scale clusters. Moreover, an inert gas (passive) ambient during the PLD process can be 

used to reduce the kinetic energy of the involved species in the vacuum chamber. 

For MoSe2, since it is ablated at high kinetic energy densities, particles are ejected from the target 

at high energy and a background Ar gas is required to reduce the kinetic energy of the particles 

and ablated species from the target to promote ideal slow nucleation and layered structure 

formation. For MoS2 and SnSe2, since HV is used and these materials are evaporated a lower 

energy density, and the process provides enough kinetic energies to achieve layered structures 

since the ablated species from the target do not experience collisions with species in the plasma.   

As the ambient pressures increases, the kinetic energy of MoSe2 particles is reduced; before 

arriving to the substrate. Therefore, to provide enough material for the nucleation the frequency of 

ablation needs to be increased to 20 Hz. For SnSe2 and MoS2 the laser frequencies used are 2 and 

10 Hz, respectively. This is mainly due to the rapid evaporation of SnSe2. As observed in Figure 

77a and Figure 77b for the same number of pulses SnSe2 developed thicker and more defined 

layered structure films than MoSe2. In the case of MoS2, the evaporation rate is even lower than 

that for SnSe2 and MoSe2, and then a frequency of 10Hz is used for the ablation process.   

On the other hand, temperature is used to promote crystallization of thin films. In the SnSe2 

deposition process, 300 oC is needed as  the substrate temperature; for MoSe2, 600 oC; and for 

MoS2, 700 oC. The differences in temperature are related to the melting temperature for each 

material at atmospheric pressure.151, 172, 173 Several growth kinetic unique processes for each 

material need further studies.   
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All the films were evaluated by XPS and Raman spectroscopies (Figure 78). Typical binding 

energies for  Mo 3d and S 2p for MoS2 were detected at 229.5 and 232.6 eV; and Raman vibration 

modes corresponding to layered MoS2 E
2

1g and A1g were observed, too. (Figure 78a). The extra 

peak corresponds to the sapphire substrate.135   Moreover, binding energies for Sn and Se 

corresponding to SnSe2 were detected. Bands in green showed the presence of SnSe (Figure 78b). 

As indicated in chapter 4, at 1500 LP the SnSe2 films reached a layered structure, but still were 

not stochiometric. The Raman spectra presented vibrations modes E1g and Ag of SnSe2. The MoSe2 

films deposited with the ideal synthesis parameters of synthesis: 600 oC, 20 Hz, and 15 mTorr in 

Ar atmosphere, presented typical peaks of MoSe2 and extra peaks of free amorphous Se which 

introduce to the thin film no-layered areas (Figure 78c) explaining the wavy-like shape of the 

monolayers in Figure 77c. 

For further confirmation of the process of ablation for LMDs, in the next section the gases 

produced during the ablation process were evaluated using and Residual Gas Analysis (RGA). 

 

5.5 Studies of LMDS Deposition by PLD Using Residual Gas Analysis (RGA) 

RGA methods have been used for the analysis of thin film deposition processes and in-situ leak 

detection for many years.174-176 In a typical RGA system ions are accelerated by a potential (V). 

The ions travel at different velocities and arrive at a high gain detector, such as a micro channel, 

from which the mass to charge ratio (m/z) is derived. In short, RGA is a low-resolution mass 

spectrometer.  All mass spectrometers have three parts: an ionizer, a mass filter, and a detector. 

During the ablation process, a small quantity of gas molecules in the deposition chamber is ionized 

and separated using a quadruple according to their mass to charge ratios.  The ion density of each 

evaporated material is proportional to their partial pressure.177 

To evaluate the effect of the number of laser pulses on the resulting LMD thin films a RGA 

analyzer from Princeton, model SRS-200, was installed in the PLD chamber to study the evolution 

of the plasma species for MoS2, MoSe2, and SnSe2 (Figure 79).  The RGA equipment was 

positioned at 45o from the target. This allows detection of the plasma plume species every time 

that the shutter was opened (Figures 79a,b). The closed ion gas source analyzer (CIS) probe 
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consists of a quadrupole mass spectrometer equipped with a high conductance differentially 

pumped port, the ionizer is mounted inside a 2.75” Conflat Tee (CIS cover Tee in Figure 79c). 
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Figure 77. TEM cross section of LMDS deposited by PLD on Sapphire. (a) SnSe2, (b) MoS2, and 

(c) MoSe2 deposited with the standard parameters conditions at 1500 Laser Pulses. 

