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ABSTRACT 

Two-dimensional (2D) molybdenum disulfide (MoS2) is a highly promising material for various 
2D and quantum-enabled applications due to its excellent electrical and optical properties such 
as mobility of 200 – 700 cm2V-1S-1, fast on/off switch ratio of 107, and high photoresponsivity of 
7.5 mA/W under low illumination power (80 µW). Thus, a large-scale high-quality material is 
needed for the next technological breakthrough. In this report, we show a Low-Pressure 
Chemical Vapor Deposition (LPCVD) of MoS2 crystals on silicon substrates. A systematic 
optimization of the growth parameters, including precursor powders quantity, temperature, 
pressure, the relative positions of the precursors’ components, and the substrate orientation 
resulted in control of MoS2 crystal thickness. The presented work provides the basis not only for 
developing a large-scale MoS2 films but it can also be applied to synthesize other transition 
metal dichalcogenide materials and their heterostructures. 

1. INTRODUCTION

a) Application of MoS2

Molybdenum disulfide (MoS2), a semiconducting transition metal dichalcogenide (TMD), 
is a highly explored material due to its unique electronic and optical properties. In the bulk 
structure, MoS2 crystal is an indirect bandgap semiconductor with bandgap energy (Eg) of 1.2 
eV1, while monolayer, two-dimensional (2D) MoS2 crystal is a direct bandgap semiconductor 
with a bandgap of 1.8 eV2. In a monolayer MoS2 structure, molybdenum (Mo) and sulfur (S) 
atoms are covalently bonded. They are arranged in a zigzag like geometry in an S-Mo-S unit, 
as seen in Figure 1a. In a layered structure, the distance between two planes of MoS2 is 0.653 
nm and is stabilized by van der Waals interaction between the S atoms3. Due to the unique 
bandgap transition observed from bulk to nanoscale, two-dimensional MoS2 films have 
demonstrated unique electrical properties such as mobility of 200 - 700 cm2V-1S-1 and high 
current on/off ratio 105 – 107 4–6. Additionally, as the indirect-direct bandgap transition is 
induced by a strong quantum confinement effect, monolayer to few-layers MoS2 films 
exhibit strong photoluminescence properties with high quantum yield, including single-
photon emission7 making it a highly promising material for applications in photonic, 
optoelectronic, sensors, and photodetectors8–15. 

______________
Manuscript approved November 23, 2020.
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Figure 1. Crystal structure of two-dimensional MoS2. (a) shows the Mo and S atomic planes of 
two-layer MoS2 as well as the distance between two MoS2 layers while (b) shows two Raman 
active, in-plane (E12g) and out of the plane (A1g) intralayer modes. It was reproduced without 
permission from Li16. 

MoS2 films have become increasingly important in the production of van der Waals 
heterostructures in which different classes of 2D materials are brought together to develop hybrid 
systems with unique material properties16. For instance, while MoS2 has shown to have outstanding 
current switching properties, its relatively lower mobility (compared to graphene) prevents the 
fabrication of MoS2 exclusive electrodes and devices. However, when MoS2 is combined with 
high mobility material such as graphene, a new device based on both materials is now possible. 
As such, to advance two-dimensional enabled MoS2-hybrid applications, a reliable synthesis 
methodology for MoS2 films must be first developed, and it is the focus of this report. The 
following sections will discuss the advantages and limitations of various MoS2 synthesis 
approaches.  

b) MoS2 synthesis methods

The two main approaches for synthesizing two-dimensional MoS2 crystals and films are (1) 
top-down such as exfoliation, and (2) bottom-up approaches such as molecular beam epitaxy 
(MBE) and chemical vapor deposition (CVD). The exfoliation methods include mechanical and 
chemical processes to remove thin MoS2 flakes or crystals from a bulk crystal. Similar to the 
“Scotch tape method” utilized in graphene synthesis17, larger MoS2 crystals are mechanically 
cleaved to produce high quality, monolayer films or flakes18. However, this method is not suitable 
for device or industry scale applications because of its low yield, small micrometer-scale size, and 
difficulties in layer control. Chemical exfoliation, on the other hand, utilizes intercalation, i.e., 
insertion of atoms into layered structures, to exfoliate nanosheets from bulk MoS2 crystals19. For 
instance, in lithium intercalation, lithium ions are inserted into MoS2 crystals results in the 
exfoliation of MoS220. However, the materials produced by this method have metallic impurities 
limiting its device potential. Another chemical exfoliation approach is via the Coleman method21. 
In this method, a bulk MoS2 crystal is suspended in an organic solvent then sonicated to achieve a 
layered structure. By controlling the sonication parameters, flakes of various layers are achieved. 
This method produces a higher yield than the mechanical exfoliation. However, the sonication 
often causes defects to the 2D lattice and reduces the flake size (a few thousand nanometers), 
limiting its usage in the device applications16. 
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The “Bottom-up” synthesis approach of the molecular beam epitaxy is an advanced 
technique for growing thin-film layers of MoS2 crystals directly on the substrate. In MBE synthesis, 
molybdenum and sulfur precursors are evaporated under high vacuum and deposited onto a target 
substrate. The growth and expansion of thin-film are divided into two main processes22: (1) 
Formation of scattered domains and (2) Expansion and stitching of domains to form a film. 
Typically for MoS2 film growth, the first stage takes approximately 3 to 4 hours to complete at 
~750 oC while the second stage takes about 6 to 7 hours at ~900 oC. While MBE produces 
high-quality, uniform films, MBE requires complex and expensive equipment to operate. 
Furthermore, due to the slow crystal growth rate (few microns per hour), combined with the time 
needed for the vacuum (10-8 Torr), the process is slow and is low-throughput compared to the 
alternative bottom-up approach. Additionally, there have been reports of transitional metal 
dichalcogenides (TMDs) synthesized via MBE to have limited grain size (< 200 nm), which 
limits its usage in producing 2D materials for device fabrication23,24.  

