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��������  

Two�dimensional (2D) transition metal dichalcogenide (TMDCs) semiconductors are important for 

next�generation electronics and optoelectronics. Given the difficulty in growing large single crystals of 

2D TMDC materials, understanding the factors affecting the seed formation and orientation becomes an 

important issue for controlling the growth. Here, we systematically study the growth of molybdenum 

disulfide (MoS2) monolayer on c�plane sapphire with chemical vapor deposition (CVD) to discover the 

factors controlling their orientation. We show that the concentration of precursors, i.e., the ratio between 

sulfur and molybdenum oxide (MoO3), plays a key role in the size and orientation of seeds, 

subsequently controlling the orientation of MoS2 monolayers. High S/MoO3 ratio is needed in the early 

stage of growth to form small seeds that can align easily to the substrate lattice structures while the ratio 

should be decreased to enlarge the size of the monolayer at the next stage of the lateral growth. 

Moreover, we show that the seeds are actually crystalline MoS2 layers as revealed by high�resolution 

transmission electron microscopy. There exist two preferred orientations (0° or 60°) registered on 

sapphire, confirmed by our density functional theory (DFT) simulation. This report offers a facile 

technique to grow highly aligned 2D TMDCs and contributes to knowledge advancement in growth 

mechanism. 
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����� Two�dimensional materials; Molybdenum disulfide (MoS2); Transition metal 

dichalcogenides; Chemical vapor deposition; Seeds; Aligned growth. 

Two�dimensional (2D) transition metal dichalcogenides (TMDCs) have attracted significant attention 

owing to their unique electrical,1�2 optical,3�5 mechanical6 and thermal7 properties inherited from their 

2D structures. In clear contrast to the semi�metallic graphene or the unstable black phosphorous,8 the 

ambient stable 2D TMDCs demonstrate promising properties for electronic and photoelectronic 

applications, such as field�effect transistors,1, 9 sensors,10�11 solar cells12 and photodetectors.3, 13�14 The 

molybdenum disulfide (MoS2) monolayer, with a direct energy gap,15 strong photoluminescence,16 

efficient valley and spin control,2  is one of the most intensively explored member in the 2D TMDCs 

family. It can be obtained by mechanical,17 chemical18,19 or electrochemical20 exfoliation. However, 

these strategies lack uniformity and produce defect�rich samples, which may not be suitable for large�

scale device fabrication. For this reason, chemical vapor deposition (CVD) methods using the solid 

precursors MoO3 and S powders have been developed.21 

Nevertheless, the developed CVD methods can not guarantee to synthesize defectless TMDCs with 

uniform thickness and orientation. The grain boundary between different domains can lower the quality 

of TMDCs as electronic devices by breaking the structural periodicity and introducing strain defects. 

Huang et al. have further shown that the electronic structures of the grain boundary strongly depends on 

the misorientation angle of adjacent domains.22 Hence, recent research efforts have dedicated special 

attention to control the orientation in order to obtain a large�scale and grain boundary�free monolayer 

films for higher electron mobility.23 Owing to the lattice symmetry of the 2D TMDCs layers, they are 

typically grown as triangles, hexagons or truncated triangles.24�25 The growth of aligned TMDCs 

triangles has been achieved on top of other crystalline layered materials such as graphite,26 graphene27�29 

or boron nitrides,30 where the TMDC monolayers are either aligned by the graphite step edges or with 

the substrate lattice through van der Waals (vdW) interaction. The aligned growth has also been 
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successfully achieved on single crystal substrates with compatible lattice constants such as GaN,31�32 

mica33 and sapphire.34�35  

Sapphire has been widely used as a substrate for the growth of 2D TMDC layers owing to its special 

lattice constant and flat insulating surfaces. Many reports have adopted c�plane sapphire as the substrate 

for growing TMDC layers.17,30,31 However, it is known that the sapphire surface can be reconstructed at 

high temperatures to form long terraces and wide steps.36 Chen, et al. have reported that the step�edges 

formed on the c�plane sapphire guided the aligned growth of WSe2,
35 where the alignment became 

prominent only at the temperatures as high as 950 oC. Meanwhile, Dumcenco, et al. reported that the 

key to achieving orientation alignment is the atomically smooth sapphire surfaces, where the sapphire 

needed to be annealed at a temperature of 1000 oC in air for 1 h just before the growth process.34 

