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Two-dimensional transition metal dichalcogenides (TMDs) have recently 

come under intense investigation as building blocks for van der Waals heterostructure 

electronics. One of the most promising TMDs is MoS2, which transitions from an 

indirect bandgap (1.3 eV) in its bulk state to a direct band gap (1.8 eV) in its single 

layer state making it suitable for optoelectronic and transistor applications. The 

synthesis of high quality single layer MoS2 on large substrates, however, remains a 

challenge.  Although, mechanical exfoliation is capable of producing the highest 

quality material, it is limited by small surface areas and is not scalable. Chemical 

vapor deposition (CVD) is also widely utilized but exhibits a lack of thickness 

control, poor process stability, and requires high deposition temperatures (typically 

above 650 °C). Atomic layer deposition (ALD) is natural technique for the synthesis 

of 2D materials.  ALD is a CVD technique in which reactants are introduced to the 

chamber sequentially rather than simultaneously.  Sequential self-limiting surface 

reactions allow for precise thickness control, high conformality, and scalability to 

large surface areas.  



 

 

 

The objective of this work is to demonstrate low temperature atomic layer 

deposition (ALD) of monolayer to few layer MoS2 uniformly across 150 mm diameter 

SiO2/Si and quartz substrates. Purge separated cycles of MoCl5 and H2S precursors 

were used at reactor temperatures of up to 475 °C. Raman scattering studies show 

clearly the in-plane (E1
2g) and out-of-plane (A1g) modes of MoS2. The separation of the 

E1
2g and A1g peaks is shown to be a function of the number of ALD cycles, shifting 

closer together with fewer layers.  X-ray photoelectron spectroscopy (XPS) indicates 

that stoichiometry is improved by post deposition annealing in a sulfur ambient. High 

resolution transmission microscopy (TEM) confirmed the atomic spacing of monolayer 

MoS2 thin films signaling successful atomic layer deposition of monolayer to few layer 

MoS2 thin films.  
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Chapter 1: Introduction 

 
Two-dimension (2D) materials have attracted increasing attention because of 

their unique properties. Research has shown that along with chemical compositions, 

material dimensionality can alter fundamental properties of compounds leading to 

enhanced physical, chemical, and electrical properties to name a few.1 These unique 

enhancements were significantly displayed in 2D graphene when compared to its 

counterpart, bulk graphite. The extent of research on graphene has led to a remarkable 

growth in the study of other 2D materials and laid the ground work for the exploration 

into materials such as BN, SiC, GaN, ZnO, MnO2 and transition metal dichalcogenides 

(TMDs).  This vast research has resulted in multiple deposition methods to prepare 

ultrathin layers for varying applications. Despite the impressive nature of graphene, its 

one glaring fault (zero bandgap) has mostly regulated it to a lab scene anomaly. 

This lack of a bandgap in graphene has led to a change in exploration 

emphasize on other 2D materials, in particular transition metal dichalcogenides. Like 

graphene, TMDs exist in a bulk state consisting of stacked planes held together 

through weak van der Waals forces. Each plane consists of a transition metal (M) from 

groups 4-10 and a group 16 chalcogen (X) to form a stoichiometric ratio of MX2 as 

seen in Fig.1.1 
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Fig.1. Transition metals from group 4-10 and three chalcogen elements that can form 

TMD compounds are highlighted on the periodic table. [Chhowalla, M. et al. The 

chemistry of two-dimensional layered transition metal dichalcogenide nanosheets. 

Nat Chem 5, 263–275 (2013).] 

 

 2D TMDs that exhibit properties distinct from their bulk forms have recently 

come under intense investigation as building blocks for van der Waals heterostructure 

electronics.1,2,3,4,5 One of the most promising TMDs is molybdenum disulfide (MoS2).
5 

The indirect bandgap (~1.2 eV) inherent to bulk MoS2 transitions to a direct bandgap 

(~1.8 eV) in its monolayer state as seen in Fig.2.  

 

Fig.2. Band structures of Bulk, quad, bi and monolayer. The dashed line represents 

the fermi level while the red and blue lines are the conductance and valence bands 

respectively. The arrows indicate the shift in the fundamental bandgap from direct 

(bulk) to indirect (monolayer). [Chhowalla, M. et al. The chemistry of two-

dimensional layered transition metal dichalcogenide nanosheets. Nat Chem 5, 

263–275 (2013] 
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First Principle calculation show the transition originates from the top of the 

valance band (VB) situated at  as it shifts towards the conduction band (CB) located 

at the midpoint between  and K until the maximum of (VB) and the minimum of 

(CB) lie directly over the K point. The sizable direct bandgap makes MoS2 a leading 

candidate material for low power digital electronics,1, 6 photonics,1,7 sensing, 8 and 

catalysis applications. 9,10 

This existence of a bandgap in MoS2 allows for the fabrication of transistor 

devices for logic circuits. Mobility for bulk MoS2 has been shown to range from 200-

500 cm2Vs-1.11 However, MoS2 in the monolayer to few layer thickness, shows a large 

decrease in mobility down to the 0.1-10 cm2Vs-1.12 The low Mobility was has been 

shown to increase (200 cm2Vs-1) when encapsulated with a high K dielectric material 

such as HfO2.
13 MoS2 based transistors also show promise in overcoming short 

channel effects seen as transistors are scaled down. 