 
 

 

 

 

 

 
 

Figure 78. XPS and Raman spectra for LMDs deposited on sapphire at 1500 LP with at each 

material standard deposition parameters. (a) MoS2, (b) SnSe2, and (c)MoSe2 for films deposited on 

sapphire at 1500 Laser Pulses.  
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Figure 79. RGA analysis for LMD PLD deposition process. (a) PLD chamber set up for in-situ 

analysis during LMDs deposition, the RGA is situated at 45o in reference to the target (b) RGA 

installation in PLD Neocera equipment, and (c)SRS CIS Analyzer components.  Image taken from 

Manual and Programming Reference Models CIS100, CIS200, and CIS300 Closed Ion Source and 

Quadrupole Gas Analyzer 
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The probe consists of three parts: the CIS ionizer (electron impact), the quadrupole mass filter and 

the ion detector. The detector measures the ion currents directly or, using an optional electron 

multiplier detector, measures an ion signal proportional to the ion current. The probe assembly is 

connected directly to the process chamber through its standard CIS Mounting Flange (2.75” 

connection). The electronics control unit (ECU) mounts directly on the probe’s feedthrough-flange 

and connects to a host computer. It contains all the electronics necessary to operate the instrument. 

This equipment has a maximum working pressure of ~1x10-4 Torr. 

Prior to the deposition process, the chamber was evacuated until the pressure reached    4.7 x10-7 

Torr, and a background vacuum scan with the RGA was taken to identity impurities and the PLD 

chamber vacuum fingerprint. The materials were deposited in a HV atmosphere at 1500, 2000, and 

3000 laser pulses under the standard conditions specified in the previous section.  The mass 

fragments identification was corroborated with the  NIST software MS interpreter version 2.0. 

 

5.5.1 Study of Deposition Ambient as Function of the Laser Pulses 

For the SnSe2 studies three scans were taken for each deposition (Figure 80) and the scan speed 

was set to medium (according with the RGA equipment). For the Sn (Tin) and Se regions all the 

isotopes were detected. No substantial difference in the intensity of the Sn peaks with the number 

of pulses was observed. However, the difference was visible on Se peaks intensity as the number 

of laser pulses increased (Figure 80b); the small difference between 3000 LP and 1500 and 2000 

LP can explain the difference in structure between the layered structure of 2000 LP and 3000 LP, 

since the later has more structural defects as shows in Figure 64 b,c (Chapter 4). As the thickness 

of the films increased, it became more stoichiometric, but for 3000 LP the films showed bulk-

related defects.  

For the deposition of MoSe2 the RGA scanning rate was set as “high” since the material was 

ablated at 20 Hz. All the isotope peaks for Mo (Molybdenum) and Se were observed. However, 

the intensity peaks of for the Se pressure in MoSe2 were higher than those for SnSe2 because MoSe2 

was ablated at high frequencies, indicating the ablation of more Se material (Figure 81b). 

Similarly, as for SnSe2, for which there was not difference in the Sn  peaks intensity, the Mo 

intensity did not vary as the number of pulses increased. However, there was a small difference in 
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the intensity of Se peaks as the number of pulses increased, indicating again that Se evaporated 

preferentially as the deposition time increased.  Furthermore, when 15 mTorr was used for the 

deposition of MoSe2, its structure seems to improve as the number of pulses increases. Figure 79c 

and Figure 82 show than the layered structure was improved by increasing the number of pulses 

from 1500 to 3000.  MoSe2 can also achieve lower thicknesses than SnSe2 at with 3000 LP (15. 

24 nm). The TEM image in Figure 84 had a MoSe2 thin film with a thickness of 5.93 nm. 

For MoS2, three regions were evaluated to study species of Mo, S3, S2, and MoS2. The   pressure 

peaks for Mo were more intense than those for MoSe2 (>4x10-8 Torr); for S2 pressures peaks were 

larger than 2x10-7 Torr, and for the  MoS2 isotope region the peak pressures were larger than 1x10-

7 Torr (Figure 83). As the number of pulses increased, the chamber saturated with sulfur. This can 

be observed in the difference of intensity of the S2 peaks between 1500 and 3000 LP. The later 

evidence confirms the hypothesis formulated in Chapter 3 for the synthesis of MoS2 with 

engineered targets: the sulfur saturates the chamber promoting an in-situ sulfurization of the 

material. 