As such, an alternative, bottom-up synthesis CVD approach has shown promise for 
producing defect-free, layer controlled, high-yield, MoS2 crystals and films at a technologically 
relevant scale. CVD approaches have the potential for direct growth of heterostructures removing 
the need for the multi-step, layer-by-layer buildup of layers, which is often associated with 
interlayer contamination16. Chemical vapor deposition synthesis methods for MoS2 can be divided 
into three major groups: (1) Vapor-solid growth, (2) Sulfurization of the molybdenum-based 
compound, and (3) Pre-deposition of molybdenum on the substrate, followed by sulfurization of 
molybdenum-based oxides. 

Vapor-solid growth methods utilize MoS2 powder as the precursor for MoS2 growth25. This 
approach produced large triangular flakes of MoS2 in approximately 25 µm size with room 
temperature photoluminescence properties comparable to mechanically exfoliated flakes. 
However, due to the tendency for random nucleation of MoS2 crystals and the formation of MoS2 
islands, consistent uniform growth of films is not yet achieved. 

Synthesis of MoS2 films via sulfurization of Mo compounds utilizes molybdenum trioxide 
(MoO3) and sulfur (S) powders as solid precursors. They are vaporized and then nucleated on a 
SiO2/Si substrate.  Typically, the growth is carried out in an ambient environment. Atomic force 
microscope (AFM) analysis of MoS2 crystals produced by this method shows that their thickness 
of 0.72 nm is comparable to monolayer exfoliated MoS2 flakes26,27. The electrical properties of 
MoS2 films produced via this method are excellent, with current switching ratio of 104. Further 
modifications have been made, such as conducting the growth under lower pressure and 
substituting MoO3 with molybdenum chloride (MoCl5) to produce centimeter-scale films12.  

Another method of MoS2 synthesis is by first pre-depositing a thin layer of molybdenum 
(1-5 nm) on SiO2/Si via e-beam evaporation then react in a CVD furnace with MoO3 and S as the 
precursors28. While this method produced uniform MoS2, the film thickness was approximately 2 
nm, thicker than a true monolayer MoS229. Additionally, the film produced by this method 
exhibited resistor-like behavior, with a sheet resistant value of 104 Ω/sq and a low mobility value 
of 0.004-0.04 cm2V-1S-1 limiting its use in devices and applications28. 

While all three types of CVD methods have been extensively achieved in atmospheric 
pressure, Low-Pressure Chemical Vapor Deposition (LPCVD) is the preferred growth approach 
because it reduces the unwanted gas-phase moisture controlled reaction, as well as minimizing 
nuclei density, leading to better-quality, uniform, large-area MoS2 film deposition12,30,31. As such, 
the objective of this work to develop a protocol for LPCVD synthesis of two to three layers thick 
MoS2 crystals and films on SiO2/Si substrates via sulfurization of MoO3 and S powders as 
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precursors.  The LPCVD growth approach was developed by optimizing the (1) precursors amount, 
(2) growth pressure, (3) relative position of the growth substrate with respect to the precursors, 
and (4) the utilization of an external heating element for S sublimation. After each growth, the 
quality of the MoS2 film growth was verified by optical microscopy and Raman spectroscopy. 
Additionally, Raman analysis of the two Raman active vibrational modes (E12g and A1g) was 
performed to estimate the thickness, i.e., the number of layers of the MoS2. The developed growth 
technology and the accompanying analysis presented in this report can be applied to the growth of 
other TMD materials such as WSe2 and WS2 and provide a basis for developing direct synthesis 
methods for TMD/graphene hybrid structures for advancing materials research in quantum 
applications32.

2. EXPERIMENTAL

2.1 Chemical Vapor Deposition (CVD) Chamber 

Synthesis of MoS2 crystals was carried out in a three-temperature zone chemical vapor 
deposition (CVD) reactor furnace (Model# OTF-1200X-III-S, MTI Corporation). The reactor 
furnace (Figure 2) consisted of a 122 cm long, 10.16 cm outer-diameter quartz tube placed in 
three independently controlled temperature zones with 16 cm, 30 cm, and 16 cm length 
respectively (Figure 2). Approximately 30 cm of the quartz tube is overhung at both ends and 
not directly exposed to the heating elements of the furnace. An additional heating belt (Omega 
Engineering SWH171-020) was wrapped around the exposed part of the tube next to at the Zone 
3/entrance to sublimate the S powder precursor. The carrier gas argon (Ar) was controlled via 
a mass flow controller (MKS Type 1179A) and flowed from Zone 3 to Zone 1 during the 
synthesis to keep the system oxygen and moisture-free and to carry the precursor vapors. The 
outlet, at the left of Zone 1, was connected to a molecular pump (MTI Corporation) to keep the 
reaction chamber under low-pressure and to drive out the precursor vapor.  