Current field effect transistors (FETs) utilize bulk 3D structures or 1D 

structures for their channel materials with varying results. In 3D structure based FETs, 

the channel material needs to be scaled down which introduces interface defects and 

band-gap variation severely affecting the FET performance. Short channel effects 

begin to hinder the device performance as the device become smaller and smaller. In 

1D based structures (nanowires/nanotubes), the performance and sensitivity are greatly 

improved but suffer the drawback from the immense difficulty and unreliability in the 

fabrication process of the 1D channel.14 MoS2 has shown excellent immunity to short 

channel effects on devices scaled to a channel length of 100 nm.15  



 

4 

 

In recent years, extensive research efforts have been taken for developing FET 

based biosensors with high sensitivity and low detection limit using various 

nanostructured materials.16 In order for FET biosensors to be a viable option they 

must show advantages such as high specificity, high sensitivity and low cost to 

current analytical methods on the market.  The TMD, MoS2 has emerged as an 

exceptional material in this field due the appropriate band gap it possesses and it 

biocompatibility.17  Also, many interesting and exceptional properties appropriate for 

sensing applications can be realized by integrating them into composite and hybrids 

assemblies. 
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Chapter 2: Literature Review 

This chapter reviews previously reported work on process development of 

MoS2 including deposition methods and characterization analysis. 

2.1 Mechanical Exfoliation 

These potential applications require the preparation of high quality monolayer 

MoS2 over large areas. As with initial work on graphene,1,2 mechanically exfoliated 

MoS2 has formed the base of much research into electronics applications. Mechanical 

exfoliation is still the most efficient way of producing the highest quality of 

semiconducting monolayer films of MoS2.The process involves the simple procedure 

of applying adhesive Scotch tape to the bulk MoS2 crystals. The Scotch tape is then 

peeled off which cleaves monolayers to few layers off of the bulk material. The Scotch 

tape is then brought into contact with a target substrate and rubbed until the MoS2 thin 

film is transferred.1 The entire process is depicted in Fig.3. 

 

Fig. 3. (a) the adhesive Scotch tape is pressed onto the bulk MoS2 crystals. (b) The 

scotch tape is then peeled of the bulk materials cleaving monolayer to few layer MoS2 

thin films. (c) The Scotch tape is then pressed onto a target substrates. (d) The tape is 

removed after pressing the MoS2 thins films against the target substrate leaving behind 

monolayer to few layer thin films. [Novoselov, K. S. & Neto, A. H. C. Two-

dimensional crystals-based heterostructures: materials with tailored properties. Phys. 

Scr. 2012, 014006 (2012).] 
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The results typically yield small amounts of monolayer to few layer MoS2 films on the 

target substrate. Despite the high quality of MoS2 monolayer films produced, the lack 

of scalability renders mechanical exfoliation impractical for manufacturing.  

2.2 Chemical Exfoliation 

Solution phase processing often referred to as chemical exfoliation or liquid 

exfoliation can also be used to achieve MoS2 monolayer films with a higher yield than 

mechanical exfoliation.2,3 This process is achieved through the hydration of lithium-

intercalated compounds. Lithium is used to reduce MoS2 into a LixXS2 phase which 

expands the lattice and weakens the interlayer Van der waal forces. A second step 

(ultrasound hydration process) separates the layers to form monolayer films. The 

intercalation process has a negative drawback of transforming the MoS2 monolayer 

films from the desired hexagonal semiconductor 2H phase into the trigonal metallic 1T 

phase. This transformation is due to the electron transfer from the Li to the MoS2.
2 To 

accommodate the additional charge the atomic structure is rearranged from the 2H to 

1T phase.3 This process has nearly 100% efficiency, however, the loss of 

semiconducting properties is highly undesirable. A third step is used to convert the 

obtained monolayer films back into the 2H phase. This step requires the annealing of 

the films at elevated temperatures (100-300 oC) or long exposure to IR radiation. The 

entire process is depicted in Fig. 4. Chemical exfoliation has the ability to produce a 

larger quantity of monolayer films when compared to mechanical exfoliation but still 

has the negative drawback of elevated temperatures, long processing duration 



 

9 

 

(typically three days) and the loss of material through Li2S precipitation render it an 

unsuitable deposition method for large scale processing of monolayer MoS2.
2,3 

 

 

 

Fig. 4. MoS2 bulk material is submerged in a solution of n-butyllithium in hexane 

which acts as an intercalating agent. Lithium ions are inserted into the MoS2 structure 

weakening the Van der wall forces. Sonication aid in the full exfoliation of bulk 

material into 2D sheets. [Nano Lett., 2015, 15 (9), pp 5956–5960 

DOI: 10.1021/acs.nanolett.5b02091 Publication Date (Web): August 19, 2015 

Copyright © 2015 American Chemical Society] 

 