 

5.5.2 Study of Ambient as Function of the Laser Energy Density 

For the evaluation of the laser energy density effect on the deposition of LMDs, 6000 LP were 

used for each material at HV pressures using different laser energy densities.   

First the deposition of SnSe2 at 530 mJ/cm2, 750 mJ/cm2, and 1700 mJ/cm2 at 6000 LP was 

evaluated (Figure 84). For the region of Sn there was a minimum difference on the pressures for 

the evaluated laser energy densities. However, as the laser energy density increased the RGA signal 

had a lot of noise, this was mainly due to the high evaporation of material overpassing the detection 

limit pressure of the RGA SRS200. For the region of Se, from the previous section it is clear that 

as the number of laser pulses increased the quantity of evaporated Se increased, too. Here, for 6000 

LP the difference is minimal due to the large quantity of evaporated material. 

For MoSe2, 6000 LP and three different energies were evaluated, also. In this case, there are 

differences for the pressures of the evaporated species (Figure 85a, b). As the laser energy density 

was increased the pressure reached by the species of Mo and Se increased from <2x10-8 Torr to 

over 4x10-8 Torr, which confirmed the previous experiments and results in section 5.3.1., 
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Figure 80. RGA mass spectra for ablation of SnSe2 under standard condition at 1500, 2000, and 

3000 laser pulses. 
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Figure 81. RGA mass spectra results for ablation of MoSe2 under standard condition at 1500, 2000, 

and 3000 laser pulses. 
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Figure 82. TEM cross section of MoSe2 deposited at 3000 LP 
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Figure 83. RGA mass spectra results for ablation of MoS2 under standard conditions at 1500, 2000, 

and 3000 laser pulses. 
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MoSe2 is well evaporated at high energy densities independent of the number of pulses, even when 

6000 LP were used and for the three different laser energy densities, the difference between the 

intensity of the pressures peaks is clear for high and low laser energy densities. Nevertheless, when 

MoSe2 was ablated at 1500, 2000, and 3000 LP pulses, all the isotopes for Mo and Se peaks were 

observed. But, when the number of pulses increases up to 6000 LP for the laser energy densities 

studies, the peak around 98 a.m.u was less intense than that at 96 a.m.u, and the peaks at 95 and 

96 were just observed for 750 mJ/cm2. This is the result of the increment of the number of pulses:  

saturation in the PLD chamber and limiting the detection of species by the RGA equipment. (1.5 

x10 -4 Torr) 

For the analyses of MoS2, 6000 LP and different energy densities 350 mJ/cm2, 530 mJ/cm2, 750 

mJ/cm2, and 1700 mJ/cm2 (Figure 86) were studied. Contrary to the behavior of MoSe2, as the 

laser energy density increased the peak pressure intensities for Mo, MoS2, and S2, and S3; declined. 

From this data, it was assumed that at standard deposition conditions MoS2 and excess of sulfur 

from the target was ejected at large quantity as the number of pulses increased. However, at low 

350 mJ/cm2 densities the pressures for Mo, MoS2, and S2 reached a higher intensity than those for 

530 mJ/ cm2. As shown in Figure 32a (Chapter 3), when an energy density of 350 mJ/cm2 was 

used for deposition of MoS2, no film was present, but amorphous materials  was detected by XPS.  