Figure 2. (a) CVD reactor oven used for MoS2 synthesis and (b) detailed schematic of the tube 
furnace indicating dimensions of individual heating zones and direction of the gas flow. 

In low-pressure chemical vapor deposition synthesis, it is crucial to monitor the chamber 
pressure during the growth process. A preliminary study to correlate the internal chamber pressure 
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to the argon gas flow rates was conducted, and the results are summarized in Table 1 and Figure 
3. Both show a linear correlation between the argon gas flow and the internal chamber pressure.
Excellent pressure control with a broad pressure range from 38 to 1190 mTorr was achieved by
changing the argon flow rates.

Table 1. Internal chamber pressure under various Ar gas flow. 

Ar gas flow 
(sccm) 

0 5 15 25 50 75 100 150 200 

Chamber pressure 
(mtorr) 

38.4 112 198 286 438 577 715 745 1190 

Figure 3. Linear correlation between reactor pressures and argon gas flow rates with a calculated 
R-squared value of 0.973.

2.2 MoS2 Synthesis 

Chemical vapor deposition growth of MoS2 crystals consists of sublimation of 
molybdenum and S precursor powders, which nucleate on the target surface (SiO2/Si wafers, 
sapphire, others) under constant carrier gas flow. In this report, 99.9995% purity molybdenum 
trioxide (MoO3) and 99.5% purity sulfur (S) powders (Alfa Aesar) powders were utilized as 
precursors, respectively. The carrier gas used was ultra-high 99.9995 % purity argon (Earlbeck 
Gases & Technologies). The target substrate was p-type/B-doped, (100) orientation Si wafer with 
300 nm thick thermal SiO2 oxide (MTI Corporation). 

First, the SiO2/Si wafer was cut into smaller, 15 mm x 10 mm pieces. Then, oxygen plasma 
treatment was performed using an RF plasma system (Plasma Etch) to increase the silicon wafer 
wettability. Before the substrate treatment, the plasma system was cleaned with ultra-high purity 
oxygen gas under 15 sccm flow, 50 W, for 10 minutes. The SiO2/Si substrates were then placed in 
the chamber and treated via oxygen plasma under 10 sccm O2 gas flow, at 40 W power, for one 
minute. Using a Video Contact Angle Optima Goniometer System (AST Products), the surface 
contact angle of the silicon substrate before and after plasma exposure was determined. The 
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untreated SiO2/Si substrate had an average water contact angle (WCA) of 45o
, while the post- 

plasma treated surface showed a completely hydrophilic surface. 
Table 2 contains a summary of the experimental conditions for the experiments described 

in this report. Parameters modified were: (1) Mass of precursor powders, (2) Argon flow 
rate/chamber pressure, (3) Relative distance between the powder precursors and the target 
substrate in the reactor, and (4) Effect of the heating belt for S sublimation.  

Table 2. Complete experimental parameters set for MoS2 crystal growth. 

A schematic diagram of the substrate and precursor arrangement for experiment 1 is shown 
in Figure 4. Two silicon substrates labeled “A1” and “B1” were facing down. “Spot 0” is defined 
as the entrance of the tube furnace and is used as the point of reference for relative positions of the 
other components. From this point, the S powder, MoO3 powder and, substrate positions were 
measured as 15 cm, 60.5 cm, and 58 cm (A1) [60.5 cm (B1)] accordingly. Thus, the relative 
distance between precursor (S and MoO3) powders was approximately 46 cm, while the SiO2/Si 
substrates were on top of the MoO3 powder boat, as shown in Figure 4. 

Figure 4. Representative schematic diagram for experiment 1 with relative locations of S, MoO3, 
and SiO2/Si substrates (A1 and B1). The Center of the tube is measured to be 60.5 cm. 
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For every experiment, a specified amount of S and MoO3 powders were placed in ceramic 
boats at selected positions (Table 2). After the plasma treatment, SiO2/Si substrates were placed in 
the appropriate positions (Table 2), then both ends of the reactor tube were closed and pumped 
down to achieve a base pressure of less than 30 mTorr. Argon carrier gas was introduced into the 
chamber with an appropriate flow rate controlled via a mass flow controller to achieve the desired 
experimental pressure. The reactor’s temperature and its ramping rate for each zone (Figure 
4) were controlled via MTI’s furnace software. The S sublimation occurs at 180 oC, while
MoO3 sublimation occurs in the 600 to 850 oC range. Thus, precise temperature control is needed
for both processes. The S powder was placed in the outside portion of the reactor tube, not
directly heated by the furnace with a heating belt wrapped around it to facilitate S sublimation.