2.3 Chemical Vapor Deposition  

Chemical vapor deposition (CVD) has been shown to yield MoS2 on various 

substrates. The use of MoO3 and elemental Sulphur (S) powders have produced 

varying quality of MoS2 thin films. The process involves heating both precursor and 

substrate in a reaction chamber to a temperature of 650 oC as seen in Fig. 5.3 
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Fig. 5. a schematic illustration of a CVD process to yield MoS2. MoO3 and S powders 

are placed into ceramic crucible and loaded into the chamber. The substrate 

(SiO2/Si wafer) is mounted on the top of the MoO3 powder crucible and the 

reaction is set at a temperature of 650 oC. [Wang, Q. H., Kalantar-Zadeh, K., 

Kis, A., Coleman, J. N. & Strano, M. S. Electronics and optoelectronics of 

two-dimensional transition metal dichalcogenides. Nat Nano 7, 699–712 

(2012)] 

 

At a temperature of 650 oC the MoO3 powder is reduced to a vapor suboxide 

and is diffused to the substrate where it further reacts with the sulfur vapor to then 

form MoS2 on the surface of the substrate. This process suffers from the ability to 

produce full wafer coverage of MoS2, however and alternative method can be used 

with substantially better results. This process involves a similar procedure except a 

thin MoO3 film is deposited as an initial step followed by a sulfurization step in which 

the MoO3 is then converted into a thin MoS2 film.2 The CVD process can produce a 

larger yield of thin film MoS2 compared to mechanical and chemical exfoliation but 

with varying quality of films. Despite the improved yield the drawbacks such as a lack 

of uniform electrical properties, poor process stability, 4 and the high temperatures 

required (typically above 650 °C) 5 hinder the ability for CVD to be the sole method of 

MoS2 thin films.  
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2.4 Atomic Layer Deposition   

A natural technique for the synthesis of 2D materials is atomic layer deposition 

(ALD).  In ALD, film growth occurs via sequential, purge separated, self-limiting 

reactions of the precursors on the surface of the substrate.6 Shown in Fig. 6, one ALD 

cycle of MoS2 deposition is depicted in the diagram. 

 

Fig.6. The substrate is exposed to the Molybdenum precursor after it is pulsed into the 

reaction chamber. The unreacted precursor or byproducts are purged from the 

chamber. The second precursor (H2S) is pulsed into the chamber and is exposed 

to the substrate. The unreacted precursor is again purged from the chamber 

completing one full cycle and the process is repeated to achieve desired growth. 

[1.Tan, L. K. et al. Atomic layer deposition of a MoS2 film. Nanoscale 6, 

10584–10588 (2014).] 

 

 Sequential self-limiting surface reactions allow for precise thickness control, 

high conformality, and scalability to large surface areas, making ALD an ideal 

candidate for growing few layer TMDs.7-11 Recently, ALD of monolayer MoS2 thin 

films was reported for the first time using molybdenum (V) chloride (MoCl5) and 

hydrogen disulphide (H2S) precursors.7 A shortcoming of this work was that single 

crystal <0001> orientation sapphire substrates (rather than Si) were required and 



 

12 

 

depositions were limited to 2-inch diameter wafers. ALD of thick many layer MoS2 

films on SiO2 and Si substrates was recently reported using molybdenum hexacarbonyl 

[Mo(CO6)] and dimethyldisulfide [CH3-S-S-CH3] and Mo(CO)6 and H2S, however 

monolayer growth was not achieved in either of these studies.  

 

2.5 Precursor Chemistry   

Recently the precursor chemistry to form MoS2 was studied to understand the 

chemical kinematics of different precursors.12 MoO3 (common precursor used) and 

MoCl5 (novel precursor used) were shown to produce MoS2 via CVD deposition in 

process similar to what was described in the CVD section. Both precursors yielded 

monolayer to few layer MoS2 thin films with two distinct film morphology.  

The potential application of MoS2 are highly dependent on the overall 

morphology of the MoS2 films as undesired size, shape and crystallinity would have 

adverse effects on the structural integrity and could lead to the scattering of charge 

carriers. 13 Raman spectroscopy was used to determine monolayer growth in both 

precursor films. Optical images for the MoS2 films produce using MoO3 showed 

various triangle shape MoS2 grains that merged to form a continuous layer as seen in 

Fig. 7 (a). The MoS2 films produced using the MoCl5 precursor produced a uniform 

film without any triangular structure features as seen in Fig. 7 (b).12  
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Fig. 7. (a) optical image of MoS2 layers grown using MoO3 precursor. Triangular 

structures are formed and overlap to form a continuous film. (b) optical image 

of continuous MoS2 film formed using the MoCl5 precursor. No triangular 

structures are seen. [Ganorkar, S., Kim, J., Kim, Y.-H. & Kim, S.-I. Effect of 

precursor on growth and morphology of MoS2 monolayer and multilayer. 

Journal of Physics and Chemistry of Solids 87, 32–37 (2015)] 

 

This is attributed to a change in the source ratio of Mo:S and a potential formation of a 

seed that determines the kinetic growth dynamics. A potential chemical reaction for 

the conversion of MoO3 and S to MoS2 is shown in in Eq. (1) and Eq. (2). 