5.6 Thin Film Homogeneity Evaluation by Raman Mapping   

Lattice vibrations and Raman spectra of LMDs are part of the basics to evaluate the layer 

dependent phonon and crystal properties of multilayer arrangements. In this section films of SnSe2, 

MoSe2, and MoS2 were evaluated by Raman spectroscopy to have a macro- analysis of the thin 

film homogeneity and quality obtained at different number of pulses 1500 LP, 2000 LP and 3000 

LP, these films were the same  ones evaluated in section 5.4.1 

SnSe2 deposited at 1500, 2000, and 3000 LP was evaluated by Raman spectroscopy and mapping 

(Figure 87). The intensity of the vibration of modes Eg and A1g and their distribution over an area 

of 36 µm2 was evaluated for different number of pulses. Figure 87 shows the variation of intensity 

as red for areas with high intensity and blue as areas in which the intensity is very low or null.  
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Figure 84. RGA mass spectra for ablation of SnSe2  at different energy densities 350 mJ/cm2, 530 

mJ/cm2, 750 mJ/cm2, and 1700 mJ/cm2 at 6000 LP. (a) Sn and (b) Se regions. 
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Figure 85. RGA mass spectra for ablation of MoSe2 under at different energy densities 530 mJ/cm2, 

750 mJ/cm2, and 1700 mJ/cm2 at 6000 LP. (a) Mo and (b) Se regions. 
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Figure 86. RGA mass spectra for ablation of MoSe2 under at different energy densities 530 mJ/cm2, 

750 mJ/cm2, and 1700 mJ/cm2 at 6000 LP. (a) Mo and (b) Se regions. 
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Figure 87. SnSe2 Raman mapping and spectra for films deposited at 1500, 2000, and 3000 LP. The 

bar indicates a 5µm scale   
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The Raman spectra for SnSe2 films showed the main vibration peaks of SnSe2. However, there is 

an extra peak between 160 - 170 cm-1 corresponding to SnOx produced mainly by the long 

exposition time of the material to the 532 nm Ar laser. It has been reported before that exposition 

to Raman laser can produce some oxidation in the material. 178 On the other hand, Zhang et al.,148  

reported that the extra peak around 140 - 150 cm-1  can be associated  to the Eg  vibration mode as 

E3
g of SnSe2. Furthermore, for 1500 LP the Raman mapping showed some areas in which the 

intensity of the main vibration points in the green - color, which means that on those areas there 

are inhomogeneities in the thin film.  On the other side, 2000 LP and 3000 LP showed full 

coverage, since the intensity of the Eg and A1g evaluated areas were under the red – color grade 

that means high intensity. Nevertheless, the 3000 LP thin film showed disperse areas of low 

intensity for the SnSe2 vibration peaks (green graded spots), this confirms the previous hypothesis 

in Chapter 4 that states 3000 LP has more inhomogeneities than 2000 LP since it indicates the 

presence of  more bulk, defects probably due to the excess of Se in the PLD chamber as confirmed 

by RGA. 

 For the evaluation of MoSe2
 thin film 36 µm2

 area Raman spectroscopy and mapping were 

evaluated. (Figure 88). For all the films, the main vibration peaks E1
2g and A1g were observed, the 

intensity of these peaks was tracked, from this it was found that as the number of pulses increased 

the in-homogeneities in the films decreased. However, in comparison with SnSe2 some large 

green- grade areas are detected in the Raman mapping. This can be explained by the wavy-like 

layers of MoSe2  

In the case of MoS2, the same condition and experiments were evaluated (Figure 89). For the 

thinnest films deposited at 1500 LP the E1
2g peak was very intense at low thicknesses. However, 

as the thickness increased the intensity of this vibration mode decreased and the intensity of A1g 

increased. The broad peak around 452 cm-1 come from the second order Raman mode 2LA(M) 148 

and the additional vibration peak  of around 415 cm-1  corresponds to the sapphire substrate.132 

Furthermore, as the number of pulses increased during the deposition of MoS2 the Raman signal 

was sharper than those deposited at lower thicknesses mainly due to the  increase of sulfur during 

the PLD deposition as shown in Figure 89, indicating an improvement in the crystallinity, or an 

increase in  the thickness of the thin film.  



 

122 

 

 

 

 

 

 

 

 

 

 

 
Figure 88. MoSe2 Raman mapping and spectra for films deposited at 1500, 2000, and 3000 LP. 

The bar indicates a 5µm scale. 
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Figure 89. MoS2 Raman mapping and spectra for films deposited at 1500, 2000, and 3000 LP. The 

bar indicates a 5µm scale   

 

 

 

 

 



 

124 

 

Despite observing an improvement in the Raman signal, there is still some blue – grade areas 

observed for 3000 LP, perhaps produced due to the polycrystalline nature of the material, or the 

material in some areas has a different orientation and quality.  