Typical MoS2 growth took approximately 70 minutes without considering the reactor 
cooling. In the first 22 minutes, both S and growth/MoO3 zones were heated in parallel. After 
reaching their respective temperatures, all zones were held for 45 minutes - at this phase, the MoS2 
growth occurs. After completing the growth, the furnace was cooled down using fans and opening 
the top of the furnace. Figure 5 shows a temperature-time profile of each zone during MoS2 
synthesis. 

Figure 5. A time-temperature profile of the sulfur zone and growth/MoO3 zones for the MoS2 
growth experiment. Sublimation of MoO3 and sulfur occur in parallel for nucleation on the SiO2/Si 
substrate during the growth stage. 

Upon cooling of the furnace to room temperature, the argon gas flow was stopped, the 
reactor tube was brought up to atmospheric pressure, and the growth substrates and the precursor 
ceramic boats removed. Then, the reactor tube was closed and evacuated down to a pressure 
of approximately 30 mTorr. The SiO2/Si surface characterization was performed using an 
optical microscope Olympus BX53M to qualitatively observe MoS2 crystals or film 
production. Also, Raman spectroscopy using a Renishaw inVia Raman Microscope equipped 
with a 514 nm laser was performed to verify MoS2 crystal formation and estimate the number of 
MoS2 crystal layers. 
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3. RESULTS AND DISCUSSION

3.1 Optical and Raman Characterizations 

In the initial experiment, the amounts of precursor powders were 1 g and 0.5 g of S and 
MoO3, respectively. The argon flow rate was set to 50 sccm to achieve a growth reactor pressure 
of 377 mTorr. The temperature of the growth zone (Zone 2, middle of the reactor) was set to 850oC, 
and the heating belt temperature was used to sublimate the S precursor. The S powder was loaded 
into a ceramic cup and placed 15 cm from the tube entrance, while the MoO3 powder was placed 
in a ceramic boat and placed in the center of the furnace (60.5 cm from the entrance) as described 
in Figure 4. SiO2/Si substrates were placed at the center of the tube overhanging the MoO3 boat 
facing down at 58 cm and 60.5 cm, respectively, from the tube entrance. Figure 6 shows optical 
images of thick, non-uniform MoS2 crystals obtained from this condition. The thick film is 
attributed to the excess amount of precursor powders leading to heavy deposition of the vapors 
on substrate surfaces.  

The Raman analysis in Figure 7 shows two peaks present around 383 cm-1 and 406 cm-1. 
These values are in agreement with Raman active peaks of bulk MoS2. As seen in Figure 1b, the 
two primary Raman active peaks for a monolayer MoS2 are (1) lower in-plane, E12g mode at 382 
cm-1, and an out-of-plane, A1g mode at 402 cm-1. The approximately 4 cm-1 difference in the out-
of-plane mode for our sample indicates significantly more interlayer interactions in the out-of-
plane mode showing a thicker structure compared to monolayer MoS2. A summary of Raman 
analysis with corresponding average peak position/frequency for all experiments is presented in 
Table 3. Additionally, the complete set of Raman spectra as with peak position/frequency analysis 
is presented in detail in the Appendix.

Figure 6. Optical microscope images (100x) of MoS2 crystals obtained from experiment 1. (a) 
and (b) correspond to 200114A1 and 200114B1. The scale bar is 10 µm.
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Figure 7. Raman spectroscopy data for experiment 1. (a) corresponds to 200114A1 and (b) 
corresponds to 200115B1. Different colors represent separate areas analyzed. 

Table 3. Summary of the average values of the E12g and A1g modes frequencies. 

Sample Exp. Figure Peak Frequency (cm-1) 
Avg. E12g Avg. A1g 

200114 A1 Exp. 1 6a 382.39 406.03 
B1 6b 382.39 406.97 
A2 Exp. 2 8a No MoS2 growth 
B2 8b No MoS2 growth 

200115 A1 Exp. 3 9a 380.97 407.92 
A2 Exp. 4 9b 378.83 404.38 
A3 Exp. 5 9c No MoS2 growth 

200116 A1 Exp. 6 9d 380.97 405.78 
A2 Exp. 7 10a 382.39 405.09 
B2 10b 383.10 407.21 
A3 Exp. 8 11a 383.10 405.44 
B3 11b 383.10 406.50 

200117 B1 Exp. 9 11c 383.10 405.09 

Therefore, to reduce the MoS2 deposition rate and produce thinner structures, the precursor 
amounts were decreased by a factor of two and five for S (0.5 g) and MoO3 (0.1 g) respectively 
for the subsequent experiments. Additionally, the SiO2/Si growth substrate was placed further 
downstream, 21 cm, and 25 cm from the MoO3 precursor (85 cm from entrance) to reduce the 
amount of vapor deposited on the substrate surface. Figure 8 shows optical images of the 
resulting experiment in which no MoS2 crystal growth occurred. This observation was also 
confirmed via Raman spectroscopy, as only the silicon substrate peak at 520 cm-1 was detected 
(Figure A1).  
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Figure 8. 100x optical microscope images of experiment 2, where the growth substrates were 
placed further downstream from the precursor powders. (a) and (b) correspond to substrates 
200114A2 and 200114B2 substrates, respectively. MoS2 deposition did not occur for either 
substrate. The scale bar is 10 µm. 