 

In this reaction the intermediate oxysulfide (MoOS2) is formed and acts as a seed to 

promote lateral growth in a triangular formation. The possible reaction for MoCl5 and 

S is shown in Eq. (3) and shows a one step process with no intermediate oxysulfide 

forming to act as a seed promoter.12 

 
 

 It is believed that that the MoCl5 and S reaction is a self-limiting reaction that 

occurs in the gas phase forming gaseous MoS2 that than diffuses onto the target 

substrate and precipitates into a solid MoS2 thin film.12 This one step chemistry is ideal 
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for device applications as the triangular morphology can lead to grain boundary issues 

making MoCl5 a good precursor candidate for the production for MoS2 thin films. 

2.6 Light Scattering   

The scattering of light may be thought of as the redirection of light as it passes 

through a medium. The photons propagate through the medium resulting in an 

interaction either absorption or scattering. The scattering can be of two types, either 

elastic or inelastic. 14 When a photon is scattered elastically, there is no net transfer of 

energy between the incident light and medium therefore the light keeps its original 

wavelength as it exits the media. When light is inelastically scattered there is a net 

transfer of energy between the photons and the media resulting in the light having a 

different wavelength than the incident wavelength. 14,15 

There are two types of elastic scattering, Mie and Rayleigh scattering. The type 

of elastic scattering is dependent on the size of the scattered particle. Rayleigh 

scattering occurs when the particle size is smaller than the wavelength of the light. 

This causes an electric field which induces an electric dipole moment in the molecule 

which causes the molecule to re-emit the light in a different direction.14,15 

If the energy of the incident photon is not high enough to excite the molecule 

to a higher electronic state through absorption, Raman or Rayleigh scattering occurs. 

The molecule absorbs the photon and is excited up to a virtual level which then almost 

instantaneously relaxes back into a ground electronic state through light emission. If 

the net energy of the photon is the same leaving as when it was absorbed by the 

molecule it is called Rayleigh scattering. If the photon has gained or lost energy once 
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it has been emitted from the molecule (inelastic scattering) it is called Anti-Stokes and 

Stokes Raman scattering. 14,15 

2.6.1 Raman Theory 

Classical approach to Raman theory is to view the molecule as a positively 

charged nucleus surrounded by a negatively charged cloud of electrons. We then apply 

the concept of light scattering to this molecule to develop a conceptual understanding 

of Raman theory. When an electromagnetic wave (light) interacts with the molecule 

the electron cloud is perturbed periodically at the same frequency of the incident 

electric field (vo). This causes an induced dipole moment (separation of charge within 

the molecule) which results in the emittance of electromagnetic (scattered light ray) 

radiation. The majority of the scattered light is elastic that is the exit frequency of the 

light is identical to the incident frequency of the light. The remaining light is scattered 

at different frequencies (inelastic scattering). As previously stated the molecule is 

excited from the ground state to a virtual state through the absorption of light (photon) 

and relaxes into a vibrational state greater than or less than its original ground state. 

This entire process results in three distinct vibrational frequencies vo due to elastic 

scattering, (vo +vvib) Anti-Stokes and (vo- vvib) Stokes scattering due to inelastic 

scattering (Raman scattering) which is visually depicted in Fig.8.15 
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Fig. 8. Three distinct vibrational frequencies occur vo due to elastic scattering, (vo + 

vvib) Anti-Stokes and (vo - vvib) Stokes scattering due to inelastic scattering 

based on the net transfer of energy between the photon and molecule 

[http://bwtek.com/raman-theory-of-raman-scattering/.] 

 

Mathematically this can be expressed in the following equations. The induced 

dipole moment (P) is determined by Eq. 1, where  is the polarizability and Ē is the 

electric field of the light wave. 

 
Eq. 2 expresses the strength of the electric field for the incident wave where (vo) is the 

frequency of the incident wave. Substituting Eq. 2 into Eq. 1 gives the time dependent 

induce dipole moment given by Eq. 3 

 

The degree to which the electron cloud surrounding the atom can be disturbed 

depends on the relative positon of the atoms. For example in a diatomic element the 
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electron cloud of one atom feels the combined effects from the nucleus of the second 

atom resulting in less cloud distortion which in turn means the polarizability is reduced 

for atoms with a smaller bond length. Conversely a longer bond length would results in 

a greater electron cloud displacement. Therefore, the polarizability is a function of the 

instantaneous position of constituent atoms. The physical representation is seen in Fig.9. 

Individual atoms in a molecular bond are confined to specific vibration modes with a 

vibrational frequency (vvib). The displacement of atoms (dQ) about their equilibrium 

position due to a specific vibrational mode is expressed in Eq. 4 where Qo is the 

maximum displacement about the equilibrium position.15 

 

 

 

 

Fig. 9. At maximum compression between atoms, the electron cloud of one atom feels 

the effects of the nucleus of the second atom significantly more than if they were 

at a maximum stretch. This leads to an instantaneous displacement dependence 

for extent of polarizability. 