 

5.7 Conclusions 

A process summary for the synthesis of crystalline LMDs by PLD was discussed. The deposition 

ambient was studied using RGA and the film homogeneity studied by Raman analysis. As shown 

by Raman Mapping analysis, the increment in the number of pulses during the deposition promoted 

a homogenization of the Raman vibration modes of SnSe2, MoSe2, and MoS2 on an area of 36 

μm2.   

 The effect of the number of laser pulses during the ablation process is summarized as 

follows: 

1. For SnSe2 just the partial pressures intensity peaks of Se increased with the number 

of pulses. This result explains why films deposited at 3000 LP have more defects 

than films deposited at 2000 LP as demonstrated in Chapter 4.  

2. For MoSe2 just the pressure of Se increased with the number of pulses 

3. For MoS2, the Mo, MoS2, and S2 partial pressures increased with the number of 

pulses. This can explain that for MoS2 it is easy to produce a gradient with one -to 

-two monolayers as explained in chapter 3 while with MoSe2 and SnSe2 it is not. 

MoS2 molecular ions evaporate uniformly even when the number of pulses is 

increased.  

 The effect of the laser energy density on the ablation of the layered dichalcogenides: 

1. SnSe2 evaporated at high energy densities did not have any effect on the pressure 

peaks of Sn nor Se. The materials were easily ablated, saturating the chamber and 

overpassing the detection limit for the RGA equipment.  

2. For MoSe2 the intensity of the Mo and Se pressure peaks increased with the laser 

energy density. This material was ablated more uniformly as the energy density 

increased.  
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3. For MoS2 the material had a sudden evaporation at low energy densities (350 

mJ/cm2). However, as the laser energy density increased there was a difference in 

the pressure peak intensities of the ablated species from the target. Mo, MoS2, and 

S2 species were evaporated differently. Mo and S2 were preferentially evaporated 

for 350 and 750 mJ/cm2 while MoS2 species are more highly ablated by 350 and 

530 mJ/cm2 than at high laser energy densities.  

This proves that the ablation for materials that are not bonded to Se have a different evaporation 

processes from those bonded with S. Further analyses and help of other plasma characterization 

techniques such as optical emission spectroscopy (OES) are needed.  

 For a better understanding of the growth mechanisms in situ during the PLD deposition process 

new techniques need to be incorporated to confirm the effect on the nucleation process of each 

material.  
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CHAPTER 6 

 

CONCLUSIONS 

 

 

The dissertation presented a study of the synthesis of LMDS by PLD. The starting point here was 

centered on the influence of the deposition parameters on the LMDs thin film quality, which 

included:  layered structure quality and stoichiometry. 

Chapter 3 explored the optimization of the deposition parameters to achieve a layered structure 

of MoS2 with a pure target. The effect of the substrate temperature to improve the MoS2 crystal 

arrangement order, as well as the synthesis of a layered material without a post annealing treatment 

on amorphous SiO2 and crystalline sapphire was demonstrated. All these results were based on a 

careful study of the PLD deposition parameters supported by XPS and Raman spectroscopy. When 

high laser energy densities were used for the ablation process   the stoichiometry of the MoS2 thin 

films was modified because sulfur was lost, and the Raman spectra corresponding to 0.75 J/cm2 

were not as sharp as those for  0.53 J/cm2. Furthermore, it was confirmed that the MoS2 thin film 

quality is related to the substrate temperature, when 700 oC  was used the films can be deposited 

on sapphire and SiO2 as layered structures.  

Chapter 3, also demonstrated a solution for the stoichiometry – sulfur losses – for the MoS2 thin 

films deposited by PLD. Three different targets with excess of sulfur were produced, and it was 

found that high density targets rendered stoichiometric, crystalline, and layered MoS2 films on 

sapphire substrates. Furthermore, the films synthetized by ablation of the high-density target were 

deposited on sapphire substrates of 2 mm, and a process to synthetize one to ten layers of MoS2 

on the same substrate without any surface preparation was developed. The electrical properties of 

MoS2 showed that the electrical resistivity seems to be related with the stoichiometry of the 

material. Moreover, MoS2 growth on amorphous, polycrystalline and single crystal substrates was 

also demonstrated.  