However, several other reports did achieve the aligned TMDC triangles without sapphire pre�annealing 

at such a high temperature prior to the growth.37 Apparently, the fundamental details of aligned growth 

are still not yet fully understood. Since many parameters in CVD also affect the growth of TMDCs, 

such as precursor ratio, pressure, temperature, a systematic study to understand the mechanism of 

orientation alignment is required. In this study,�we report that step�edge or terrace formation on sapphire 

is not the deterministic factor for the aligned growth of MoS2. The highly oriented MoS2 monolayers 

can be achieved at a much lower temperature (750 oC). The higher ratio of sulfur to MoO3 at the initial 

nucleation step leads to a relatively smaller size of seeds spontaneously formed on sapphire. 

Consequently, these small seeds can easily rotate to the energetically favorable position, which is 

determined by the lattice structure of the substrate, leading to preferred orientation and alignment of 

TMDCs. By contrast, a lower sulfur to MoO3 ratio typically results in a larger size of seeds, which loses 

the capability of orientation control. High�resolution transmission electron microscopy (HRTEM) and 

energy dispersive X�ray analysis (EDX) reveal that the seeds are also crystalline MoS2 layers. Density 

functional theory (DFT) simulations confirm that the small MoS2 seeds exhibit preferred orientation on 
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c�plane sapphire. This work provides a fundamental understanding of the seed formation and 

mechanism for orientation�controlled growth of TMDC monolayer. 

 

�	��������������������

Effect of S/MoO3 precursor ratio on MoS2 alignment    

We adopt the CVD growth process first reported by Lee, et al. where the growth of MoS2 monolayer 

on sapphire relies on the gas phase reaction of MoO3 and sulfur vapors carried by a pure Ar flow.21  

Sapphire is commonly used for MoS2 growth since it is an insulating substrate with high thermal 

stability and excellent crystalline quality. Additionally, sapphire and MoS2 both share a hexagonal 

crystal structure, which makes the growth of TMDCs on sapphire preferable.  For this reason, the 

structure of the sapphire surface plays a key role in determining the MoS2 orientation through van der 

Waals (vdW) interaction.34 It is well known that various surface treatments on sapphire lead to different 

termination layers on its surfaces, e.g., Al, OH or O termination,38 which may strongly affect the results 

of the MoS2 growth. For our MoS2 growth, sapphire is first treated with a piranha solution, resulting in 

OH group termination on the surfaces. Upon heating during the growth, two neighboring Al�OHs shall 

be dehydrated into Al2O3
39 and thus the MoS2 is grown on the sapphire with an oxygen�terminated 

surface.  

Figure 1a schematically illustrates the growth of MoS2 layers on c�plane sapphire substrates using the 

CVD process, and the heating profiles of the precursors sulfur and MoO3 powders are shown in Figure 

1b. Other growth details are provided in the method section. In our typical CVD process, the sulfur 

powders (at heating zone 1) were first heated to 140 oC to fill up the reaction tube with S vapors, 

followed by the temperature ramping of MoO3 powders and sapphire substrates (at heating zone 2) to 

the growth temperature of 800 oC as illustrated in the heating profile T2A in Figure 1b.  Interestingly, we 

observe drastically different growth behaviors at different locations of the same sapphire substrate. 