 

 

Equations 1-4 define the bases of the induce dipole moment being dependent on both 

time and instantaneous displacement of the individual atoms. After using mathematical 

identities and applying the electrical harmonic approximation (summarized in Dieing15) 



 

18 

 

Eq. 5 is developed and contains the three cases for light scattering as previously 

discussed. 15 

 
 

It’s easy to see that the first portion of the equation oscillates at the same frequency (vo) 

as the incident wave. This portion accounts for the elastic scattering. The second half of 

the equation oscillates at different frequencies showing the radiation emitted has shifted 

(vo + vvib) and (vo - vvib) accounting for the Anti-Stokes and Stokes scattering both of 

which are seen in the Raman spectrum. From Eq. 5 we can derive that the two Raman 

modes rely on the polarizability and the displacement derivative to be non-zero. That is 

∂α/∂Q must not equal zero to be Raman active. This is known as the Raman selection 

rule. Fig. 10. shows this concept graphically. As there is a net displacement about 

equilibrium (at Q=0), ∂α/∂Q is not zero and would generate inelastically scattered light 

at frequencies (vo + vvib) and (vo - vvib).
15 

 
Fig. 10. The value of ∂α/∂Q would be none-zero about the equilibrium displacement 

(q=0). This is a necessary condition for a material to be raman active. [Dieing, T., 

Hollricher, O. & Toporski, J. Confocal Raman Microscopy. (Springer Science & 

Business Media, 2011 
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2.6.2 MoS2 and Raman Spectroscopy. 

Raman spectroscopy offers a non-destructive characterization tool to identify 

MoS2. The bulk crystal structure of MoS2 has four Raman active modes that can be used 

as finger print marker to identify MoS2. These four Active modes are at 32 cm-1 (E2
2g), 

286 cm-1 (E1g), 383 cm-1(E1
2g) and 408 cm-1 (A1g). Of the four modes the (E1

2g) and (A1g) 

vibrational modes a predominantly displayed in few to single layer MoS2. The (E1
2g) 

mode involves vibration of Mo and S atoms in the basel plane (in plane) while the (A1g) 

mode involves out of plane vibration of the S atoms while the Mo atoms remain fixed 

see Fig. 12.16,17 

 
Fig. 11. The (A1g) mode corresponds to the out of plane vibration of the S atoms while 

the Mo atoms remain fixed. The (E1
2g) mode corresponds to the in plane vibration of 

both the Mo and S atoms. [Cheng Y.; Zhu Z.; Schwingenshlogl U. Role of interlayer 

coupling in ultra thin MoS2. RSC Advances 2012, 2, 7790-7802} 

 

 

 It has been shown that the distance between the (E1
2g) and (A1g) peaks is a 

function of the number of MoS2 layers present. The (E1
2g) peak frequency decreases 

while the (A1g) peak increases with increasing number of layers as shown in Fig. 13.16,17 
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Fig. 12. Raman spectra of Bulk, Few and single layer MoS2. As the number of layers 

decreases the peak separation between the (E1
2g) and (A1g) peak decreases. [Li, H. et 

al. From Bulk to Monolayer MoS2: Evolution of Raman Scattering. Adv. Funct. 

Mater. 22, 1385–1390 (2012).] 

 

 

 Raman Spectroscopy has also been shown to be a good indicator of 

crystallinity. 18 Typically the Full Width Half Max (FWHM) of the (E1
2g) peak is used 

as quantitative measurement for the crystalline quality. This is typically done by 

comparing the FWHM of the (E1
2g) peak from a synthesized (CVD, Liquid exfoliation, 

ALD) MoS2 monolayer to that of the value of a monolayer of MoS2 obtained through 

mechanical exfoliation. An accepted FWHM number for a pristine monolayer of MoS2 

obtained through mechanical exfoliation is ~ 3.7 cm-1.18 
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Chapter 3: Experimental Technique 

ALD was conducted using a table top Arradiance Gemstar ALD system that 

was specially modified to handle H2S gas.1 Substrate heating was performed using a 

platen holder to temperatures up to 475 °C at a base pressure of 3 x 10-3 torr while the 

chamber walls were kept a constant temperature of 275 oC, see Fig.13.  

 

Fig. 13. The SiO2/Si substrate was placed on a platen heater with temperatures 

elevated up to 475 oC. The ambient chamber temperature was kept at a 

constant 275 oC to prevent damage to the vacuum O-rings. 

 

The solid precursor MoCl5 was heated to a temperature of 70 °C using a heater 

jacket to increase the vapor pressure in order to aid the vapor draw of the ALD valves. 

During the heating process, a disruption in the heating gradient from the 70 oC heated 

precursor and the 115 oC set point of the ALD manifold created a “cold spot” in the 

ALD valve and elbow connector. This cold spot resulted in condensing the MoCl5 

precursor leading to heavy deposition in the ALD valve eventually clogging the valve. 

To circumvent the issue, heating tape was wrapped around the valve and elbow 

connector to act as an insulating layer. A variac power supply was used to adjust the 

temperature of the heat tape and a thermocouple was used to ensure that a temperature 

gradient was achieved from the precursor to the ALD valve. A temperature study was 
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conducted by heating the precursor ampoule to different temperatures and measuring 

different locations as seen in Fig. 14 (a). This temperature study was conducted pre 

heat tape and post heat tape with the results plotted in Fig. 14 (b) and Fig. 14 (c). 