In establishing optimal synthesis parameters such as respective distances between 
precursors and the substrates, mass of the precursors, and internal chamber pressure, the growth 
reactor chamber configuration should be taken into account to understand the MoS2 growth 
mechanism, as well as the gas and particle deposition kinetics especially when comparing different 
growth systems. The CVD reactor tube used in this work is relatively large with a diameter (D) 
and length of 10.16 cm and 122 cm. However, growth chambers used by other research groups 
have smaller diameters (D = 2.54 – 7.62 cm) and lengths (L < 100 cm)33–36 and thus 
many instrument-specific variables such as (1) the extraneous path for vaporized particles to 
diffuse across the tube, (2) correlation between the gas flow and internal chamber pressure, 
(3) the probability of nucleation on the SiO2/Si substrate surface concerning the relative 
distance, must be determined. 

Thus, in the next experiments, we varied the relative positions of the substrates, precursors, 
and substrate orientation compared to the gas stream. First, the SiO2/Si substrates were moved 
from far down-stream in Zone 1 (85 and 82 cm from the gas entrance), to the middle of the reactor 
tube (60.5 cm from entrance). The positions of the S and MoO3 precursors remained unchanged 
(15 cm and 60.5 cm from the entrance, respectively). Furthermore, the mass of the S precursor was 
kept constant at 0.5 g, while the amount of MoO3 powder was reduced by a factor of 2 (0.05 g) as 
thinner MoS2 deposition is desired. Lastly, the argon flow rate was reduced from 50 to 25 sccm 
after experiment 3 to achieve an internal chamber pressure of 230 mTorr allowing for more 
uniform deposition on the substrates37–39. The optical images in Figures 9a, 9b, and 9d show a 
thinner deposition of MoS2 crystals compared to the thick film observed in Figure 6. This was due 
to less aggregation of precursor vapors on the substrate surface due to the lower amount of 
precursor powder utilized as well as to the reduced internal pressure. The Raman analysis shows 
average peak positions at ~380 – 382 cm-1 and ~404 – 407 cm-1 for E12g and A1g.  

Comparing these results with the previous ones presented in Figures 6 and 8, shows the 
almost complete sublimation of both precursor powders producing near-zero solid waste. 
Additionally, Figure 9c shows results from the same growth conditions with different locations of 
the growth substrates compared to the MoO3 precursor powders (83.5 cm downstream compared 
to 60.5 cm for Figures 9a, 9b, and 9d). However, with this placement, no MoS2 crystal growth was 
detected, as verified by a lone silicon peak at 520 cm-1, indicating the importance of the growth 
substrate placement with respect to the precursor powders. 
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Figure 9. 100x optical microscope images of MoS2 crystal growth from experiments 3 – 6 in which 
the amount of MoO3 and internal chamber pressure were reduced. (a – d) correspond to 
experiments (3 – 6). (a), (b), and (d) show MoS2 crystal growth on substrates placed in the middle 
of the furnace, while (c) shows no growth on a substrate placed further downstream.  

Next, two growth experiments were performed utilizing the same growth conditions and 
different substrate placements and orientation with respect to the Ar flow. One substrate was 
placed face-down and in the middle of the furnace (60.5 cm), at the same position as the MoO3 
precursor and 45.5 cm from the S precursor. In contrast, the other substrate was placed face-up, 
slightly further downstream (75.5 cm) from the entrance (15 cm away from centered MoO3 
precursor, 60.5 cm from S precursor) for simultaneous growth. The distance of 75.5 cm from the 
entrance was chosen because it is the mid-point between far down-stream where no growth 
occurred (83.5 cm away, Figure 9c), and the middle of the furnace (60.5 cm from entrance) where 
growth occurred. Other parameters were kept constant with 0.5 g  and 0.05 g for S and 
MoO3 precursors, the argon flow rate of 25 sccm, and a growth chamber pressure of ~230 mTorr. 
Figure 10 shows the resulting MoS2 growth from these conditions. 

Both Figures 10a and 10b show uniform deposition compared to previous experiments 
indicating fewer layers of MoS2. Furthermore, MoS2 deposition was observed for the substrate 
placed face-up, further down-stream (Figure 10b) compared to the substrate placed in the middle 
of the furnace (Figure 10a). In comparing the two orientations, the substrate placed at 75.5 cm 
downstream was placed face-up to maximize the surface area of the vapor exposure on the 
substrate surface. In contrast, the substrate placed in the middle of the furnace (overhanging the 
MoO3 precursor, 60.5 cm downstream) was placed faced-down to expose the substrate to MoO3 
vapor. Raman analysis shows Raman active peaks at ~381 – 383 cm-1 and ~405 – 407 cm-1 for 
E12g and A1g modes respectively, confirming MoS2 crystal deposition. 
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Figure 10. Optical microscope images (100x) of MoS2 crystal growth from experiment 7. (a) 
corresponds to substrate placed at the center of the tube, the same location as the MoO3 precursor, 
while (b) corresponds to the substrate placed 15 cm downstream from the MoO3 powder (75.5 cm 
from the entrance). Both (a) and (b) show MoS2 crystal deposition. The scale bar is 10 µm. 