Figure 1c presents a schematic illustration of how the growth substrate is spatially separated into three 
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locations. Figure 1d shows the relative concentration of MoO3 at these locations based on the analysis of 

our separate experiment which determines the relative concentration of Mo deposits on substrates using 

EDX (details in supporting materials, Table S1 and Figure S1). The results clearly show that MoO3 

vapor concentration fast decreases with the distance away from the MoO3 source. Note that in our 

experiments the sulfur vapor concentration is in excess relative to MoO3 inside the tube. Hence, our 

experiments were different from that described by Govind Rajan, et al.,40 where MoO3 concentration 

was constant but S concentration decays along the reaction tube.  In addition, the diffusivity of sulfur 

vapors is much higher than that of MoO3.
41 As a result, the S/MoO3 ratio significantly increases with 

distance from the MoO3 source. The corresponding optical microscope (OM) images for the MoS2 

monolayer flakes growing on these locations are shown in Figure 1e. In location I, the MoS2 flakes are 

randomly oriented but they start to show some alignment at location II. In location III, these MoS2 

flakes exhibit dominant edge orientation (0o and 60o as detailed in the statistical analysis in supporting 

information Figure S2). The effect is not caused by the temperature variations since the temperatures at 

these locations are the same (within the range of ± 1 oC). In previous reports, incrementing the S/MoO3 

ratio results in the geometry of the produced MoS2 shifting from hexagon to triangle.24�25, 40 Our 

experiments always produce triangular MoS2 flakes, indicating the excess amount of sulfur vapor in the 

reaction tube. Besides, our experimental results clearly correlate the S/MoO3 vapor ratio to the 

orientation control. We hypothesize that at high S/MoO3 ratio the sulfur vapors efficiently reduce the 

MoO3 to form small MoS2 crystalline seeds, which have the ability to rotate and align with the lattice 

structure of the substrate. By contrast, low S/MoO3 ratio may result in the incomplete sulfurization of 

MoO3, with relatively larger and thicker seeds. These sub�oxide nanoparticles may land on the sapphire 

substrate randomly. Consequently, the synthesized MoS2 flakes exhibit random orientations.     

Growth of aligned MoS2 monolayers with a seeding step 

Since a sulfur�rich environment is essential to form small MoS2 seeds as hypothesized above, the two�

step heating profile T2B (shown in Figure 1b) is designed to achieve better alignment across the whole 
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sample regions (including locations I, II and III), where the substrate first stay at 750 oC for 5 min 

before it is heated to the growth temperature. This step ensures a highly S�rich environment for 

completing the sulfurization of slightly evaporated MoO3 at the seed formation stage. Consequently, 

very small seeds can form and rotate easily to stay at a more energetically favorable orientation on the 

substrate. Although growing MoS2 flakes can be very slow at 750 oC due to insufficient MoO3 vapors, 

extending the growth time results in small monolayers with edge lengths less than 1 Em as shown in 

Figure S3. This observation is consistent with Pan et al., where they revealed that at the low temperature 

of 750 °C tiny monolayers on Si substrate were obtained.42 Therefore, we designed a profile where after 

aligning small seeds at 750 °C, the temperature is increased to 800 oC to increase the lateral growth and 

enlarge the monolayers size. Gratifyingly, we observed that all regions including I, II and III are grown 

with aligned MoS2 monolayers, see Figure 2. Figure 2a shows the typical OM images of the MoS2 

monolayer flakes grown at the central region II using the heating profiles T2B, where the MoS2 flakes 

are highly aligned and the dominant edge orientations are 0o and 60o as illustrated by the statistical 

analysis in Figure 2b.  For comparison, one selected typical OM image for the MoS2 monolayers growth 

with the typical T2A profile (region II) is shown in Figure 2c and the corresponding statistical orientation 

analysis in Figure 2d clearly demonstrates the feature of random orientation. We have also performed 

separate experiments to examine the importance of the sulfur rich condition on MoS2 alignment by 

changing the feeding time of sulfur. The results in Figure S4 show that early feeding of S vapors results 

in better orientation alignment, strongly corroborating our hypothesis.           

At a high temperature, c�plane sapphire would usually develop terrace structures with atomic steps on 

the surface. Aligned growth as guided by those steps has been reported for WSe2 on sapphire, where the 

growth temperature was above 950 oC.35 However, in our case the growth temperature of 800 oC is not 

sufficiently high to conduct step edge�guided aligned growth. Consequently, our growth orientation is 

controlled by lattice crystal structure of the substrates instead of the terraces.  Figure 2e shows an atomic 
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force microscope (AFM) image for a monolayer MoS2 grown by our process on a sapphire substrate, 

where the edge of the flake is clearly not aligned with the steps from terrace structures. 

