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ABSTRACT OF THE DISSERTATION 

 

Synthesis and Characterization of Few Layer Semiconducting Transition Metal 

Dichalcogenides  

 

by 

 

John Calif Mann 

 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering 

University of California, Riverside, December 2013 

Dr. Ludwig Bartels, Chairperson 

 

The intense interest in graphene as the prototypical 2D electronic material has 

recently been accompanied by the investigation of layered transition metal 

dichalcogenides (TMDC), most notably MoS2 and MoSe2. Like graphene, they can be 

prepared in a stable form down to monolayer thickness. These materials provide 

favorable mechanical properties similar to graphene,  but exhibit an intrinsic indirect 

band gap that crossovers to a direct band gap in the monolayer limit without the need for 

nanostructuring,[1, 2] chemical functionalization,[3] or application of a high electric field 

to bilayers.[4]  In addition to this interesting electronic structure, certain transition metal 

dichalcogenides, such as MoS2, have established applications in catalysis, as in the case 

of hydrodesulfurization [5, 6]. In addition, MoS2 recently received attention as an 

electrode material for water splitting [7, 8].  

There are several published techniques for obtaining monolayer MoS2. These 

methods include the preparation of single layer films by laser-based thinning,[26] plasma 

thinning,[27]  liquid exfoliation,[28-31] graphene assisted growth,[32] and sulfurization 

of molybdenum films from e-beam evaporation[11] , dip coating[19] , mechanical 
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exfoliation, [9, 10] and chemical vapor deposition (CVD) [12, 13]. A variety of substrates 

have been used successfully with CVD, including Cu [14], Au[11, 15-17], SiO2 [11, 18], 

and various other insulators [11, 19, 20]. In addition, other Molybdenum–sulfur 

compounds with stoichiometry different from MoS2 have been reported in CVD 

deposition, including Mo6S6 nanowires [21, 22] and Mo2S3 films [14, 23]. In this work, I 

present various CVD techniques and a pre-patterned Mo film sulfurization technique to 

attempt to create MoS2 structures without the need for lithography. 

One of the most promising applications of thin TMDs is the creation of viable 

filed effect transistors. Single-layer MoS2 field effect transistors have been fabricated 

with mobilities on the order of 1 cm
2
 V

-1
 s

-1
 and higher [19, 33-35] as well as on–off 

ratios up to 10
8
 at room temperature. Bulk MoS2, and most mono- or few-layer MoS2 

materials examined to date, exhibit n-doping [19, 33-37] but p-doping has also been 

observed [11]. Ambipolar operation has been achieved by gating with an ionic liquid 

[38]. Another distinctive electronic property is the possibility of selective valley 

population of the monolayer, which has been achieved using excitation by circularly 

polarized light [39-42].  

The electronic structure of TMDs of the form MX2 (M = Mo, W; X = S, Se) 

differs significantly from that of graphene. While the latter is a semi-metal with a linear 

energy dispersion near the K point,  monolayer TMDs have a direct band gap between 1 

and 2 eV, with  valence band maxima and conduction band minima at the K point.[43] 

Excitons and charged excitons (trions) can be created in TMDs by optical excitation and 
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the use of circular polarized light resulting in valley polarization[40, 41, 44] which may 

be used to develop valleytronics. 

For all of the unique properties of TMDS to be explored and utilized in future 

technologies, the synthesis of these materials must be developed and perfected. A 

technique that allows for economical industrial level scaling while simultaneously having 

high crystallinity and large area growth would be ideal. This work is an attempt to 

develop synthesis techniques that will allow for the full utilization of the promise these 

materials. 
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Chapter 1  

Synthesis Techniques 

Introduction 

In this section I will present three techniques for the synthesis of TMDs and 

highlight the attributes of each technique. The first technique is based on the reduction 

and sulfurization of MoO3 using elemental sulfur. This technique has yielded the highest 

crystalline quality monolayer islands and films. The second synthesis technique focuses 

on increasing the quality of the devices made from monolayer TMDs by removing the 

need for lithographic processes which can damage the films. The third synthesis 

technique involves the injection of liquid precursors (or solid precursors dissolved in a 

liquid solvent) after MoO3 has been reduced and deposited on the substrate. This 

technique has yielded the largest monolayer films, and has allowed for the alloying of 

different chalcogenides of the form MoA2(1-x)B2x, where A is one type of chalcogenide 

and B is a second chalcogenide.  

Methods 

For the elemental sulfur synthesis I typically use two alumina crucibles containing 

MoO
3
 and sulfur powder as our Mo and S sources respectively. These sources are placed 

in a quartz process tube (2” diameter), which is inserted in a hot wall three-zone tube 

furnace. Typically, I only use the middle zone heated between 600 °C and 800 °C in 43 

minutes. However, heating a second zone in the vicinity of the sulfur boat can lead to 

different synthesis results, see the appendix for further details. Nitrogen gas (99.999%) is 
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used to purge the tube (5.0 SCFH) followed by reducing the flow during growth. The 

MoO
3
 crucible is always placed at the center of the center zone of the furnace and the 

sulfur crucible is placed upstream the N2 flow, outside the operated zone of the tube 

furnace, see Fig. 1. I have successfully used a variety of different substrates including 

SiO2/Si (300 nm oxide), SiO2/Si (80 nm oxide), SiO2/Si (50 nm oxide), SiO2/Si (30 nm 

oxide), Si (native oxide layer), quartz, SiC, LiNbO3, and glass. For most of these 

substrates it is possible to optically identify monolayers of TMDs  due to an optical 

interference effect that depends on the index of refraction and thickness of the different 

layers of the substrate[45]. This is not true for substrates without an optically transparent 

layer on top, e.g. bare Si, creating extra difficulty in finding areas of monolayer growth 

on such samples. The Si based substrates are cleaned with an acidic piranha solution for 

30 minutes to 3 hours before use. Adjusting the temperature of the sulfur, either by 

position in the furnace or by heating another zone of the furnace, is one of the most 

important parameters in this synthesis method. This is likely due to the change in the ratio 

of the partial pressure due to the sulfur versus the partial pressure due to molybdenum 

oxide depending on the temperature of the sulfur. In general, this technique method 

produces high quality MoS2 but the size of the films is limited. The films are typically 

100 µm in width and 1 mm in length, see Fig. 2.  

 

The second synthesis technique is a molybdenum E-beam evaporation followed 

by sulfurization method. I use a TEM grid as a shadow mask by placing it on the 

substrate and then use an E-beam evaporator to deposit Mo onto the substrate in a pre-

patterned manner. Any other desired transition metal, e.g. W, can be deposited in the 
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same manner. Typically I use TEM grids with features ranging in size from 5 µm to 50 

µm. This technique can produce MoS2 in arbitrary geometries (with the use of an 

appropriate shadow mask) without the need for lithography.  After the E-beam deposition 

the substrate is placed on an angled Mo mesh holder and placed into a quartz process 

tube, see Fig 3. Elemental sulfur is placed in an alumina boat and into the quartz tube. 

The general growth conditions are the same as the previous method but since there is no 

need to deposit and reduce the MoO3 it is less sensitive to the heating ramp time. The 

MoS2 produced so far has been lower quality then the previous method, see Fig. 4. After 

the synthesis process the substrate can be placed back into the E-beam evaporator and, 

with the use of another shadow mask, contacts can be evaporated onto the MoS2. In this 

way a device can be made without the need for lithography. While the quality of the 

MoS2 film is not as high as in the previous method, since there is no lithographic process 

the quality of the device has to potential to be higher. As of yet, we have not made a 

device using a shadow mask or done any transport measurements on any devices that we 

have made. However, preliminary results with photolithography show a decrease in the 

PL of MoS2 films on the order of two thirds.        

 For the injection method we use the same basic setup as the elemental sulfur 

method, but rather than a alumina boat of sulfur there is a syringe of liquid thiophenol (or 

other reagent) outside the furnace, see Fig. 5. In addition both N2 and H2 are used as 

carrier gasses. The H2 is added to help reduce the formation of amorphous carbon. The 

carbon is introduced by the liquid reagents introduced into the sytem. Once the furnace 

reaches the deposition temperature, I inject a small quantity (<1ml) of the thiophenol 
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directly into the process tube in the vicinity of the substrate.  Following injection, the 

tube furnace is switched off and left to cool. This reduces the formation of amorphous 

carbon on the TMD films. This technique can produce monolayer MoS2 on the cm scale, 

however the quality if the MoS2 tends to be lower than the elemental sulfur method (as 

indicated by broader Raman and lower PL peaks see Fig. 6). By injectiong diphenol 

diselenide dissolved in tetrahydrofuran mixed with thiophenol alloys of the type MoS2(1-

x)Se2x can also be formed. Fig.7 shows a micrograph of an alloy film along with the 

Raman spectra due to the amorphous carbon. 
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Figures 

   
Figure 1: Illustration of the elemental sulfur experimental set up inside the tube furnace. 

