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ABSTRACT 

 
Direct growth of wafer scale high quality 2D layered materials (2DLMs) on SiO2/Si substrate is 

still a challenge. The chemical vapor deposition (CVD) technique has played a significant role in 

achieving a large area continuous film of 2DLMs. CVD growth requires the optimization of many 

growth parameters such as temperature, amount of precursors, pressure, carrier gas flow and 

distance between the reactants. However, the role of boundary layer of reactants concentration has 

not been explored yet. The amount of precursors which leads to the formation of reactants 

concentration boundary layer has a significant role in controlling the thickness of growing 

material. Here, we report the role of concentration boundary layer to achieve wafer-scale MoS2 in 

NaCl-assisted CVD growth at low temperature. Control of boundary layer thickness has led to the 

synthesis monolayer, bilayer, trilayer, and bulk MoS2 film and flakes in our single-zone CVD at 

atmospheric pressure. Most importantly, we have synthesized 7 × 2.5 cm2 area continuous, high 

quality trilayer MoS2 film with good repeatability. We believe that our approach may lead to 

synthesize other wafer-scale 2DLMs that will pave the way for nano- and optoelectronics. 
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1. INTRODUCTION 

Two-dimensional (2D) transition metal dichalcogenides (TMDs) materials are getting significant 

attention owing to their remarkable properties in monolayer (1L) and multilayer (ML)s forms1. 

Particularly, molybdenum disulfide (MoS2), a family member of TMDs, has thickness dependent, 

bandgap (1.8 eV for 1L and 1.2 eV for bulk)2, high mobility (40-480 cm2/V-s)3,4, and high Seebeck 

coefficient5. These unique properties make MoS2 a fitting material candidate for flexible devices4,6, 

photodetectors7,8, field-effect transistors4,9, space applications10,11, gas sensors12, etc. Various 

techniques have been utilized to synthesize layered MoS2, such as metal-organic chemical vapor 

deposition (MOCVD)13,14, chemical vapor deposition (CVD)15–18, atomic layer deposition 

(ALD)19, physical vapor deposition (PVD)20, and thermal deposition21. Among them, CVD has 

been used considerably to synthesize large-scale, high-quality 1L-MoS2 at high-temperatures 

(700-850°C)22,23. 

 

Achieving wafer-scale growth at low-temperature without compromising film quality is essential 

for industrial scale applications. So, the efficacy of various growth promoters/catalysis was 

investigated to minimize growth temperature and maximize area coverage. The addition of 

synergistic additives such as fluorides24, alkali metal halide13,25,26, KOH27, and seed catalysis to 

the growth substrates leads to exponential growth area coverage28,29. Singh et al.30 did low-

temperature NaCl-assisted growth of 1L-MoS2 on crystalline, amorphous, and layered substrates 

and observed that NaCl forms the layer of Na2S and/or Na2SO4 underneath of MoS2 layer, which 
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makes the layer transfer process very smooth31. Salt-assisted MoS2 has shown high crystallinity, 

high mobility (~100 cm2/V-s), and high optical properties matching with the level of conventional 

CVD MoS2 monolayers13.  

 

In optimizing CVD growth for a material, essential parameters are growth temperature, precursors, 

pressure, carrier gas flow, the distance between precursors, growth substrate, etc. But the kinetics 

and mass-transport mechanisms of CVD growth are less explored. Mainly, the impact of the 

boundary layer on CVD growth has not been explored yet. As the amount of reactants is crucial in 

CVD growth, so the concentration boundary layer formation. So the understanding of the role of 

the concentration boundary layer is critical in achieving desired growth. In this paper, we have 

performed NaCl-assisted CVD growth of MoS2 and played with the boundary layer to synthesize 

wafer-scale trilayer (3L) MoS2 film. Utilizing the various characterization techniques, physical 

and chemical properties of the as-grown wafer-scale 3L-MoS2 have been analyzed.  

2. EXPERIMENTAL 

In the present work, to achieve wafer-scale MoS2 film, we have utilized the same CVD growth 

parameters for NaCl-assisted growth of MoS2 as in our previous work30. However, to investigate 

the role of the concentration boundary layer on the CVD growth, we have tuned the distance 

between MoO3+NaCl precursors and growing substrate. We have used SiO2 (300 nm, thermally 

oxidized silicon)/Si as a growth substrate. Sulfur (S), sodium chloride (NaCl), and molybdenum 

trioxide (MoO3) precursors procured from Sigma-Aldrich were used in a single-zone mini CVD 

setup (MTI Corporation, USA). Cleaning of the substrates was achieved by acetone followed by 

IPA and DI water. The amount of precursors was taken as, S = 100 mg, MoO3 = 15 mg, and NaCl 

= 50 mg. The growth of MoS2 film was achieved by mixing NaCl powder with MoO3 powder in a 



 4 

crucible placed at the middle (hottest zone) of the CVD tube. In another crucible, sulfur powder 

was placed at a lower temperature zone at 14 cm away from the MoO3+NaCl mixture. Preoccupied 

precursors, dust, moisture, and contamination were removed by passing argon (Ar) gas at 480 sccm 

for 10 minutes at 300 oC. After that Ar at 120 sccm was passed for the remaining CVD growth 

process. S started melting and vaporizing around 540±10 oC and 640± 5 oC, respectively. NaCl-

assisted MoS2 growth was obtained at 650oC for 10 min, and after that system was left for normal 

cooling. 