 

Fig. 14. (a) Shows a schematic diagram of the precursor to manifold setup up. A heater 

jacket surrounds the precursor and heats the ampoule to a desired set point. The 

manifold is set to a constant 115 oC and no initial heating of the valve and 

elbow is applied. (b) The temperature at each location in (a) is plotted and 

shows a distinct disruption in the temperature gradient once the precursor is 

heated past a temperature of 40 oC. (c) Heat tape is wrapped around locations 

2-4 and a variac is used to increase the temperature to keep a constant 

temperature gradient from the precursor to the manifold to prevent 

condensation of the MoCl5 precursor in the ALD valve 

 

 

MoCl5 and H2S precursors were alternately pulsed into the chamber using 20 

sccm of N2 as a carrier gas. The ALD pulse sequence included an additional "soak" 
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step after each precursor pulse to ensure adequate time for reaction between the 

reactant (MoCl5 or H2S) and the respective surface species.2 In all depositions the 

MoCl5 was pulsed first. The pulsing sequence used consisted of:  500 ms pulse MoCl5 

/ 5 s soak / 10 s N2 purge / 40 ms pulse H2S / 5 s soak / 10 s N2 purge. ALD MoS2 thin 

films were deposited on 150 mm diameter (i) n-type Si wafers with 280 nm of 

thermally grown SiO2 and (ii) quartz wafers. Prior to ALD, the SiO2/Si substrates were 

patterned with photoresist and the oxide was etched via reactive ion etching to a depth 

of 40 nm, as shown in Fig. 15. After the etch process the photoresist was ashed and the 

surface of the wafers was cleaned with piranha solution (sulfuric acid and hydrogen 

peroxide) followed by a 20-30 second short dip in dilute hydrofluoric acid. The SiO2 

mesas were created to promote the nucleation of MoS2. Following deposition, some 

as-deposited films were annealed in a sulfur environment by either (i) flowing 50 sccm  

H2S or (ii) flowing Ar carrier gas over elemental sulfur heated to roughly 120-130 °C. 

All anneals were performed in a tube furnace for 30 min between 600 °C and 900 °C. 

 

Fig. 15. Schematic cross section of patterned SiO2 / Si substrate 

Raman analysis and photoluminescence (PL) was conducted using a WiTec 

Confocal Raman Microscope Alpha300 RA system with a 532 nm excitation laser. X-

ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific 

ESCALAB 250. Transmission electron microscopy (TEM) was performed on a FEI 

TITAN 80-200 TEM/SEM with ChemiSTEM technology. 
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Chapter 4: Results and Discussion 

 Experimental results relating to the atomic layer deposition of MoS2 including 

Raman spectroscopy, X-ray Photoelectron spectroscopy and Transmission Electron 

spectroscopy. 

4.1 ALD Deposition of MoS2 and Raman 

Analysis  

 
Shown in Fig. 16 are photographs of two 150 mm quartz wafers placed on a 

chemwipe (a) pre and (b) post ALD. Following 50 ALD cycles of MoCl5 and H2S at 

475 °C, the quartz wafer in 16(b) changes to a dark yellow shade that is visually 

uniform across the full wafer. 

 

Fig. 16. Photographs of 150 mm quartz wafers (a) uncoated and (b) after 50 cycles of 

ALD MoS2 at 475 °C. 

 

 Shown in Fig. 17(a) are Raman spectra comparing the etched and un-etched 

regions of a patterned SiO2/Si wafer following 50 cycles of ALD at 375 °C. The 

characteristic in-plane (E1
2g) and out-of-plane (A1g) vibrational modes of MoS2 appear 

in both Raman spectra near 382 cm-1 and 404 cm-1, respectively, indicating an ordered 

S-Mo-S atomic arrangement.1,2 The dashed lines at 383 and 408 cm-1 indicate the 
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position of these two peaks measured in a bulk MoS2 sample.  The E1
2g and A1g peaks 

in the un-etched region are more distinct and of a higher intensity compared to those 

observed in the etched region, indicating preferential growth of MoS2 in the un-etched 

region. Deposition of MoS2 was also attempted on a blanket SiO2/Si wafer with no 

patterning. Raman analysis of the blanket SiO2/Si substrate showed the absence of 

both the E1
2g and A1g peaks, suggesting that the enhanced growth on un-etched regions 

of SiO2 may be due to residual photoresist acting as additional nucleation sites. 3 

Shown in Fig. 17(b) are plots of Raman intensity vs. wave number for 50 cycle 

ALD MoS2 as-deposited at either 375 °C or 475 °C on the un-etched region of a 

patterned SiO2/Si wafer. The E1
2g and A1g peaks are significantly sharper and of higher 

intensity at the 475 °C deposition temperature, indicating higher quality growth. 
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Fig. 17.   (a) Raman spectra of 375 °C as-deposited ALD MoS2 films on etched and un-

etched regions of a patterned SiO2/Si wafer. (b) Raman spectra comparing 

ALD MoS2 as-deposited at either 375 °C or 475 °C on the un-etched region of 

a patterned SiO2/Si wafer. The vertical dashed lines indicate the position of 

the E1
2g and A1g peaks for bulk MoS2. 