 

   

Figure 2: (a) Micrograph of MoS2 islands coalescing into a film synthesized by the elemental 

sulfur with corresponding Raman spectra. Triangular islands coalescing into a film is typical for 

this synthesis technique (b) Larger scale micrograph of the same film and the corresponding 

photoluminescence spectra. The monolayer portion of the film (light purple) is ~100 µm across 

with a multilayer area visible to the left (darker blue purple). 
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Figure 3: Illustration of the pre-patterned Mo sulfurization experimental set up inside the tube 

furnace. 

 

   

Figure 4: (a) Micrograph of MoS2 synthesized by the Mo E-beam evaporation with 

corresponding Raman spectra. This growth used 50 µm TEM as the shadow mask. (b) Larger 

scale micrograph of the same area and the corresponding photoluminescence spectra. 
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Figure 5: Illustration of the injection method experimental set up inside the tube furnace. This 

particular example uses thiophenol but other chalcogenide sources are also used. 

 

 
Figure 6: (a) Micrograph of MoS2 film synthesized by the injection method with corresponding 

Raman spectra. It is very difficult to optically identify the film due to the lack a visible features 

typical to this synthesis technique. (b) Larger scale micrograph of the same film and the 

corresponding photoluminescence spectra. 
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Figure 7: (a) Micrograph of MoS2(1-x)Se2x islands synthesized by the injection method with 

corresponding Raman spectra. The two peaks in the 1200 to 1600 cm
-1

 range are indicative of 

amorphous carbon.  (b) Larger scale micrograph of the same islands coalescing into a film and 

the corresponding photoluminescence spectra. The PL corresponds to an optical band gap of 1.78 

eV. 
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Chapter 2 

Facile Growth of Monolayer MoS2 Films 

on SiO2 

The following is taken from an article published in the European Physical Journal B [46] 

and is presented here with kind permission of The European Physical Journal (EPJ). This 

collaborative work was performed by me and the following students and collaborators.  

John Mann
1
, Dezheng Sun

1,2
, Quan Ma

1
, Jen-Ru Chen

1
, Edwin Preciado

1
, Taisuke Ohta

3
, Bogdan 

Diaconescu
3
, Koichi Yamaguchi

1
, Tai Tran

1
, Michelle Wurch

1
, KatieMarie Magnone

1
, Tony F. 

Heinz
2
, Gary L. Kellogg

3
, Roland Kawakami

1
, and Ludwig Bartels

1
 

 

1. Chemistry, Physics, and Materials Science and Engineering, University of California, CA 

92521 Riverside, USA 

 

2. Departments of Physics and Electrical Engineering, Columbia University, NY 10027 

New York, USA 

 

3. Sandia National Laboratories, 87185 Albuquerque, New Mexico, USA  

 

Introduction 

In this paper, we demonstrate that the preparation of MoS2 can be achieved in a 

very facile manner. Prior MoS2 growth started from thin Mo layers [11] prepared by 

physical vapor deposition (PVD) or dip-coating of a substrate in a Mo-containing 

solution [19] followed by sulfurization. Another promising approach involves the 

simultaneous deposition of molybdenum (typically from a MoO3 source) and elemental 

sulfur [18]. In this paper, we follow the latter method and show that continuous films 
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hundreds of microns across can be achieved with minimal control of the growth 

conditions. Our films are found to be uniform in their spectroscopic properties and 

feature large areas that are of monolayer thickness. In this manuscript, we provide 

photoluminescence (PL), Raman spectroscopy, low-energy electron diffraction (LEED) 

and microscopy (LEEM), X-ray photoelectron spectroscopy (XPS), atomic force 

microscopy (AFM) imaging and transport measurements to validate the quality of our 

films. 

Materials and Methods  

Our growth processes for MoS2 monolayers was based on the solid-source 

scheme of Lee et al.  [47]. We use two alumina crucibles (Aldrich Z561738, 70 mm × 14 

mm × 10 mm) containing MoO3 (Aldrich 99.5%) and sulfur (Alfa 99.5%) powder as our 

Mo and S sources, respectively. These sources are placed in a quartz process tube (2” 

diameter), which is inserted in a furnace (Mellen TT12), only the center zone of which is 

powered. A rapid flow of nitrogen gas (99.999%) is used to purge the tube (5.0 SCFH), 

with subsequent film growth occurring at a reduced nitrogen flow rate (0.5 SCFH). The 

MoO3 crucible is placed at the center of the heated zone with the substrate placed across 

the middle of the crucible, and the sulfur crucible is placed upstream, outside the zone of 

the tube furnace that was heated. Our substrate is a 3×3 cm piece of a boron-doped 

Si(100) wafer covered by a 300-nm thick layer of oxide (SUMCO). The substrate is 

cleaned immediately prior to growth by piranha etch solution, formed as a mixture of 3 

parts sulfuric acid and 1 part hydrogen peroxide (30%).  We also applied an O2 plasma 
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etch to some substrates, but found similar results to those for the unprocessed substrates. 

During heat-up of the furnace, optimization of the distance between the crucibles allows 

us to reach approximately 880K (as measured by a type-K thermocouple at the outer 

surface of the process tube) at the location of the MoO3 crucible at the same time as the 

sulfur in its crucible melts and forms a flat, uniform liquid surface.  We find that the 

duration that the substrate is exposed to vapor from the liquid sulfur is crucial in 

determining the structures that we grow. We achieved the results shown here by waiting 

for 3 minutes after the sulfur melts. Subsequently, all power to the furnace is switched off 

and it is left to cool, while continuing the N2 flow. Thus, no temperature control of the 

furnace is required.  Fig. 1(a) shows the temperature transient.  

Results 

The monolayer MoS2 covered areas are found to be uniform in their spectroscopic 

properties. In this manuscript we provide photoluminescence, Raman spectroscopy, low 

energy electron diffraction & microscopy, x-ray photoelectron spectroscopy, and 

transport measurements to validate the quality of our films.  

After deposition, the substrates display elongated areas hundreds of microns long 

and ≈100 microns across (Fig. 1(b)) that are homogenously covered by a MoS2 

monolayer film. At its edge, the film consists only of isolated islands, mostly triangular in 

shape (Fig. 1(c)), which exhibit spectroscopic and morphological characteristics identical 

to those of the film (vide infra). Other regions of the substrate are covered by triangular 

multilayer MoS2 islands, not shown in the Figures, or no deposited material at all. We 
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also find thicker MoS2 films predominantly surrounding areas with substrate point 

defects. The resultant film is stable in air for weeks. Atomic force microscopy (AFM) 

shows that the film and the islands at its edge are homogeneous in height; no steps 

between different height areas are found with exception of a small number of isolated 

irregular pits. No dislocation lines or 2D grain boundaries are resolved by AFM. The 

triangular shape of many of the islands at the perimeter of the film indicates that these are 

single-domain crystals suggesting that the continuous films have grains of comparable 

size, i.e., up to 10 μm. 

Low energy electron diffraction (LEED) on the film shows a hexagonal pattern 

commensurate with the lattice vectors of MoS2. Depending on the sample location, the 

orientation of the LEED pattern rotates. Using a low energy electron microscopy (LEEM) 

apparatus, we used the (0010) LEED spot at different rotational angles to image our film. 

Fig. 2(a),(b) shows two such images obtained for ~10° rotation (our acceptance angle was 

about ± 5° each time). Areas in the film have a different brightness in the LEEM image 

depending on how angularly aligned the film’s (0010) LEED spot is with the acceptance 

angle. This provides direct evidence of the domain cyrstallinity, orientation and size. 

Most domains are 3-5 microns across. 