For initial characterization, optical microscopy (OM) has been beautifully utilized as a quantitative 

technique for determining layer numbers as in graphene on SiO2/Si32. So, we have used Nikon 

Eclipse LV100 OM to estimate layer thickness. Estimation of layer thickness was corroborated by 

Raman and photoluminescence spectroscopy using LabRAM HR Evolution (Horiba Scientific) 

with 514 nm laser at room temperature (RT). The surface topography of as-grown MoS2 film was 

mapped by atomic force microscopy (AFM) (Agilent 5600 LS). Field emission scanning electron 

microscopy (FESEM) was done using Oxford-EDX system IE 250 X Max 80. X-ray photoelectron 

spectroscopy (XPS) was done by monochromatic Al Kα X-ray line (energy 1486.7 eV, probe size 

~ 1.75 mm ´ 2.75 mm). The X-ray diffraction (XRD) measurements were performed with Cu Kα 

(λ= 1.54 Å) source using the Philips Xpert Pro system. Transmission electron microscope (TEM) 

images and selected area electron diffraction (SAED) were captured by FEI Tencai F20.  

 

3. RESULTS AND DISCUSSION 

NaCl plays a considerable role in the CVD of TMDs by reducing the growth temperature33,34 and 

streamlining the deposition of metal-oxyhalide species onto the growth substrate. Figure 1(a) 

shows the schematic illustration of a typical powder based CVD process for NaCl-assisted 3L-
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MoS2 growth in a single zone CVD setup. Gaseous precursors form a concentration boundary layer 

under the streamlined flow of Ar (see Figure 1(c)). Under the laminar flow, the boundary layer is 

the region where the velocity of the reactants changes from zero at the wall to the maximum at the 

central axis of the tube. The gaseous precursors flowing above the boundary layer must  

 

diffuse through it and reach the deposition surface in order to start nucleation and growth. The 

formation of the concentration boundary layer is schematically shown in Figure 1(c), where from 

left to right, the concentration of precursors and their velocity are increasing. Inside the tube, 

yellow and white region represent laminar flow of the reactants and boundary layer region, 

respectively. The thickness of the boundary layer, 𝑡, is directly proportional to square root of the 

distance and inversely proportional to the square root of Reynolds number as following35,36: 

𝑡 = #
!
"!

                                                                         (1) 

where, Re = ρux/μ, ρ= mass density, u= reactant flow velocity, 𝑥 = distance from the inlet in the 

flow direction, and μ= viscosity.  

The central axis of the CVD tube may be considered as the core axis of the boundary layer. Our 

CVD tube has an inner diameter of 4.4 cm so the central axis of concentration boundary can be 

considered at 2.2 cm from the inner surface of the tube. To understand the role of the boundary 

layer, let us define a few parameters such as s, h, and d as the separation between the precursors 

and growing face of SiO2/Si substrate, the height of the boat, and distance between the growing 

face of the Si substrate and central axis of the tube/ boundary layer, respectively. (see Figure 1(b)). 

Figure 1(d) depicts the different regions on the growing substrate. It has been observed that when 

the substrate was placed over the crucible, a region that comes in between the sidewalls of the 
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crucible (point A) has a greater probability of having 3L-MoS2 film than the region that is outside 

of the wall (point C). Point B show the interface region between MoS2 film and SiO2/Si substrate.  

On changing the parameters s, d and h, the impact of the concentration boundary layer on MoS2 

film changes. We have chosen six cases/samples, namely, S1, S2, S3, S4, S5, and S6, of size ~ 1 

× 2.5 cm2. Figures 2 and 3, parameters s and d have been varied, and OM images at points A, B, 

and C for the corresponding sample have been captured. When the sample (S1) was near to 

MoO3+NaCl mixture (s= 0.4 cm), and away from the concentration boundary layer (d=1.6 cm), 

OM images show mid of sample has bulk MoS2 (point A, Figure 2(a)), the interface has multi-

layer flakes (point B, Figure 2(b)), and point C show triangular flakes and film of 1L-MoS2 (Figure 

2(c)). It is obvious from Figure 1(b) that increasing s will decrease d. So, when s was increased to 

0.7 cm, and d was reduced to 1.4 cm (sample S2), point A has bulk MoS2 while point B has a few-

layer MoS2 film and point C has effectively no growth (see Figures 2(d)-(f)). Furthermore, at s=0.7 

cm and d=1.2 cm, point A has multi-layer MoS2 film and over which bulk crystals are observed 

(later on, these bulk crystals were found to be unreacted Mo (see supporting information (SI), 

Figure S6, and Table ST2). Initially, when the samples S1 and S2 were closer to MoO3+NaCl 

mixture (high concentration), and away from the boundary layer, mid-region of samples is bulk 

MoS2 while at relatively near location (d=1.2 cm), multi-layer MoS2 film with Mo crystals were 

observed.  