 

4.2 Sulfur Anneal and PL improvement 

The properties of the as-deposited ALD MoS2 films are improved by annealing 

in a sulfur ambient.  Shown in Fig. 18(a) are plots of Raman intensity vs. wave number 

for as-deposited and sulfur annealed MoS2 films from the un-etched region of a 

patterned SiO2/Si wafer.  All data were normalized to the Si peak at 520 cm-1 (not 

shown). For reference, a Raman spectrum of bulk molybdenite is also shown. The full 

width half max (FWHM) of the E1
2g and A1g peaks are an indication of crystalline 
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quality. After the H2S anneal, the two characteristic MoS2 peaks become narrower, 

stronger, and more symmetric. The FWHM of the E1
2g peak for the as-deposited ALD 

films is 18.3 cm-1. The FWHM is reduced to 11.8 cm-1 after annealing in H2S at 720 °C 

and further reduced to 4.2 cm-1, comparable to CVD MoS2 after annealing at 920 °C.  

This suggests improved crystallinity with high temperature sulfur anneals. Even after 

the sulfur anneals, the FWHM of the E1
2g peak is still broader than 3.7 cm-1, the 

FWHM of MoS2 monolayers mechanically exfoliated from bulk MoS2.
 4 

Plots of photoluminescence (PL) vs. energy in Fig. 18(b) show that in addition 

to the sharpening of the E1
2g and A1g peaks, the sulfur anneals result in the appearance 

of a strong PL peak at 1.86 eV, consistent with band edge emission from the direct 

bandgap of single monolayer MoS2.
5,6. The broad peak near 2.0 eV has been attributed 

to spin-orbit splitting from the band edge, and is also associated with single monolayer 

semiconducting MoS2.
7,8 The PL peak is below the detection limit in the as-deposited 

films, begins to appear at 720 °C, strengthens at 860 °C and decreases somewhat at 

920 °C. Similar results are seen for H2S anneals. 
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Fig. 18.  Raman spectra of 475 °C as-deposited and sulfur annealed ALD MoS2 films 

showing (a) the region of the E1
2g and A1g peaks (a molybdenite spectrum is 

shown for reference) and (b) the region of the band-edge monolayer 

photoluminescence and spin-orbit splitting peaks.   

 

4.3 XPS Analysis of ALD MoS2 

XPS spectra for as-deposited 475 °C ALD MoS2 films, along with films 

annealed in H2S at 600 °C, 860 °C, and 900 °C are shown in Fig. 5. The Mo3d5/2 peaks 

and the S2p3/2 peaks are resolved in Fig. 19(a) and Fig. 19(b), respectively, and 

correlate well to what has been previously reported in literature for MoS2.9 Ratio of the 

S2p3/2 and Mo3d5/2 peaks may be used to determine the stoichiometric ratio of the as-

deposited and annealed films. The as-deposited films showed a S/Mo ratio of 1.4, 

indicating sulfur deficiency. This is consistent with the presence of the 236 eV peak in 
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these films, which has been attributed to the Mo6+ state.10 After H2S annealing at 

600 °C and above, the S/Mo ratio increased to the desired value of 2.0 and the 236 eV 

almost completely disappears, indicating that the H2S anneal is effective in improving 

stoichiometry as well as reducing defects.  

 

 

 

Fig. 19. XPS spectra of (a) Mo3d3/2 and (b) S2p1/2 peaks for ALD MoS2 films as-

deposited at 475 °C and H2S annealed at either 600 °C, 860°C, or 900 °C. 
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4.4 ALD Growth Per Cycles for MoS2 Process 

Assessing the thickness of a 2D film is challenging. It has been shown that the 

number of MoS2 layers present in a thin film may be determined by the frequency and 

separation (Δ) between the E1
2g and A1g peaks.1,2 It was observed that Δ increases with 

the number of S-Mo-S layers, with a monolayer having Δ ~ 19 cm-1 and bulk like (>5 

layers) MoS2 having Δ ~ 25 cm-1. 1,2 Shown in Fig. 20 is a plot of average Δ vs. 

number of ALD cycles for 375 °C films as-deposited.  Also shown are 50 cycle 475 °C 

films both as-deposited and annealed at 920 °C. Qualitatively, Δ increases with the 

number of ALD cycles.  The Δ's for the 25 and 50 cycle 375 °C as well as for the 50 

cycle 475 °C as-deposited films are in the range of 22-23 cm-1, correlating roughly to 

bilayer growth in the previous reports.1,2 It should be noted, however, that the position 

of the A1g peak may be sensitive to defects and sub-stoichiometry. As indicated by the 

XPS results in Fig. 19, the as-deposited films are sub-stoichiometric.  Thus, the 

correlation here between Δ and the number of monolayers for the as-deposited films 

should be considered tentative. The Δ after annealing at 920 °C in H2S decreases to 

about 21 cm-1, suggestive of a mix of 1 and 2 monolayers. 1, 2 This reduced Δ could be 

due either to an actual reduction of film thickness or improvement of stoichiometry 

(XPS results in Fig. 19 indicate that stoichiometry is improved by annealing).  In 

either case, the accompanying appearance of clearly visible PL and spin orbit splitting 

peaks in Fig. 18(b) strongly suggests a mix of 1 and 2 monolayer regions.  
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Fig 20.  E1
2g - A1g peak separation (Δ) vs. number of ALD cycles for 375 °C ALD 

MoS2 films as-deposited on the un-etched regions. Also shown are 475 °C 

films, as-deposited and annealed in sulfur at 920 °C.  