Selected area x-ray photoelectron spectroscopy (XPS) measurements of the film 

using a Mg K-α source and a VG Scienta R3000 analyzer (Fig. 3) show the sulfur 2s and 

molybdenum 3d 3/2 and 5/2 peaks at 226.1, 228.8, and 232.0 eV, respectively.  These 

values are compatible with charge states of S
2-

 and Mo
4+

. Referencing the spectrum to the 



13 
 

silicon peaks of the substrate, we find peak positions in good agreement to those 

previously reported for bulk MoS2 [48]. Although some areas of  the sample exhibited  

peaks/shoulders corresponding to a higher oxidation state of molybdenum (Mo
6+

, 

indicative of MoO3) as shown in [11], these features were absent in the region of the 

continuous film area and the monolayer islands. These measurements confirm that the 

films we produce are comprised of pure MoS2. 

For Raman spectroscopy (Fig. 4(a)), we used a 532-nm cw laser with a power of 

0.1 mW in a spot size of ≈1 micron. The spectrum shows the E2g and A1g peaks of MoS2 

at 384 and 405 cm
-1

 and the silicon substrate peak at 520 cm
-1

. The separation of the E2g 

and A1g peaks can be used to identify the MoS2 film thickness. We find a value of 21.5 

cm
-1

  that is in good agreement with prior measurements on CVD-grown MoS2 [11, 19, 

47, 49] and lies between the values observed for monolayers and bilayers of exfoliated 

MoS2 [50]. The Raman peak position and separation is uniform across our film areas. 

Mapping the sample in a 1 micron grid, we observe variations ≤0.3 cm
-1

 over an area 

>100 microns across (inset in Fig. 4(a)); the islands at the edge of the film area show a 

Raman signal identical to the center of the film, suggesting that their structure and 

composition is not different from that of the extended film.  

Photoluminescence measurements (Fig. 4(b)) were performed with the same laser 

excitation source and conditions as for Raman spectroscopy. We find a single emission 

peak at a photon energy of 1.87 eV. This peak corresponds to the direct-gap transition of 

monolayer MoS2 [51, 52]. The photoluminescence yield was about twice as high as what 
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we find for MoS2 monolayers exfoliated on SiO2.  The continuous film and the area 

consisting of individual islands show the same photoluminescence characteristics. 

We measured the I-V characteristics (Fig. 5) in a 4-point probe setup across a 2 

micron gap as a function of a gate voltage applied to the silicon substrate. The results 

reveal an n-doped material, which is typical for both exfoliated and deposited MoS2 films 

[19, 33-37, 53]. We speculate that this behavior is caused by sulfur vacancies in the film 

and that further optimization of the growth process can reduce it. Application of gate 

voltages up to -100 V (for a nominal oxide thickness of 300 nm) was insufficient to 

render the device ambipolar. We measured a room-temperature mobility of 0.26 cm
2
 V

-1
 

s
-1

, comparable to results of many previous measurements of similar MoS2 samples [19, 

33-35]. 

In summary, we have shown the possibility of growing large-area continuous 

MoS2 monolayer films using a simple solid-source deposition scheme, without the need 

for temperature control. The resultant films show exclusive monolayer behavior and 

excellent uniformity in their photoluminescence and Raman signals.  
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Figures 

  

Fig. 1: (a) Approximate temperature transient during MoS2 growth.  (b) Optical microscope 

image taken with neutral color balance filter of the MoS2 film (light green) on the substrate. The 

N2 flow direction is indicated by an arrow. The circle feature is an area of multilayer MoS2 (c) At 

its edge, the MoS2 film transitions into an array of individual MoS2 islands of mostly triangular 

form. (d) AFM imaging shows the continuous film to have a small number of irregularly shaped 

pits. No domain boundaries in the continuous film were resolved by AFM.  

 

  

Fig. 2: (a),(b) spatial distribution of intensity from the MoS2 (0010) diffraction spot at two 

angular orientations ~10° apart. MoS2 monolayer domains appear at different brightness 

depending on their angular alignment with our LEED acceptance angle. Image size: 18×28 

microns. 

a) b)
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Fig. 3: X-ray photoelectron spectra of the Mo 3d and S 2s peaks from the MoS2 films on a 

SiO2/Si substrate.  

 

 

 

Fig. 4: (a) Raman spectra of the continuous MoS2 film and region with island structures. Two 

characteristic peaks are located at Raman shifts of 384.3 and 405.2 cm
-1

, corresponding 

respectively to the MoS2 E
1

2g and A1g vibrational modes. The inset shows mapping of the 

frequency difference between the E
1

2g and A1g modes, which is indicative of the layer thickness. 

The variation of ≤ 0.2 cm 
-1

 is indicative of the high uniformity of the film. (b) 

Photoluminescence spectra of the MoS2 film for the continuous film (red) and for a triangular 

island at the film’s edge (blue). Both spectra exhibit a single peak at 1.87 eV. The inset shows 

mapping data from a continuous film (left) to an area covered partly by islands (right). 
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Fig. 5: Current-Voltage (I-V) measurements in a 4-probe setup across a 2 micron gap at the edge 

of our monolayer MoS2 film as a function of gate voltage, (Vg). The conductivity increases with 

positive gate voltages, indicating n-type material.   
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Chapter 2  

Controlled argon beam-induced 

desulfurization of monolayer 

molybdenum disulfide 

The following is taken from an article published in the Journal of Physics: Condensed 

Matter [54] and is presented here with permission from IOP Publishing. This 

collaborative work was done by me and the following students and collaborators. 

Quan Ma
1
, Patrick M Odenthal

1
, John Mann

1
, Duy Le

2
, Chen S Wang

1
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1
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Chen
1
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1,3
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1
, Tai Tran

1
, Michelle Wurch

1
, Jessica L McKinley

1
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JonathanWyrick
1
, KatieMarie Magnone

1
, Tony F Heinz

3
, Talat S Rahman

2
, Roland Kawakami

1
, 

and Ludwig Bartels
1
 

 

1. 1 Chemistry, Physics, and Materials Science and Engineering, University of California, 

Riverside, CA 92521, USA 

 

2. 2 Department of Physics, University of Central Florida, Orlando, FL 32816, USA 

 

3. 3 Departments of Physics and Electrical Engineering, Columbia University, New York, 

NY 10027, USA 

 

 

Introduction 

Like graphene, single-layer MoS2 is stable in air for extended periods of time. In 

carbon-based materials, such as nanotubes and graphene, this high stability, while 

attractive for many purposes, has proven a challenge for other needs. Intense processing 

is required, for example, to bond covalently to these materials, to render them soluble, 
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and to alter their electronic properties, such as by hydrogenation or partial oxidation of 

graphene. For MoS2, the inertness of the basal plane calls for interventions to facilitate 

chemical reactions. In this regard, theoretical studies indicate that sulfur vacancies are 

reactive. [55, 56] In this paper we show that sputtering with low-energy Ar
+
 ions can 

transform single-layer MoS2 all the way to MoS1.5, while in situ x-ray photoelectron 

spectroscopy (XPS) reveals substantially unchanged Mo 3d states. In situ monitoring of 

the photoluminescence (PL) allows us to gauge the impact of the sputter-induced 

defects/vacancies on the exciton dynamics; in the temperature regime between 175 and 

300 K we find a decay of PL yield that decreases at ~7.0 +/-0.5 times the rate of sulfur 

removal. 

Materials and Methods 

Our measurements were performed on films and isolated islands of single-layer 

MoS2 grown on a SiO2 substrate from MoO3 and elemental sulfur, as described elsewhere 

[46]. Fig. 6(a) shows an optical microscopy image of a representative area of a MoS2 film 

used in this study. Fig. 6(b) is a schematic representation of the structure of single-layer 

MoS2, which consists of hexagonal top and bottom layers of sulfur surrounding a 

molybdenum layer. The samples were characterized in air prior to our experiments using 

Raman and PL spectroscopy. The right portion of the image in Fig. 6(a) shows a 

continuous film of monolayer thickness, while the left area consists of single-layer MoS2 

islands. Both regions exhibit the same PL peak at 1.87 eV, corresponding to the direct 
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band gap. Raman spectra reveal the E
1
2g and A1g modes, with a separation of 21 cm

-1
, as 

is typically seen in single-layer MoS2 films prepared by CVD [11, 12]. 