The resulting data show that the substrate distance from the MoO3 precursor powder 
position plays a significant role in the deposition of MoS2. It should be noted that the position of 
the S precursor was upstream and remained unchanged during this experimental set. The MoO3 
precursor was placed directly in the middle of the furnace (60.5 cm). Then, the SiO2/Si substrate 
placement was varied from 0 (on top of the MoO3 powder) to 15 cm further downstream. This 
modification caused MoS2 crystal growth that was independent of the substrate orientation. 
However, when substrates were placed at a distance greater than 20 cm downstream (82 to 85 cm 
from the entrance) from the center, there was no MoS2 growth (Figures 8 and 9c) indicating that 
we found the optimal precursor-substrate distance of 15 cm for the S precursor and 60.5 cm for 
the MoO3 precursor. 

For all of the experiments discussed above, an external heating belt was placed at the 
exposed part of the quartz tube near the gas entrance to sublimate the S precursor independently. 
However, as seen in Table 2, while the temperatures of each heating zones are controlled separately, 
the data indicates that residual heat from one zone affects the temperature profile of the adjacent 
zones. For instance, while the MoO3 zone (Zone 2) was set to 850 oC and the neighboring zones 
between room temperature (off) and 180 oC, the heat from the higher temperature zone raised the 
temperature of the lower zone to 320 – 570 oC significantly overshooting the S sublimation 
temperature. As such, the last set of MoS2 growth utilized residual heat from the neighboring zone, 
rather than the heating belt to prevent overheating of the S precursor. 

With the heating belt removed and the S substrate placed 30 cm from the entrance to 
compensate for the removal of direct heating of the S, optimized growth conditions from the 
previous experiment (0.5 and 0.05 g of S and MoO3 precursors, argon gas flow of 25 sccm, ~230 
mTorr internal pressure, and substrate positions of 60.5 and 75.5 cm), was utilized for MoS2 
crystal growth. Figures 11a and b show uniform dispersion of MoS2 crystals compared to the 
previous experiments. Additionally, Figure 11c shows MoS2 growth with the S precursor 
moved back to the initial position (15 cm from the entrance), indicating that the movement of the 
S precursor did not affect the overall quality of the MoS2 crystal growth. The accompanying 
Raman analysis shows active peaks at ~383 cm-1 and ~405 cm-1 for E12g and A1g modes. As the 
MoS2 growth produced a 
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thinner structure, the out-of-plane, A1g peak shifted towards lower wavenumbers as less interlayer 
perturbation occurs, approaching the 402 cm-1 observed in monolayer MoS2.  

Figure 11. Optical microscope images (100x) of MoS2 crystal growth with the heating belt 
removed. From experiments 8 and 9. (a) and (b) correspond to experiment 8, while (c) corresponds 
to experiment 9. All three substrates show thin MoS2 crystal growth. The scale bar is 10 µm. 

3.2 Number of Layers of MoS2

Raman spectra of MoS2 films can be used to determine the number of layers of MoS232,40–

43. Specifically, the intralayer vibrational modes in MoS2 crystals are affected by the thickness of
the sample. As additional layers are introduced, the van der Waals bonded layers tend to “stiffen”42

and as such, a shift in the peak location (Δfrequency) of the vibrational modes is observed. The
lower in-plane vibrational E12g mode is shifted to a lower frequency while the out-of-plane, A1g
mode is moved to a higher frequency with increasing MoS2 crystal thickness9,42. Thus, the peak
frequency difference (A1g – E12g) can be correlated to the thickness of the MoS2 crystals. Figure
12 and Table 4 depict a correlation between frequency differences and the number of MoS2 layers
based on literature data32,40–43.
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Figure 12. Peak frequency difference (A1g - E12g ) peaks as a function of the number of layers for 
MoS2 crystals obtained from literature: Liang32, Vangelista40, Li41, Lee42, Boukhicha43. 

Table 4. Average literature values of frequency difference (E12g and A1g) Raman modes as a 
function of the number of layers of MoS2.  

Literature values: Δfrequency (A1g – E12g) 
Lee42 Liang32 Boukicha43 Li41 Vangelista40 Average 

1L 18.5 19 17.5 18.7 18.42 ± 0.65 
2L 22 22 21 21.6 21.6 21.64 ± 0.41 
3L 23.8 23 23 23.1 23.30 ± 0.39 
4L 24 24 23.5 24.4 22.3 23.64 ± 0.81 
5L 24.5 24.2 24 25.5 24.55 ± 0.67 
6L 25 24.5 24.75 ± 0.35 

Bulk 25.5 25.5 25.5 25.50 ± 0.00 

From Table 4, the average literature Δfrequency value of monolayer (1L) MoS2 is 18.42 
cm-1. With an increasing number of layers, the frequency difference value increases from 21.64 to
24.75 cm-1 for bi- to six- MoS2 layers respectively, while the frequency difference value for bulk
MoS2 is 25.50 cm-1. From these literature values, the number of layers of our grown MoS2 crystals
can be estimated as well - the results are shown in Figure 13 and Table 5.