Structure of the seeds  

To explore the structure of the seeds, the growth is stopped after the seed formation stage (750 oC for 

5 min in a sulfur�rich environment). AFM is adopted to characterize the morphology and size of the 

seeds initiated at this stage. Figure 3a is a typical AFM image for the seeds formed at the upstream side 

of the reaction zone. The shape of the seeds is identified as a triangle (more AFM images of the MoS2 

seeds are provided in supporting information Figure S5). Unlike the results for one�step heating profile, 

the triangles in the upstream are aligned since the two�steps heating profile results in small seeds in all 

the substrate locations which can rotate and align to the substrate. Figure 3b shows the cross�sectional 

height profile for the seed along the dashed line in Figure 3a, given a thickness of ∼0.6 nm monolayer 

which agrees well with the reported thickness of MoS2 monolayers.43 Figure 3c displays the AFM image 

for the seeds formed at the downstream side with a thickness ∼1.2 nm (Figure 3d). The seeds at 

downstream side are normally with an apparent size of 20�30 nm. Note that the size may be 

overestimated since the lateral size measurement is limited by the size of the AFM tip end. Hence, 

identifying the shape of the seed is challenging. The size difference of the seeds in different regions may 

be related to the amount of the MoO3 vapor reaching the regions. It would require future investigations.    

Most of the as�grown MoS2 monolayers do not exhibit identifiable nucleation center in the middle of 

the triangles under OM observation. However, we still occasionally find thick seeds with a pyramid 

shape as shown in Figure 4a. The cross�sectional HRTEM image in Figure 4b confirms these thick 

seeds consist of stacked MoS2 layers, indicating even larger MoO3 can be completely sulfurized to form 

MoS2. The thickness is measured to be 7.5 nm corresponding to around 10 layers of MoS2. Additionally, 

Figure 4c shows the energy dispersive X�ray analysis (EDX) images for Al, O, Mo and S signals at the 

same location in Figure 4b. No O is observed in the MoS2 multilayers, which again confirms that the 
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seed is composed of stacked MoS2 and the precursor MoO3 is completely sulfurized at the seed 

formation stage.  

Density functional theory simulation 

A more detailed investigation from the atomic viewpoint was performed through density functional 

theory (DFT) calculations. A model consisting of 4×4 unit cells of Al2O3 and 6×6 MoS2 was 

constructed to minimize the lattice constant mismatch to 0.7%. As described, we believe the MoS2 

monolayer is deposited on the sapphire c�plane with oxygen terminations, which is in clear contrast to 

the previously proposed models using the sapphire terminated with H or Al.34 After optimization 

(Figure 5a), the vertical distance between the upper sulfur of MoS2 and the sapphire surface is 5.8 Å, 

which is comparable with our AFM characterization.  

Since the seed only contains Mo and S, it is represented by a more prototypical hexagon MoS2 piece 

as shown in Figure 5b. A systematic scanning consisting of over 7000 calculations with fixed relative 

orientations and positions between the MoS2 seed and Al2O3 substrate were performed, thereafter, to 

evaluate potential energy surface (PES) as a function of the relative position and orientation between the 

MoS2 seed and the sapphire substrate. Due to the heavy computational load, the distance between the 

top O layer of Al2O3 and the top S layer of MoS2 was fixed at 5.8 Å, which is the distance obtained from 

structural optimization. Figure 5c gives a description of the PES corresponding to an angle of 0°, and 

the other maps are shown in Figure S6. We have scanned large enough area to cover the Al2O3 surface 

region, and the distance between the maxima and minima of the PES is consistent with the distance 

between oxygen atoms at c�plane, indicating that the vdW interaction can tune the relative position of 

the MoS2 seeds landing on the surface. Thereafter, the configurations corresponding to the minimum in 

this PES is chosen for orientation scans of the MoS2 seed. For each specific orientation, the relative 

positions were also scanned to get a complete view of the PES. The representative configurations for 

each orientation were chosen from the minimum of the PES, and the energies were calculated with a 

higher precision (details in supporting materials).  We obtain relative energy as a function of orientation 
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angles with the most favorable position of the MoS2 seed as shown in Figure 5d. Considering the 

symmetry feature of our model, the results corresponding to 0~60 degree relative orientation were 

demonstrated in this report.  