Once a sufficiently homogeneous area of the MoS2 film exhibiting exclusively 

single-layer Raman and PL characteristics had been identified, the sample was attached 

to a temperature-controlled manipulator in an ultra-high vacuum system. For subsequent 

studies of sputtering, the system was evacuated and baked to reach a base pressure of 

1x10
-9

 Torr. A Varian sputter gun operated at 500 V acceleration potential, 20 mA 

emission current, and 5 x 10
-6

–2 x 10
-5

 Torr partial pressure of Ar was used for 

generating Ar
+
 ions. The sputter beam had a diameter of 0.5 cm. For reference, we 

measured the sputter current induced by this beam on a copper surface as .6 and 2.2 µA, 

respectively, for the Ar pressures given above. In the following, I will assume this value 

as an approximation of the beam current. 

The XPS measurements were performed using excitation by Al Kα radiation with 

the emitted electrons detected by a Scienta R300 hemispheric analyzer equipped with a 

2D detector. The PL experiments employed a Spectra Physics Millennia laser operating 

at a wavelength of 532 nm, a spectrometer with 1200 lines mm
-1

 grating blazed at 750 

nm, and a liquid-nitrogen cooled Princeton Instruments SPEC-10 CCD detector. For in 

situ measurements a 50 mm focal length lens inside our UHV system was used to focus 

~100 mW of pump beam onto the sample surface with a spot of ~100 µm. This results in 

an intensity of approximately 10 µW µm
-2

, similar to that of typical microscope-based 
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Raman measurements [51]. We collected the resultant PL signal in the back-scattered 

direction using a dichroic mirror to separate the excitation beam from PL signal. 

Vacancy formation energy and thermal stability of the sputtered film was 

evaluated using the Vienna ab initio simulation package (VASP) [57, 58] to perform 

density functional theory (DFT) simulations. We employed projectoraugmented wave 

(PAW) [59, 60] and plane-wave basis set methods. We used the Perdew–Burke–

Ernzerhof of functional (PBE) [60] to describe exchange correlation interactions and 

adopted a cut-off for plane- wave expansion at 500 eV. The conjugate-gradient algorithm 

[59] was employed for structural relaxation and to optimize lateral atomic coordinates by 

minimizing the in-plane components of the stress tensor; relaxation was allowed with 

periodic boundary conditions until all components of the force reached a value below 

0.01 eV Å
-1

. Given the large number of atoms in the computational supercell (up to 192), 

we found sampling of the Brillouin zone with one k-point to be adequate for evaluation of 

the total energy. Ab initio molecular dynamic (MD) simulations utilized the Nosé 

algorithm [61] for setting the system temperature and a 3 fs time step. To minimize the 

computational cost, the cut-off for plan-wave expansion was reduced to 300 eV and the 

simulations ran for a total time of 12 ps. 

Our measurements involved cycles of sputtering at room temperature, in situ 

acquisition of XPS spectra of the Mo 3d, the S 2p, and the Si 2s levels, as well as in situ 

PL measurement at variable temperature. To avoid sample degradation, all experiments 

were conducted in immediate succession to one another, with the sample maintained in 
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ultra-high vacuum. Figs. 7(a)–(c) displays the evolution of XPS spectra during sputtering 

at 2 x10
-5

 Torr Ar pressure, corresponding to a net sputter current of 2.2 µA. Fig. 7(a) 

shows representative spectra of the Mo 3d 3/2 and 5/2 peaks for increasing sputter times. 

The sulfur 2s peak is also visible on the low-energy side of the Mo-derived features. We 

observe no appreciable reduction in Mo 3d intensity. Further, the shape of the Mo 3d 3/2 

and 5/2 doublet remains essentially unchanged, as is best seen in the energy-aligned 

superposition below the individual spectra in Figs. 7(a) and (b). In order to account for 

potential charging of the MoS2 sample on the thick oxide layer, we treat the Si 2p peak 

(Fig. 7(c)) as a standard and reference all other states to it. Fig. 7(d) shows the evolution 

of the Mo 3d intensity as a function of sputter time.  

Results 

The sulfur signal (Fig. 7(b)), in contrast to the Mo 3d feature, exhibits a 

significant reduction in strength from sputtering, with little change of the overall peak 

shape. Fig. 7(d) shows that the total sulfur content, normalized to 2 for the unsputtered 

film to account for the different XPS yields of the Mo and S states, decreases with sputter 

time. Within the duration of this experiment, we observe a reduction of the sulfur content 

of the film by 25%, or 50% of the top sulfur layer in the MoS2 structure (Fig. 6(b)). This 

corresponds to an average sputter yield of 0.03 per Ar
+
 ion. A first-order approximation 

of the sulfur signal decay (red line in Fig. 7(d)) corresponds to an exponential fit with a 

rate constant of 1.6 x 10
-3

 1 s
-1

 or 1.4 x 10
-4

 cm
2
 C

-1
. 
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  We ascribe the selectivity to sulfur removal to the close mass match between the 

Ar
+
 ions and the sulfur atoms, as well as to the low Ar

+
 energy; 3 keV Ar

+
 ions are 

incapable of removing Mo completely from our substrates. The silicon peak (Fig. 7(c)) 

serves as an internal reference and is not significantly affected by sputtering or exposure 

to air. 

Apart from a shift to lower binding energy, likely arising from charging of the 

sputtered MoS2 film with respect to the underlying SiO2 layer, we observe little change of 

the peak shape of the Mo- and S-derived features (lower part of Figs. 7(a) and (b)). The 

latter suggests that despite sputtering, the MoS2 film retains its homogeneity and its 

overall MoS2 structure; we speculate that this is achieved by the presence of an 

unperturbed bottom sulfur layer that retains the structure of the Mo layer rigid, despite 

the absence of some of the top-layer sulfur atoms. We further support this argument in 

the following paragraphs. 

  Prior to processing, the sulfur and the molybdenum coverage of the samples 

correlate with one another. There is neither a significant quantity of sulfur in the absence 

of molybdenum nor is there appreciable incorporation of sulfur into the substrate surface 

during preparation. We reach these conclusions by aligning the sample so that the 

spatially resolved axis of our 2D detector lies along the horizontal of Fig. 6(a), i.e., by 

detecting the XPS yield from sample areas covered by a thick MoS2 film on one side 

(where we find strong signal both for S and Mo), across an area with MoS2 islands 

(where we find reduced signals for both S and Mo), and ending at a sample area devoid 
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of MoS2 features on the other side (where we find neither significant Mo nor S signal). 

This observation indicates that the S/Mo ratio that we track in the XPS-sputter cycles can 

indeed be related to modification of the MoS2 monolayer and is not significantly affected 

by any other possible sulfur source in the surface region. The fact that the MoS2 film is 

the material being modified is further buttressed by the film’s dramatic change in stability 

after processing. XPS measurement on a sputtered film after exposure to air exhibit 

significantly broadening Mo 3d 3/2 and 5/2 peaks, as well as S 2p peaks (bottom of Fig. 

7(a) and (b)). We attribute this to extensive oxidation. After sputtering and air exposure, 

atomic force microscopy reveals degradation in film smoothness, and the film’s Raman 

response is significantly reduced. On the other hand, the original, unprocessed films are 

found to be stable in air.  

To confirm that a MoS2 film with a significant fraction of its top sulfur atoms 

removed is structurally stable in vacuum for the temperature range of our measurements 

(≤350 K), we performed DFT calculations on (6x6) and (8x8) MoS2 units supercells 

from which we removed a hexagon of 7 adjacent top-layer sulfur atoms (Fig. 6(d)). Such 

an arrangement allows us to examine the effect of creation of a relatively large vacancy 

cluster on the stability of the single-layer MoS2. Structural relaxation maintains the 

overall shape of the film and changes the original Mo–Mo bond length inside the S-

depleted region ≤5%. Allowing the film to evolve at 350 K over a 12 ps interval within 

ab initio MD leads to no structural change of the film, further supporting the stability of 

such a sulfur-depleted structure. We note that our calculations do not account for the 

support of the film structure through an underlying substrate and assume a comparatively 
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large region of depletion of the surface sulfur. Both of these effects generate higher strain 

than is likely present in the films under experimental conditions.  