It should be noted that the Raman data presented in this report are different from those 
reported in the literature due to differing MoS2 synthesis methods. These methods varied from 
mechanical exfoliation41,42, electron beam evaporation40, and modeled via density functional 
theory32,43. While some Raman analysis has been performed on CVD grown monolayer MoS2, a 
systematic thickness analysis from CVD synthesized MoS2 is not well established. As such, the 
synthesis method, involving different growth mechanisms, different substrate types, etc. should be 
considered when interpreting Raman data. For example, in graphene,  the locations and the width 
of its signature Raman peaks vary depending on the substrate type, e.g., SiO2/Si, Al2O3, polymers44, 
synthesis method (e.g., exfoliation from HOPG, CVD, or epitaxial45 growth), and the number of 
graphene layers46.  
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For CVD grown monolayer MoS2, the two characteristic Raman peaks are observed at 382 
cm-1 and 402 cm-1 with the frequency difference of 20 cm-1 between the two peaks9. This value is
approximately 1 cm-1 greater than the monolayer MoS2 synthesized by other synthesis methods
such as exfoliation presented in Table 48,9,12,47–49. This difference is attributed to the different MoS2
deposition process. In CVD growth, MoS2 deposition occurs via nucleation of Mo and S vapors
on the silicon substrate. In the mechanical exfoliation method, a layer (or layers) of MoS2 is “pulled”
away from an existing bulk structure. This perturbation of the plane in the exfoliation method,
combined with possible crystalline imperfections in CVD synthesized films, result in a difference
of the out-of-plane vibrational mode (A1g) between CVD and exfoliated MoS212,36. Thus, in
analyzing frequency differences for the data, it is acceptable to take our values and estimate within
~1 cm-1, resulting in even thinner MoS2 films compared to the initial estimate.

Figure 13. Estimation of the number of MoS2 layers synthesized compared to the literature values. 
The black points indicate the frequency difference obtained from the literature values in Table 4. 

Table 5. Average frequency difference values for synthesized MoS2, with the number of layers, 
interpolated from the graph in Figure 12. The color of the table cells corresponds to experimental 
growth modified. 

Experiment # 1 1 3 4 6 7 7 8 8 9 
Δfrequency 
 (A1g – E12g) 

23.64 
± 0.81 

24.55 
± 0.82 

26.95 
± 0.81 

25.55 
± 0.82 

24.83 
± 0.83 

24.11 
± 1.16 

22.70 
± 0.00 

22.34 
± 1.34 

23.40 
± 1.00 

21.99 
± 1.83 

No. of Layers 3 - 4 5 - 6 Bulk Bulk 6 5 2 - 3 2 -3 2 - 3 2 - 3 

Peak frequency difference values obtained from the initial experiments with highest 
precursor amounts of 1 and 0.5 g of S and MoO3, respectively, and higher argon gas flow rate 
(pressure) of 50 sccm (~377 mTorr) and the growth substrate placement in the middle of the 
furnace (same zone as MoO3) are highlighted in red columns (experiment 1) in Table 5. When 
comparing these values to the literature values in Table 4, three to six layers of MoS2 were 
estimated. The Raman analysis, as well as the accompanying optical analysis in Figure 6, confirm 
this observation. After the subsequent lowering of the gas flow rate (pressure) to 25 sccm ( ~230 
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mTorr ) as well as reducing the amount of precursor powders by a factor of two for S and ten for 
MoO3, the resulting peak frequency differences are 26.95 cm-1, 25.55 cm-1, 24.83 cm-1, 
and 24.11 cm-1, highlighted green in Table 5 (experiments 3, 4, 6, 7). These values indicate the 
presence of 5 layer to bulk MoS2. The optical image in Figure 9 and Figure 10a confirm thick 
crystalline films with large particles several microns in size. 

Next, utilizing the same conditions as the previous experiment but placing the growth 
substrate further downstream (75.5 cm from the entrance) from the MoO3 precursor, a thinner 
deposition was observed with a peak frequency difference value of 22.70 cm-1, highlighted blue in 
Table 5 which indicates a two to three layers thick film (experiment 7). The optical image in Figure 
10b confirms this observation.  

Lastly, utilizing the optimized conditions established from the previous experiments but 
with the heating belt removed, consistent synthesis of two to three layers of MoS2 crystals was 
observed with corresponding Raman peak frequency differences of 22.34 cm-1, 23.40 cm-1, and 
21.99 cm-1 highlighted yellow in Table 5 (experiments 8 and 9). By removing the heating belt and 
allowing the residual heat to sublimate the S precursor, more uniform sublimation of S occurred 
resulting in a more consistent film deposition.  

4. SUMMARY

A systematic approach for growing two to three-layer thin MoS2 crystals on SiO2/Si 
substrates in a low-pressure chemical vapor deposition (LPCVD) system is presented in this report. 
The pretreatment of SiO2/Si substrate via oxygen plasma, subsequent substrate and the precursor 
powder placements in the reactor, and the modifications of the experimental parameters such as 
precursor powder amount, internal chamber pressure, and the utilization of an external heating belt 
for S sublimation all affected the quality, as well as the thickness, of the resulting MoS2 crystals. 
The MoS2 crystal growth was qualitatively verified via optical microscopy in which clear, crystal 
deposition was observed. The growth was also confirmed by Raman spectroscopy to identify two 
characteristic Raman active bands, the lower in-plane, E12g (382cm-1), and out-of-plane A1g (402 
cm-1) modes. Additional Raman analysis was performed to estimate the number of layers of MoS2 
crystals were grown by taking the difference in the peak positions of the two Raman active peaks.