Even though we simplify the simulation by using this small hexagon seed without considering the 

structural variation induced by a high experimental temperature, the simulation can give consistent trend 

compared with experiments: the 0o or 60o configurations are most favorable. It is also of interest to 

obtain further insights from this model. For instance, the PES is quite smooth and does not have large 

kinetic barriers (~5 kBT for experimental temperature), indicating the seed can smoothly find its 

energetic minimum. Consequently, in our experiment, a 5�minute plateau at 750 oC (Figure 1b) plays a 

role in assisting the small seeds finding their favorable configurations.  Besides, any treatment 

destroying this smooth PES by generating additional large energy barriers may bring troubles by 

kinetically trapping the seed into a local minimum. In short, relatively flat substrate surface having 

periodic energetic minimums without significant energy barriers can be suitable to template the seed and 

generate highly aligned TMDC monolayers. 

������������

 In conclusion, we have synthesized highly oriented MoS2 monolayers by controlling the sulfurization 

of MoO3 using CVD method. It is concluded that high sulfurization in the seed formation stage plays an 

important role to form a small seed, which can easily align with the lattice structure of the sapphire 

substrate. Seeds can be grown at 750 oC, whereas higher temperature 800 oC speeds up the lateral 

growth.  Additionally, we provide evidence that the seed is completely sulfurized and consists of MoS2. 

Such orientation control can be applicable for other 2D TMDC growth on a crystalline substrate. It is 

anticipated that such understanding of growth mechanism is crucially important for controlling the 

growth of diverse 2D materials and further understanding the aligning mechanism of TMDC growth on 

other hexagonal surfaces such as TMDC, BN, graphene and graphite heterostructure or single crystal 

substrates with compatible lattice constants such as GaN and mica.  
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��������	 �����	 ����������	 ��	 �����  The MoS2 monolayer was grown by the chemical vapor 

deposition method. The precursors are MoO3 (Sigma�Aldrich, ≥ 99.5% purity) and S (Sigma�Aldrich, 

≥99.5% purity) powders. The sulfur powder (4 g) was put at the upper stream side of the furnace 

(heating zone 1), and the temperature was maintained at 140 °C during the reaction. In the heating zone 

2, center of the reaction chamber, the MoO3 powder (0.8 g) was placed in a ceramic boat with a 1 cm × 

5 cm sapphire substrate placed at the downstream of the ceramic boat. The gas flow was from Ar (Ar = 

90 sccm) and the chamber pressure was controlled at 40 Torr. First, the center of the furnace was 

gradually heated from room temperature to 750 °C at a ramping rate of 25 °C/min and kept at this 

temperature for 5 min. Then, the temperature was increased to the growth temperature 800 °C with the 

same ramping rate and kept for 10 min. The furnace was then naturally cooled to room temperature. The 

consumption rate for S and MoO3 is estimated as 1.69 mg/min and 0.88 mg/min respectively (Sulfur�

rich reaction condition). 

����������!�����  Optical Images were collected using a Witec alpha 300 confocal Raman 

microscope with a RayShield coupler. The Mo concentration was analysed using scanning electron 

microscopy (SEM) imaging and energy dispersive X�ray (EDX) spectra which conducted using FEI 

Quanta 600 EDAX operating at 10 kV. The seeds and surface morphologies were examined on a 

commercial multifunction AFM instrument (Cypher ES model from Asylum Research Oxford 

Instruments) operating in contact mode. Olympus (OMCL�AC240TS) Al�coated silicon cantilevers 

were used for AFM characterizations. The resonance frequency was ∼70 kHz; the spring constant was 

∼2 N/m, and the tip curvature radius was ∼7 nm. The TEM cross�sectional samples were prepared in a 