To explore the impact of sputtering on the optical response of our films, we 

performed in situ PL measurements. Figs. 8(a) and (b) show PL spectra acquired at 

temperatures of 175 and 300 K. In both cases, we observe a clear PL signal prior to 

sputtering, which decays with sputter exposure. The inset of Figs. 8(a) and (b) shows the 

Mo 3d XPS spectra acquired at 300 K at each of the sputter times, which are virtually 

unchanged throughout the experiment. By comparison of their intensity to the sulfur XPS 

intensity (not shown), we obtain the amount of sulfur removed. In addition, we observe a 

well- known reduction of PL yield with increasing temperature [62]. 

We fitted each PL peak with a Gaussian curve and a constant background. Fig. 

8(c) shows the evolution of the Gaussian amplitude with sputter time. For purposes of 

comparison, we plot the relative evolution of the PL yield for each temperature as a 

function of the reduction in sulfur content of the film (Fig. 8(c)). 

The PL yield decreases as sulfur is removed. For 10% of sulfur depletion, the PL 

yield is reduced by almost 80%, i.e., an average decrease of ~(7.0 +/- 0.5) times the rate 

of decrease of the sulfur concentration. Note that in Fig. 8 and in our discussion the 

fraction of sulfur is referred to the overall sulfur content of the MoS2 monolayer 

structure. As sputtering is far more likely to remove sulfur in the top layer than in the 

bottom sulfur layer, the percentage values are twice as high if referred only to the top 
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sulfur layer. As seen in Fig. 8(c), the quenching behavior of the PL is largely unchanged 

over the temperature regime addressed in this study.  

The exciton dynamics underlying the quenching of the PL by sputtering is likely 

complicated. A rigorous treatment has to account for changes to the MoS2 band structure, 

absorbance, and charging, which is beyond the scope of this study. However, we note that 

good agreement with the data can be achieved if one assumes (a) that the MoS2 single- 

layer absorbance is not significantly changed by sputtering, (b) that quenching occurs 

whenever a photon is absorbed in a MoS2 unit cell that is perturbed, i.e., missing its top 

sulfur atom or missing lateral coordination due to a sulfur atom being removed from a 

directly adjacent unit cell, and (c) that in all other cases the PL yield is identical to the 

that of the unperturbed system. To obtain values for the PL quenching from these 

assumptions we have performed a simple simulation (dotted line in Fig. 8(c)). Using a 

MoS2 film of 200 x 200 unit cells, we randomly remove a varying fraction of the top- 

layer sulfur atoms and evaluate for 1000 arbitrarily chosen locations whether or not the 

unit cell is perturbed (as defined above). While this model provides agreement with the 

experiment, we note that a combination of less than unity quenching efficiency of defects 

and longer exciton diffusion lengths would yield similar overall behavior [12].  

In summary, we have shown that sputtering with a beam of low-energy argon ions 

provides a method for selective desulfurization of monolayer MoS2. The spectroscopic 

studies and DFT modeling suggest that the basic physical structure of the MoS2 remains 

largely intact as the sulfur is removed. Our findings suggest that low-energy argon 
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sputtering may have significant potential for the activation, functionalization, and 

modification of MoS2 layers. Although not studied systematically, the sharp increase in 

reactivity of the processed MoS2 monolayer is apparent from its rapid oxidation in air.  
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Figures

 

Figure 6: (a) Optical micrograph of the type of MoS2 films used in this study, with single-layer 

islands on the left and a continuous single-layer film on the right of the imaged area. The laser 

spot is 2 _m in size and was used for measurement of Raman spectra in air. (b) The structure of  

an ideal MoS2 monolayer film, consisting of a plane of Mo atoms surrounded by two planes of S 

atoms. (c) A representation of a possible structure of the film after sputter removal of 12.5% of its 

sulfur (25% of the top-layer sulfur atoms). (d) A compact 7-atom top-layer sulfur vacancy in the 

two computational supercells used in this work. These structures were found to be stable within 

our ab initio molecular dynamics simulation at 350 K. 

 

 

 
Figure 7: XPS spectra of (a) the Mo 3d 3=2 and 5=2 states, as well as the S 2s (weak features on 

the left), (b) the S 2p state, and (c) the Si 2p state. The spectra (from the top to the bottom) were 

acquired after increasing amounts of sputtering. To account for surface charging, the spectra at 

different sputter times were aligned so that the Si 2s peak remains at constant energy. The lower 

parts of (a) and (b) show spectra scaled and shifted for the best overlay of the peak shape, as well 

as the corresponding spectra after exposure to air. (d) The evolution during sputtering of the 

intensity of the Mo XPS signal referenced to the substrate Si peak and normalized to unity, and 

the S:Mo XPS ratio normalized to 2. While the Mo content is seen to remain essentially constant, 

the amount of sulfur decreases significantly during sputtering. 
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Figure 8: PL spectra of a MoS2 sample for increasing sputter time/sulfur depletion recorded at 

temperatures of (a) 175 K and (b) 300 K. The inset shows the corresponding Mo 3d 3/2 and 5/2 

XPS spectra, which remain virtually unchanged. At higher temperatures, a lower initial PL yield 

is observed; during sputter removal of sulfur the PL yield decreases at both temperatures. (c) The 

normalized intensity of the PL signal as a function of the percentage of total sulfur removed for 

different indicated temperatures. The dotted line (sim) corresponds to the model described in the 

text. 
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Chapter 4 

Synthesis of MoS2(1-x)Se2x Monolayers: 2-

Dimensional Transition Metal 

Dichalcogenides with Tunable Direct 

Band Gaps 
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Introduction 

The ability to tune the band gap, exciton energy and other electronic properties of 

a class of materials, as is possible for TMDS, in a continuous manner is of great 
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importance for many diverse applications. For example, tunable exciton energy allows 

for easy matching to common laser wavelengths.  Band-gap engineering is at the 

foundation of the use of III-V materials for optoelectronic applications. Without band gap 

engineering devices such as laser diodes would not be possible (or at least far less 

economical to achieve). The importance of band-gap engineering in TMDs is crucial for 

their potential use in photovoltaic/-catalytic applications, as the ability to tune the 

material to the correct spectrum or to particular donor/acceptor states in a system is vital 

in such applications. Moreover, the inherent 2D nature of this material, combined with 

the ability to laterally tune the band-gap, may lend itself to the development of new 

heterojunction device concepts. The recent development of a Mo1-xWxS2 single layer 

material[63] has been inspired by this objective. 

Materials and Methods 

For sample preparation, we use a tube furnace with a 2” quartz process tube and 

nitrogen as process gas. Like Lee et al.,[13] we employ MoO3 as a solid source of Mo 

and 300nm SiO2/Si substrates. Inside the process tube, the MoO3 powder is placed on a 

tray made from a Mo sheet and the substrate is suspended a few mm above this tray. 

Once the furnace reaches the deposition temperature, we use a syringe to inject a small 

quantity (<1 ml) of the sulfur/selenium precursor directly to the vicinity of the substrate 

in the process tube.  Following injection, the tube furnace is switched off and left to cool. 

At the same time we change the process gas from nitrogen to hydrogen. This reduces the 

formation of amorphous carbon on the TMD films. Sulfur-contamination of MoSe2 
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growth can occur from sulfur desorption from the Mo source/substrate holder, if it has 

been used in a prior growth in the presence of sulfur. For our MoS1.68Se0.32 sample we use 

a S:Se mole fraction of 0.7:1 reflecting the higher affinity of Mo for S than for Se.  

XPS measurements are performed using excitation by Al-K radiation with the 

emitted electrons analyzed by a Scienta R300 hemispheric analyzer. The variable 

temperature PL experiments employ a Coherent Verdi laser operating at a wavelength of 

532 nm, a spectrometer with 1200 lines/mm grating blazed at 750 nm, and a liquid-

nitrogen cooled Princeton Instruments SPEC-10 CCD detector. RT PL and Raman 

spectroscopy is performed on a Horiba LabRam Microscope using 10x/100x objectives 

for mapping of areas larger/smaller than 50 μm × 50 μm, respectively. 

DFT calculations use the Vienna Ab-initio Simulation Package (VASP)[64] 

employing the projector-augmented wave[65] and plane-wave basis set methods. The 

Perdew-Burke-Ernzerhof functional[60] describes the exchange correlation interactions.  