 

4.5 TEM Confirmation of Few to Single layer 

growth 

 
Cross-sectional TEM images are shown in Fig. 21 for 50 cycle 375 °C ALD 

MoS2 on the un-etched region of the patterned SiO2/Si substrate. The high resolution 

TEM in Fig. 21(b) verifies the existence of 1-2 monolayers of MoS2. The intensity 

profile in Fig. 21(c) indicates the atomic lattice spacing to be to be approximately 0.29 

nm for the (100) planes, consistent with the 0.31 nm atomic spacing of exfoliated 

hexagonal MoS2.
11 
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Fig. 21.(a) TEM cross section of 50 cycle 375 °C ALD MoS2 film as-deposited on un-

etched SiO2/Si, (b) high resolution TEM image, and (c) intensity profile 

showing the atomic spacing. 
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4.6 Confirming Crystal Orientation 

Finally, to confirm that the MoS2 crystals are lying flat with their basal planes 

parallel to the substrate surface, rather than at a random or some other orientation, a 

polarization test was performed with the Raman instrument. The E1
2g peak is due to 

vibrational modes in the basal plane, while A1g peak is due to perpendicular modes. By 

polarizing the incident laser beam and rotating the analyzer polarization, the A1g peak 

should be eliminated if the MoS2 crystals are indeed lying flat on the substrate. Fig. 23 

shows Raman measurements taken with the analyzer in two positions 90° apart on a 50 

ALD cycle sample deposited at 475°C and annealed at 860°C in sulfur.  The A1g peak 

is almost entirely suppressed while the E1
2g peak is unaffected, confirming that the 

MoS2 crystals have the desired orientation parallel to the surface.  

 

 

Fig. 23.  Raman spectra taken with the analyzer polarizer rotated at 90o and at 0o. Both 

in-surface (E1
2g) and normal-to-surface (A1g) oscillations come through at 90o 

but at 0o the Raman light scattered from modes normal-to-surface (A1g) are 

blocked, suggesting the MoS2 crystals have their c-axis normal to surface. 
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Chapter 5: Conclusion and Future Work 

This section summarizes the work of this thesis and gives recommendation on 

how to proceed with future research into this topic 

5.1 Conclusion 

In summary, ALD of monolayer to a few layered MoS2 thin films was 

achieved uniformly across 150 mm quartz and patterned SiO2/Si wafers using 

alternating pulses of MoCl5 and H2S. MoS2 deposition was favored in un-etched SiO2 

regions of patterned SiO2/Si wafers.  As-deposited films show the characteristic 

Raman modes (E1
2g and A1g) and E1

2g-A1g separation associated with monolayer to 

few layer MoS2. Raman polarization tests confirm the MoS2 crystals have the desired 

orientation parallel to the surface.  High temperature H2S and sulfur annealed films 

produce a sharpening of the E1
2g and A1g peaks as well as the appearance of the band 

edge PL and spin orbit splitting peaks, further indication of the presence of monolayer 

MoS2.  Hi-resolution TEM images confirm the presence of monolayer to bilayer MoS2 

films. XPS measurements indicate that a sub-stoichiometric sulfur ratio in the as-

deposited films is increased to the stoichiometric S/Mo ratio after annealing in H2S at 

600 °C and above. Overall ALD is shown to be a promising method for uniform 

deposition of monolayer MoS2 over large surface areas.  The small crystallite sizes 

obtained may be suitable for application to hydrogen evolution catalysis. 
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5.2 Future Work 

 MoS2 is a promising material for many applications. Its most promising could 

be in the electronic field for its application in MOSFET devices. In its naturally 

occurring State (bulk) its crystal phase is set at the thermodynamically favorable 2H 

phase (trigonal prism coordination) where each Mo atom is coordinated by six 

surrounding S atoms. It is this 2H phase that exhibits semiconductor properties with a 

bandgap of 1.2 eV. When the bulk crystal is mechanically exfoliated to obtain 

monolayer films the resulting product typically is of the same coordination however 

the band gap has increased to 1.8 eV and shifted from indirect to direct.1 It is this 

product that is highly desirable in applying towards MOSFET devices.  

MoS2 has another metastable phase referred to as the 1-T phase that has an 

octahedral coordination and exhibits more of a metallic behavior. This phase is less 

ideal for electronic application but has shown promise in catalytic application for 

hydrogen evolution reactions (HER).2 Deposition such as chemical exfoliation 

(lithium interculation), chemical vapor deposition have shown to deposit a mixture of 

2H and 1-T phase monolayer to few layer films.2 The mechanism responsible of the 

changing of phases is still not understood but is believed to be due to surface 

functionalization. Phase engineering is the next step in developing high quality MoS2 

thin films with desired properties. And has already shown promise in controlling the 1-

T, 2H films via e-beam radiation. 3 The full understanding and control of phase 

deposition of MoS2 thin films is needed as this allows for the stability control of the 

thin films as well as the capability of tunable band gaps for various application.  
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