Helios NanoLab 660 DualBeam FIB(focus ion Beam) system. Cross section HRTEM imaging and 

energy dispersive X�ray (EDX) spectrum mapping data were conducted using FEI TITAN AND 

OSIRIS operating at 300 kV and 200kV respectively. 
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11 

 

������"	 ����������	 �����"	 ��������. The calculations started from the optimization of an Al2O3 

slab consisting of 4 by 4 unit cells with 5 layers of oxides. The optimization were performed using the 

RPBE functional44 and the projected�augmented plane�wave method45 using the VASP package.46 The 

vdW interactions were described through Grimme’s correction.47 The energy cutoff was chosen as 400 

eV. The energy convergence criteria was chosen as 1.0x10�6 eV, and the force convergence criteria was 

chosen as 1.0x10�2 eV/Å. Due to the computational load, the scanning process for the PES with different 

orientation angles uses 1x1x1 k point (at the Γ point), while the energy calculation for the chosen 

configurations uses 4x4x2 k points using a Monkhorst�Pack grid. The scanning for Figure 5a is 

performed at a 0° fixed angle over a 7 × 7 Å2 region with a 0.2 Å grid length to cover larger area (longer 

than the terminal oxygen�oxygen distance). The scanning for other angles is to find the nearby energy 

minima, therefore, only cover a smaller 3 × 3 Å2 area with the 0.1 Å grid length.  

�������	��	���All authors acknowledge support from King Abdullah University of Science 

and Technology (KAUST) under Competitive Research Grant (#CRG4�2634) and KAUST Catalyst 

Center, Saudi Arabia. The simulations were performed on the Shaheen II supercomputer. 

����������� ������ ����� �! �" #"$: Table S1 and Figures S1�S6 are included. This material is 

available free of charge via the Internet at http://pubs.acs.org. 
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�

%����$�(1�2 3�Schematic illustration of the experimental setup of the MoS2 growth. 2#3 The temperature 
heating profiles adopted for the study of growing MoS2. 243� Schematic illustration for the various 
locations (I, II and III) according to the distance away from the MoO3 source. 253 A schematic 
illustration of the reactants concentration of MoO3 and S reached the specified locations in (c).  2$3The 
corresponding OM images of the MoS2 flakes at each location. Scale bars: 9 Em. 
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�
�

%����$�&1 2 3 The OM image of the as�grown MoS2 flakes using T2B heating profile. 2#3 Histograms of 
the orientation distributions based on the image (a). 243 The OM image of as�grown MoS2 flakes using 
the T2A heating profile. 253 Histograms of the orientation distributions based on the image (c). 2$3 AFM 
image of MoS2 monolayer flakes grown on c�plane sapphire using T2B heating profile.  
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�

%����$�*1 2 3 AFM image of the MoS2 seeds at the upstream region. 2#3 Height profile for the white 
dashed line in (a).  243 AFM image of the MoS2 seeds at the downstream region. The inset in (c) shows 
zoomed AFM image for the white box. 253�Height profile for the white dashed line (c). 
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�

%����$�+1 Cross�sectional HRTEM of MoS2 on c�plane sapphire demonstrating the seed composition. 
2 3 The OM image of as�grown MoS2 flakes with a thick seed. The red line marks the area from which 
the FIB was cut; 2#) Cross�sectional HRTEM image of MoS2 and 243 the corresponding EDX maps of 
(b) for Mo, S, Al and O signals.  
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�
�

%����$� -1�DFT calculation of the relative energy as a function between different orientation angles 
between MoS2 seed and sapphire substrate. 2 3 The optimized MoS2 layer on sapphire substrate 
demonstrates. 2#3 Schematic view of the MoS2 hexagon seed on the sapphire substrate. 243 Potential 
energy surface as a function of different relative position of MoS2 seed on sapphire substrate when the 
relative angle is fixed as 0. 253 Potential energy as a function of relative angle between the MoS2 seed 
on sapphire; each configuration was chosen as the minimum point on the position scan (0 degree in c, 
the rest in supporting information). 
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