We generally choose supercells of (6×6) TMD units that are vertically separated by 15 Å 

of vacuum. The Brillouin zone sampling corresponds to a Γ-point for structural relaxation 

and (9 × 9 × 1) Γ-centered k-point mesh for post-processing tasks. For composition 

x=1/2, we employ a rectangular supercell containing 12 atoms, as it is not commensurate 

with a (6x6) supercell, with a (11 × 13 × 1) Γ-centered k-point mesh. We set the energy 

cutoff for the plane-wave expansion at 500 eV and relax the structures under optimization 

of the lateral dimensions of the supercell until all components of force are smaller than 
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0.01 eV/Å. Phonon dispersions are calculated using the density perturbation theory as 

implemented in Phonopy code.[66] 

Results 

Figs. 9(a) and 9(c) show optical images of  the grown MoS2 and MoSe2 films.  For 

MoS2 (Fig. 9(a)) the entire substrate, with the exception of the dark semicircular area at 

the bottom, is covered by a continuous single-layer film, as we validated by Raman 

spectroscopy and photoluminescence (PL) measurements. Fig. 9(b) presents PL spectra 

from arbitrarily chosen locations on the substrate. For MoSe2 and MoS2(1-x)Se2x, we 

typically find areas up to a few mm
2
 in size that exhibit homogeneous single-layer film.  

These regions are surrounded by areas without any growth on one side and multilayer 

growth on the other. A white ellipse in Fig. 9(c) indicates the area of single-layer MoSe2.  

The absence of significant variation in the PL signal across that region confirms its 

homogeneity. Optical microscopy on the single-layer MoS2, MoSe2 and MoS2(1-x)Se2x 

areas show a continuous featureless film. 

Fig. 10(a) shows room-temperature (RT) PL spectra of different compositions of 

MoS2(1-x)Se2x ranging from MoS2, with a PL emission peak  at 1.87 eV, to MoSe2, with a 

PL peak at 1.54 eV. The spectra were acquired using excitation at 532 nm and reveal 

reasonably sharp and bright PL features.  We obtain the chemical composition of the 

samples from the relative intensity of the S 2p and Se 3p features measured using X-ray 

photoelectron spectroscopy (XPS).  Our XPS analyzer has a spatial acceptance of 0.7 mm 
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× 0.5 mm. Because of uncertainty in the alignment of the XPS spot with the center of the 

homogeneous area, we estimate an uncertainty of Δx = ± 0.1 in the inferred composition 

of the MoS2(1-x)Se2x alloy. 

The variation of the optical gap with the composition of the MoS2(x-1)Se2x alloy 

monolayers is presented in Fig 10(b).  The results are based on the A exciton emission 

energy in our PL spectra like those in Fig. 10(a). We find a monotonic increase of the 

optical gap with the fraction of sulfur in the film.  

In order to understand the possible microstructure of our films, we perform density 

functional theory (DFT) calculations using supercells consisting of (6 × 6) TMD unit 

cells in a periodic arrangement (further details in the Methods section). For each sulfur-

to-selenium ratio, we set up supercells that place the sulfur and selenium atoms in 

different relative locations on both the top and bottom chalcogen plane, and find the 

arrangement with the lowest formation energy. Most of MoS2(1-x)Se2x structures are found 

to have a very slight negative formation energies (for x = 1/3, 1/2, and 2/3, the formation 

energies are the lowest at -6, -7, and -5 meV per MoS2(1-x)Se2x unit), indicating the 

preference of these structures over the segregation of MoS2 and MoSe2 even at zero 

temperature. This behavior has been analyzed in detail in an earlier study by Kang et al 

[67] Given the influence of entropy, the random alloys are expected to be highly stable at 

elevated temperatures. Phonon dispersions for the case x=1/3, 1/2, and 2/3 confirm that 

there is no unstable mode, indicating once again that the MoS2(1-x)Se2x structures are 

stable.  
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For each optimized structure, we calculate the electronic band structure. We find a 

direct band gap for all cases that scales with the S/Se ratio. Like prior DFT work,[67] our 

calculations underestimate the band gap (MoS2: 1.68 eV/1.55 eV, MoSe2: 1.45 eV/1.28 

eV excluding/including spin-orbit interactions). Upon rescaling to the experimental 

values of the pure TMD compounds, we obtain the black diamond symbols in Fig. 10(b), 

which follow the experimental trend relatively well. We tentatively attribute the deviation 

from experiment to the supercell method, which a priori can only address periodic 

systems, whereas the actual films likely exhibit random distributions of S and Se in each 

chalcogen plane. The supporting information section provides more detail on our 

theoretical results and methods. 

We obtained spatial maps of the optical band gap of samples of different 

composition: Fig. 11a shows PL spectra acquired on a 5 μm grid across a 20 μm × 20 μm 

area, which are nearly indistinguishable. Subtraction of a linear background and 

subsequent Gaussian fitting of such sets of spectra provides the spatial maps of the 

optical band gap energy in Fig. 11b. On the scale of the tunable range of the optical band 

gap, 320 meV, these variations are nearly indiscernible. Fig. 11(c) provides higher energy 

resolution and shows the variation of the optical band gap across a 70 μm × 70 μm area 

(top) and a 5 μm × 5 μm (bottom). We find a mean value of 1.713 eV and a variation of 

±2 meV for the larger scale, for which the excitation spot size was ~ 5 μm in diameter 

and ±5 meV for the smaller scale, commensurate with individual rotational domains of 

our film, for which the excitation spot size was ~ 0.5 μm. Based on the near-linear 

variation of the band gap with composition (Fig. 10(b)), this corresponds to a 
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compositional variation of <±1% on the mesoscale and ~± 3% between adjacent domains. 

The variations by ± 2 meV and ± 5 meV compare favorably to the total tuning range of 

320 meV and indicate large-scale homogeneity and the absence of significant segregation 

in our films.  

Temperature-dependent measurements of the PL on the MoS0.42Se1.58 film (orange 

curve in Fig. 10(a) exhibit a shift to increased band gap at lower temperatures (Fig. 

12(a)). Fig. 12(b) displays the measured variation of the optical band gap Eg with 

temperature.  The results can described using the semi-empirical formula of O’Donnell et 

al.[68]: 

Eg(T) = Eg(T=0) – S <ħω> [coth(<ħω>/2kBT)-1] 

The fit implies an optical band gap at zero temperature Eg(T=0) of 1.70 eV, an electron-

phonon-coupling parameter of S = 1.98, and an average acoustic phonon energy of <ħω> 

= 17.0 meV for MoS0.42Se1.58 . These values compare reasonably with the results for pure 

MoS2 (1.86 eV, 1.82 and 22.5 meV) and MoSe2 (1.64 eV, 1.93, 11.6 meV) reported by 

Tongay et al.[69]. 
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Figures 

 

Figure 9: (a), (c) Photographs of MoS2 and MoSe2 single-layer films on 300nm SiO2/Si 

substrates, respectively. A single-layer MoS2 film covers the entire substrate on the left except the 

dark area at the bottom. Homogeneous single-layer growth of MoSe2 is found in the circled area 

of the substrate. (b),(d) show room-temperature PL spectra obtained at random sites on the 

samples so as to highlight film homogeneity and single-layer character. 
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Figure 10. (a) Normalized RT PL spectra on MoS2(1-x)Se2x films of different composition. (b) 

Variation of the PL photon energy with composition as determined by XPS. The black diamond 

symbols indicate theoretical predictions of the band gap (after scaling to match the measured 

transition energies of the pure materials). 

  

Figure 11: (a) PL spectra obtained on a regular grid across a 20 μm × 20 μm area on a film with a 

PL value of 1.59eV. (b) Spatial maps of the optical band gap obtained by fitting spectra like in (a) 

with a Gaussian barely reveal any variation on the scale of the achievable band gap variation. 

From top to bottom, the samples have optical gaps of 1.59eV, 1.71eV and 1.79eV. (c) The spatial 

variation of the optical band gap across a 70 μm × 70 μm area (top) and a 5 μm × 5 μm area 

(bottom) using a spot size of 5 μm and 0.5 μm, respectively. On the larger scale the variation is ± 

2 meV; this corresponds to < ±1% of compositional variation. On the shorter scale, where 

individual crystalline domains are visible, the variation is ± 5 meV (~ ± 3 % compositional 

variation). 
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 Figure 12: (a) PL spectra for a MoS0.42Se1.58 film (orange in Fig. 2a) at different temperatures 

between 277 and 5K. All spectra are scaled to the same height. (b) The exciton emission energy 

(obtained from a Gaussian fit of the PL spectra) as a function of the temperature of the film. The 

fit curve is described in the text. 
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Appendix  

The appendix consists of figures showing Raman spectra, optical micrographs, and 

photoluminescence spectra from various synthesis attempts. Also included is a table of 

the various synthesis parameters for corresponding to each figure. 