Chapter 4, demonstrated the synthesis and characterization of layered crystalline SnSe2 by PLD. 

The deposition pressure is a key factor in the stoichiometry of SnSe2, as well as the temperature 

of the substrate. The number of pulses to achieve a typical layered structure and the deposition on 

amorphous substrates were explored. The ideal deposition parameters were determined as: 530 
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mJ/cm2, 300 oC and HV, as laser energy density, substrate temperature, and deposition pressures, 

respectively.   Furthermore, the deposition parameter can be extended to SiO2 and HfO2 substrate. 

A Si junctions diodes with SnSe2 PLD grown were demonstrated, too. By analysis of Hall effect 

measurement, films achieved mobilities of 4 cm2 V-1 s-1 and as diodes leakage currents densities 

as low as 10 -5A/ cm2.  

Chapter 5 summarized the synthesis process of crystalline LMDs by PLD. The deposition ambient 

was studied using RGA and the film homogeneity studied by Raman analysis. The effects of the 

number of pulses and the laser energy densities were evaluated. SnSe2, MoS2, and MoSe2 

deposition ambient were susceptible to the increase of the laser pulses. However, by the analysis 

of the partial pressures of the evaporated materials, for MoSe2 and SnSe2 just the Se was highly 

evaporated as the number of pulses increased, the corresponding partial pressures peak for Sn and 

Mo did not change with the number of pulses. In the case of MoS2, the materials were evaporated 

uniformly, all the detected peaks increased with the number of laser pulses. For the laser energy  

density studies of MoSe2 the partial pressure peaks intensities of the Mo and Se pressure peaks 

increased with the laser energy density, confirming that this material needs to be ablated at 

densities of 1700 mJ/cm2. In the case of SnSe2, the analysis was not conclusive since due to its 

easiness to be ablated the chamber was saturated with the material reaching the detection limit of 

the RGA equipment. For MoS2, the material suddenly evaporates at low energy densities (350 

mJ/cm2). However, as the laser energy increased there was a difference in the partial pressure 

peaks intensities of the ablated species from the target. Mo, MoS2, and S2 species were evaporated 

differently. Mo and S2 were preferentially evaporated for 350 and 750 mJ/cm2, while MoS2
 species 

are more highly ablated by 350 and 530 mJ/cm2 than at high laser energy densities. These results 

indicate that, MoS2, MoSe2, and SnSe2 are susceptible to the laser energy density, but just MoS2 

evaporated uniformly with the increase of the number of pulses making it easier to synthetize very 

ultra-thin films- as shown in the thickness gradient demonstrated in chapter 3, compared to MoSe2 

and SnSe2.  

For a better understanding of the growth mechanisms in situ during the PLD deposition process 

new techniques need to be incorporated to confirm the effect on the nucleation process of each 

material. 
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Some recommendations for this work are: 

 

For the improvement of the deposition of LMDS by PLD studies, the influence on the substrate to 

promote monocrystalline or epitaxial growth is needed. For  example, it has been reported that 

PLD can promoted epitaxial growth of  VO2 
179thin films for piezo-electronic applications with 

proper substrate preparation. The thin films developed in this work are polycrystalline. Therefore, 

it is necessary to: evaluate the substrate surface preparation prior to the deposition as reported in 

reference 179, include in-situ techniques such as Reflection High Energy Electron Diffraction 

(RHEED) to understand the LMDs growth on each different substrate. 

Furthermore, after understanding the epitaxial growth of LMDs, the large area deposition for the 

materials studies in this works need deep study. Besides thin film uniformity, the uniformity of the 

composition is also of paramount importance, especially for those bonded with S, since this 

element is prone to be evaporated faster than Se. 

 Moreover, it is well known than as the size of the substrate increases large power lasers are needed, 

dealing with high powers can becomes a problem when LMDs are susceptible to changes in the 

laser energy density. Then, for the perfect control of the laser energy and beam spot on the target 

surface for the deposition of MoSe2 and SnSe2 at large area scale, laser energy attenuators and high 

voltage controls are suggested.  

And finally, further analyses and other plasma characterization techniques such as optical emission 

spectroscopy (OES) are needed. This technique can be employed quite simply to provide 

information about the PLD plume related with each LMD, it is inexpensive, and very sensitive to 

changes in the plasma.  
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