Four layer to bulk MoS2 were grown on SiO2/Si substrates initially. Subsequently, with the 
optimization of the growth parameters such as the reduction in precursor amount, argon gas flow, 
internal chamber pressure, and the removal of the external heating belt, consistently thinner growth, 
ranging between two to three layers, was achieved. Raman analysis indicated that as the synthesis 
method is optimized, the out-of-plane interlayer mode red-shifted from ~ 407 cm-1 to ~ 404 cm-1 

indicating less perturbation along the z-plane due to fewer number of layers present. Although the 
detailed mechanism of the MoS2 crystal deposition with respect to the various experimental 
parameters is not yet elucidated, this work provides a basis for future modifications for thinner 
crystal growth of not only MoS2 but other transition metal dichalcogenides utilizing LPCVD for 
various applications in 2D optoelectronic devices and applications. 
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APPENDIX 

A. Raman peak analysis for all MoS2 Crystals

Figure A1. Raman spectroscopy data for experimental conditions that did not produce any MoS2 
growth. (a) and (b) correspond to experiment 2, while (c) corresponds to experiment 5. A sharp 
silicon substrate peak is observed at 520 cm-1. 
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Figure A2. Raman spectroscopy data for experiment 1. (a) corresponds to 200114A1 and (b) 
corresponds to 200115B1. Different colors represent separate areas analyzed. 

Table A1. Table summarizing Raman peak analysis for experiments 1. 

Peak 
Frequency (cm-1) 

200114 E12g A1g Δfrequency 
(A1g - E12g) 

Ex
p.

 1
 

A1 1 382.39 405.09 22.70 

2 382.39 406.50 24.11 

3 382.39 406.50 24.11 

X 382.39 406.03 23.64 ± 0.81 

B1 1 382.39 406.50 24.11 

2 382.39 406.50 24.11 

3 382.39 407.92 25.53 

X 382.39 406.97 24.58 ± 0.82 
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Figure A3. Raman spectroscopy data for experiments 3 and 4. (a) corresponds to 200115A1 and 
(b) corresponds to 200115A2. Different colors represent separate areas analyzed.

Table A2. Table summarizing Raman peak analysis for experiments 3 and 4. 

Peak 
Frequency (cm-1) 

200115 E12g A1g Δfrequency 
(A1g - E12g) 

Ex
p.

 3
 

A1 1 376.70 403.67 26.97 

2 385.23 413.58 28.35 

3 380.97 406.50 25.53 

X 380.97 407.92 26.95 ± 1.41 

Ex
p.

 4
 A2 1 378.12 403.67 25.55 

2 379.54 405.09 25.55 

X 378.83 404.38 25.55 ± 0.00 
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Figure A4. Raman spectroscopy data for experiments 6, 7, and 8: (a) 200116A1, (b) 200116A2, 
(c) 200116B2, (d) 200116A3, and (e) 200116B3. Different colors represent separate areas
analyzed.
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Table A3. Table summarizing Raman peak analysis for experiments 6, 7, and 8. 

Peak 
Frequency (cm-1) 

200116 E12g A1g Δfrequency 
(A1g - E12g) 

Ex
p.

 6
 

A1 1 382.39 406.50 24.11 

2 379.54 405.09 25.55 

3 379.54 405.09 25.55 

4 382.39 406.50 24.11 

X 380.97 405.78 24.83 ± 0.83 

Ex
p.

 7
 

A2 1 382.39 405.09 22.70 

2 382.39 405.09 22.70 

3 382.39 405.09 22.70 

4 382.39 405.09 22.70 

X 382.39 405.09 22.70 ± 0.00 

B2 1 382.39 406.50 24.11 

2 383.81 407.92 24.11 

3 382.39 407.92 25.53 

4 383.81 406.50 22.69 

X 383.10 407.21 24.11 ± 1.16 

Ex
p.

 8
 

A3 1 382.39 406.50 24.11 

2 382.39 405.09 22.70 

3 383.81 405.09 21.28 

4 383.81 405.09 21.28 

X 383.10 405.44 22.34 ± 1.34 

B3 1 383.81 406.50 22.69 

2 382.39 406.50 24.10 

X 383.10 406.50 23.40 ± 1.00 
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Figure A5. Raman spectroscopy data for experiment 9. The spectra correspond to 200117B1. 
Different colors represent separate areas analyzed. 

Table A4. Table summarizing Raman peak analysis for experiment 9. 

Peak 
Frequency (cm-1) 

200117 E12g A1g Δfrequency 
(A1g - E12g) 

Ex
p.

 9
 

B1 1 383.81 407.92 24.11 

2 382.39 405.09 22.70 

3 382.39 403.67 21.28 

4 383.81 403.67 19.86 

X 383.10 405.09 21.99 ± 1.83 