Sample Substrate Reagent Holder Reagent Holder Max 

Temp 

°C 

Flow 

Gas 1 

Hold 

Time 

Min. 

Flow 

Gas 2 

Comments 

5 300 nm 

SiO2 on 

Si 

MoO3       

1 g 

Alumina S  

1.0 g 

Alumina 625 N2           

4 SCFH 

15  - S placed just 

outside furnace 

12 300 nm 

SiO2 on 

Si 

MoO3       

1 g 

Alumina S  

1.0 g 

Alumina 600 N2            

.25 

SCFH 

15  - S placed next to 

MoO3 

13 300 nm 

SiO2 on 

Si 

MoO3       

1 g 

Alumina S  

1.0 g 

Alumina 600 N2            

.25 

SCFH 

15  - S 2” from MoO3 

14 300 nm 

SiO2 on 

Si 

MoO3       

1 g 

Alumina S  

1.0 g 

Alumina 600 N2            

.25 

SCFH 

15  - S 2” from MoO3 

16 300 nm 

SiO2 on 

Si 

MoO3       

1 g 

Alumina S  

1.0 g 

Alumina 600 N2            

.25 

SCFH 

15  - S 1”from edge 

of furnace 

17 300 nm 

SiO2 on 

Si 

MoO3        

.838 g 

Alumina S    

 1.602 g 

Alumina 600 N2               

2 SCFH 

15  - S 1” from edge 

of furnace 

19 300 nm 

SiO2 on 

Si 

MoO3        

.7118 g 

Alumina S  

1.460 g 

Alumina 600 N2               

2 SCFH 

15  - Heated S to 600 

°C 

39 300 nm 

SiO2 on 

Si 

MoO3        

1.297 g 

Alumina S 

1.258 g 

Alumina 600 N2               

.4 

SCFH 

15  - Heated S to 300 

°C 

42 300 nm 

SiO2 on 

Si 

MoO3        

1.273 g 

Alumina S 

1.155 g 

Alumina 600 N2               

.5 

SCFH 

15  - S 1” from edge 

of furnace 

43 300 nm 

SiO2 on 

Si 

MoO3        

2.4923 g 

Alumina S 

2.009 g 

Alumina 600 N2               

.5 

SCFH 

15  - S 1” from edge 

of furnace 

44 300 nm 

SiO2 on 

Si 

MoO3        

1.095 g 

Alumina S         

1.049 g 

Alumina 600 N2               

.5 

SCFH 

15 - S 1” from edge 

of furnace 

59 Glass MoO3        

.500  g 

Mo/Mo 

Mesh 

45 

degree 

S 

.695 g 

Alumina 600 N2               

.5 

SCFH 

10  - 2 glass 

substrates used 

on 2 mesh 

holders 

65 80 nm 

SiO2 on 

Si 

Used 

MoO3  

Slurry 

Mo/Mo 

Mesh 

45 

degree 

S 

.8627 g 

 

Alumina 650 N2               

.5 

SCFH 

33 

 

- Slurry was a mix 

of DI water and 

MoO3 

68 80 nm 

SiO2 on 

Si 

MoO3 Mo/Mo 

Mesh 

45 

degree 

Thiophenol 

1 mL 

- 650 N2               

.5 

SCFH 

1 

 

- Injected 

Thiolphenol at 

650 °C  

86 Quartz MoO3 

1 g 

Alumina S 

1 g 

 

Alumina 600 N2               

.5 

SCFH 

15  - Used one quartz 

and one Si 

substrate. Only 

quartz is shown 

159 300 nm 

SiO2 on 

Si 

MoO3 

.648 g 

Alumina S 

.746 g 

Alumina 600 N2               

.5 

SCFH 

15 

 

- Good example 

of oxisulfide. 

167 300 nm 

SiO2 on 

Si 

MoO3 

.685 g 

Alumina S 

.749 g 

Alumina 600 N2               

.5 

SCFH 

30 

 

- Used .354 g 

NH4NO3 Shape 

is indicative of a 

dirty substrate. 
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184 300 nm 

SiO2 on 

Si 

MoO3 

.721 g 

Alumina S 

.709 g 

Alumina 600 N2               

.5 

SCFH 

31 -  

189 300 nm 

SiO2 on 

Si 

MoO3 

.691 g 

Alumina S 

.609 g 

Alumina 600 N2               

.5 

SCFH 

73 - Oxisulfide 

crystals are 

visible on the 

MoS2 islands. 

190 300 nm 

SiO2 on 

Si 

MoO3 

.439 g 

Mo Thiophenol 

1 mL 

 

- 

 

655 N2               

.5 

SCFH 

1 H2               

.5 

SCFH 

Hydrogen added 

to reduce 

Carbon 

195 300 nm 

SiO2 on 

Si 

MoO3 

.722 g 

Alumina S 

.809 g 

Alumina 600 N2               

.5 

SCFH 

5 - Domains visible 

due to thicker 

growth around 

edges of 

domains 

224 300 nm 

SiO2 on 

Si 

MoO3 

.114 g 

Mo Diphenoldiselenide 

Tetrahydrofuran 

.4 mL 

- 700 N2               

.5 

SCFH 

5 H2               

.5 

SCFH 

 

238 300 nm 

SiO2 on 

Si 

MoO3 

1.006 g 

Alumina S 

.328 g 

Alumina 700 N2               

.5 

SCFH 

15 -  

239 300 nm 

SiO2 on 

Si 

WO3 

.229 g 

Alumina S 

.402 g 

Alumina 950 N2               

.5 

SCFH 

30 - Despite using 

Wo3, MoS2 was 

still formed from 

MoO3 

contamination  

242 300 nm 

SiO2 on 

Si 

MoO3 

.627 g 

Alumina S 

.503 g 

Alumina 700 N2               

.5 

SCFH 

- -  

246 300 nm 

SiO2 on 

Si 

MoO3 

.417 g 

Alumina S 

.479 g 

Alumina - - - -  

250 Glass MoO3 

.367 

Alumina S 

.506 g 

Alumina 700 N2               

.5 

SCFH 

5 - MoS2 on 

Graphene 

261 300 nm 

SiO2 on 

Si 

MoO3 

.286 

Alumina S 

.553 g 

Alumina 700 N2               

.2 

SCFH 

10 - Clearest 

example of  the 

transition of 

MoO3 to MoS2 

265 300 nm 

SiO2 on 

Si 

MoO3 

.247 

Mo Diphenoldiselenide 

Tetrahydrofuran 

1 mL 

- 700 N2               

.5 

SCFH 

20 H2               

.5 

SCFH 

Clearest 

example of 

MoSe2 islands 

271 300 nm 

SiO2 on 

Si 

MoO3 

.55 

Alumina S 

.697 g 

Alumina 700 N2               

.5 

SCFH 

10 - Shows large 

range of PL due 

to strain 

309 300 nm 

SiO2 on 

Si 

MoO3 

.156 g 

Mo Diphenoldiselenide 

Tetrahydrofuran 

1 mL 

Thiophenol 

.1 mL 

- 770 N2               

1.5 

SCFH 

10 H2               

.5 

SCFH 

Tube preheated 

to 400 °C, 

Example of 

MoSeS islands 

315 300 nm 

SiO2 on 

Si 

MoO3 

.242 g 

Mo Diphenoldiselenide 

Tetrahydrofuran 

1 mL  

Thiophenol .05 mL 

- 620 N2               

.5 

SCFH 

10 H2               

.5 

SCFH 

Heated to 400 C 

before purge. 

Cooled to 500 C. 

Switched to H2 

at 3 SCFH and 

held for 30 min. 

Switched to N2 

and powered off 

furnace. 

319 Bare Si MoO3 

.376 g 

Alumina S 

.221 g 

Alumina 700 N2               

.5 

SCFH 

20 -  
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Figure 13: Optical micrograph (70 x 60 µm) of rectangular crystals and a Raman spectrum of a 

crystal. These rectangular structures are molybdenum oxisulfides and are indicative of too little 

sulfur during the synthesis process. Sample 5 

 

Figure 14 Optical micrograph (70 x 60 µm) of many layer irregularly multilayer shaped MoS2 

crystals and the corresponding Raman spectrum.  The Si peak at 520 cm
-1

 is lower than the MoS2 

Raman peak at 404 cm
-1

 this is a clear indication that this is not few layer MoS2 Sample 12 
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Figure 15: Optical micrograph (70 x 60 µm) of single layer triangular island (pinkish colored 

triangles) and various multilayer MoS2 crystals (brighter features) and the corresponding Raman 

spectrum of the single layer triangle. Sample 13 

 

 

Figure 16: Optical micrograph (70 x 60 µm) of single layer triangular islands coalescing into a 

film and the corresponding Raman spectrum of a monolayer area of the film. Thicker multilayer 

areas are visible (bright spots and darker pink color). On the right (700 x 600 µm) is a larger scale 

micrograph of the same area. Sample 14 
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Figure 17: Optical micrograph (70 x 60 µm) of multi and single layer triangular islands not quite 

coalescing into a film and the corresponding Raman spectrum of a triangle. On the right (700 x 

600 µm) is a larger scale micrograph of the same area. Sample 16 

 

 

 

Figure 18: Optical micrograph (70 x 60 µm) of multilayer triangles and the corresponding 

Raman spectrum of a triangle. On the right (700 x 600 µm) is a larger scale micrograph of the 

same area. The visible stripe is due to handling the sample. Sample 17 
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Figure 19: Optical micrograph (70 x 60 µm) of multilayer MoS2 circular islands and the 

corresponding Raman spectrum. The black around the circles is MoO3. On the right (700 x 600 

µm) is a larger scale micrograph of the same area. Sample 19 

 

 

Figure 20: Optical micrograph (70 x 60 µm) of multilayer MoS2 islands with and the 

corresponding Raman spectrum. Sample 39 
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- 

Figure 21: Optical micrograph (70 x 60 µm) of single layer triangular island with bilayer (and 

thicker) nucleation centers and the corresponding Raman spectra of a monolayer area (blue) and 

the bilayer area (red). On the right (700 x 600 µm) is a larger scale micrograph of the same area. 

Sample 42 

 
Figure 22: Optical micrograph (70 x 60 µm) of single layer MoS2 film and the corresponding 

Raman spectrum. This film has many holes that are visible as discolorations. On the right (700 x 

600 µm) is a larger scale micrograph of the same area. Sample 43 
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Figure 23: Optical micrograph (70 x 60 µm) of single layer triangular islands coalescing into a 

film and the corresponding Raman spectrum of a triangle. On the right (700 x 600 µm) is a larger 

scale micrograph of the same area. Sample 44 

 
Figure 24: Optical micrograph (70 x 60 µm) of single layer and multiple layer triangular islands 

on a glass substrate and the corresponding Raman spectrum of a multilayer triangle. Sample 59 
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Figure 25: Optical micrograph (70 x60 µm) of a single layer film with and the corresponding 

Raman spectrum. There are clear multilayer structures imbedded in this film. On the right (700 

x600 µm) is a larger scale micrograph of the same area. Sample 65 

 

 
Figure 26: Optical micrograph (70 x 60 µm) of single layer islands with bilayer edges and the 

corresponding Raman spectrum. The change in color and morphology is due to a layer a thin 

carbon layer due to the use of thiophenol as the sulfur source. On the right (700 x 600 µm) is a 

larger scale micrograph of the same area. Sample 68 
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Figure 27: Optical micrograph (70 x 60 µm) of single layer and multiple layer MoS2 triangular 

islands and the corresponding Raman spectra of a single layer (red) and multilayer (blue) triangle 

on a quartz substrate. Sample 86-1 

 
Figure 28: Optical micrograph (70 x 60 µm) of single layer triangular grown on 80 nm SiO2 and 

the corresponding Raman spectrum of a triangle. Around the edges of the islands thicker spots are 

visible. When samples similar to this coalesce into a film it is possible to see the domain 

boundries optically. Sample 155 
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 Figure 29: Optical micrograph (70 x 60 µm) of an area with MoO3, MoO2, molybdenum 

oxisulfide rectangular domains and the corresponding Raman spectrum of an oxisulfide area. 

Sample 159 

 

 

 

 

Figure 30: Optical micrograph (70 x 60 µm) of single layer star shaped MoS2 and the 

corresponding Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph of the 

same area and the corresponding PL. Sample 167 
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Figure 31: Optical micrograph (70 x 60 µm) of single layer and bilayer MoS2 and the 

corresponding Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph of the 

same area and the corresponding PL. Sample 184 M 

 

 

Figure 32: Optical micrograph (70 x 60 µm) of single layer MoS2 and the corresponding PL 

spectrum. Also visible in this micrograph are molybdenum oxisulfide rectangular domains 

indicating this growth was sulfur deprived. Sample 189 
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Figure 33: Optical micrograph (70 x 60 µm) of multilayer MoS2 and the corresponding Raman 

spectrum. The large peaks at 1200 cm
-1

 and 1600 cm
-1

 is due to amorphous carbon. Sample 190 

 

 

  
 

Figure 34: Optical micrograph (70 x 60 µm) of single layer MoS2 and the corresponding Raman 

and PL spectra. The domains are visible due to thicker growths on the edge of the domains. 

Sample 195 
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Figure 35: Optical micrograph (70 x 60 µm) of single layer film of MoSe2 and the corresponding 

Raman and PL spectra. On the right (700 x 600 µm) is a larger scale micrograph of the same area 

and the corresponding PL. Sample 224 

 

 

  

Figure 36: Optical micrograph (70 x 60 µm) of single layer film of MoS2. On the right (700 x 

600 µm) is a larger scale micrograph of the same area and the corresponding PL. The 

heterogeneous nature of the elemental sulfur method is very apparent in this sample. Sample 238 

M 
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Figure 37: Optical micrograph (70 x 60 µm) of an atypical multilayer MoS2 structure. On the 

right (700 x 600 µm) is a larger scale micrograph of the same area and the corresponding PL. 

Sample 239 

 

  

Figure 38: Optical micrograph (70 x 60 µm) of an irregularly shaped monolayer MoS2 structure 

and the corresponding Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph 

of the same area and the corresponding PL spectrum. Sample 242 



60 
 

  

Figure 39: Optical micrograph (70 x 60 µm) of large area monolayer MoS2 film structure and the 

corresponding Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph of the 

same area and the corresponding PL spectrum. Sample 246 

  

Figure 40: Optical micrograph (70 x 60 µm) of monolayer MoS2 islands and film grown on 

graphene on a glass substrate. The top inset is the PL spectrum of a MoS2 island. The left inset 

shows the Raman spectrum of corresponding to MoS2 and the right inset shows the Raman 

spectrum corresponding to graphene. Sample 250 
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Figure 41: Optical micrograph (70 x 60 µm) of monolayer MoS2 forming from oxisulfide 

structures and the corresponding Raman spectrum. The domains are visible on this film. On the 

right (700 x 600 µm) is a larger scale micrograph of the same area and the corresponding PL 

spectrum. Sample 261 

  

Figure 42: Optical micrograph (70 x 60 µm) of monolayer MoSe2 islands and the corresponding 

Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph of the same area and 

the corresponding PL spectrum. Sample 265 
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Figure 43: Optical micrograph (700 x 600 µm) of monolayer MoS2 film around 300 µm wide. 

The PL spectra shown are taken at various places across the film showing a strong variation, 

likely due to strain on the film. Sample 271E 

  

Figure 44: Optical micrograph (700 x 600 µm) of monolayer MoS2(1-x)Se2x islands and the 

corresponding Raman spectrum. Notice the peaks similar to MoS2 peaks, but slight further apart, 

and the addition of two additional peaks below 300 nm. On the right (700 x 600 µm) is a larger 

scale micrograph of the same area and the corresponding PL spectrum. The PL peak corresponds 

to an optical band gap around 1.79 eV. Sample 309 
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Figure 45: AFM image of S-Se alloyed island. This is the first sample scrolling or folding 

occurred, likely due to AFM tip manipulation in tapping mode. Sample 315 

  

 

Figure 46: Optical micrograph (70 x 60 µm) of molybdenum oxisulfide rods and the 

corresponding Raman spectrum. On the right (700 x 600 µm) is a larger scale micrograph of the 

same. Sample 319 

 