Furthermore, when sample S4 moved closer to the boundary layer (d=1.0 cm), the mid-region 

shows nucleation centers, the interface shows continuous film and flakes, and point C shows no 

growth (see Figures 3(a)-(c)). In case/sample S5, when d=0.4 cm, the mid-region shows continuous 

film (point A), interface shows continuous film too (point B), and point C shows no growth (see 

Figures 3(d)-(f)). The quality of as-grown MoS2 continuous film is very high (confirmed by several 
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measurements and shown in Figures 5-7) and the number of layers found to be three. It seems that 

the sample is close enough to the boundary layer so that passing sulfur atoms can reach the 

deposition surface quickly and far enough from the mixture so that only the required amount of 

MoO3+NaCl can reach the growing surface, and they will not form bulk MoS2. When the sample 

is further moved closer to the boundary layer (sample S6, d=0.2 cm), due to high flux of S 

precursors and Ar gas, white round patches and contamination over the mid-area and obviously no 

growth at the interface and point C is observed. It appears that S6 was confined within the boundary 

layer and a high flux of Ar atoms sputtered the sample after the growth. Comparing samples S1 to 

S6, S5 is found to be the highest quality continuous 3L-MoS2.  

Growth by the same parameters as used in S5 has been further extended on 7 × 2.5 cm2 substrate 

(a whole circular Si wafer could not be inserted due to the small diameter of our CVD tube, so a 

rectangular wafer was inserted). Remarkably, full area coverage of continuous film of 3L-MoS2 

was obtained (see Figure 4(a)), and the zoomed-in view is shown in Figure 4(b). This sample was 

characterized by Raman, AFM, X-ray diffraction (XRD), TEM, etc. (see SI Figures S1-S5). The 

quality of the as-grown film is found to be very high. However, some white patches were observed 

on the surface (see a white region in Figure 4(a)), and FE-SEM and EDAX analysis show that they 

are unreacted cuboidal crystals of Mo (see SI S5). As the growing face of the substrate is placed 

in the face-down manner, it is expected those excess Mo atoms from MoO3 also be adsorbed over 

the substrate rather than diffusing as byproducts.  

To resolve this issue, we placed five ~ 3.0 cm2 substrates altogether over the crucible so that there 

is some gap (at micro-level) between two substrates. As expected, continuous film of 3L-MoS2 on 

the whole wafer, without any white patches, is grown (see Figure 4(c)). Figures 4(e), (f) are 

zoomed-in view of OM images of Figure 4(c), and they show no contamination/impurity and grain 
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boundary formation (at the micro-level) on the as-grown film. Figure 4(d) depicts the FE-SEM 

image of 3L-MoS2 taken from the marked region in Figure 4(b). Clearly, it has no grain boundary 

formation even at the nano-level. Figures 4(g) and (h) show schematics of the effect of separation 

between MoO3 + NaCl precursors and growing substrate and impact on growth by placing a single 

large-sized wafer versus many substrates altogether, respectively. In the following passages, the 

as-grown wafer-scale 3L-MoS2 film will be characterized to analyze its physical and chemical 

properties.  

To investigate the morphology and measure the surface potential of the as-grown 3L-MoS2 film, 

AFM and Kelvin probe force microscopy (KPFM) were performed, respectively (see Figure 5). 

The calculated root-mean-square (RMS) roughness of 3L-MoS2 over 100 μm2 area is 0.91 nm. 

Using the KPFM technique, the contact potential difference (VCPD) distribution 3L-MoS2 was 

observed to be Gaussian in nature with FWHM of about 30 meV. VCPD between the tip and the 

sample is defined as  

𝑒V#$% = 𝜙&'( − 𝜙)*+(,-                                                                                (2) 

where, 𝜙&'(	and 𝜙)*+(,- are the work function of tip and sample, respectively. 𝜙&'( was calculated 

by considering highly oriented pyrolytic graphite (HOPG) as a reference sample whose work 

function was taken to be 4.6 eV37,38. So the measured VCPD between the tip (Pt/Ir) and the HOPG 

was 0.297 V that leads to 𝜙&'( to be 4.897 eV. Furthermore, the measured VCPD of 3L-MoS2 film 

was -4.2 mV and calculated 𝜙./0" was found to be 4.9 eV.  

 

Raman scattering measurements on MoS2 film were carried out by 514 nm laser line at the room-

temperature to observe phonon vibrations. MoS2 molecule has two first-order fundamental Raman 

modes, 𝐸123 /𝐸 (in-plane vibration) and 𝐴32/𝐴 (out-of-plane vibration)39. The position of 𝐸123  and 
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𝐴32 modes depend upon layer number, strain, and impurities, etc40,41. Figure 6(a) shows the typical 

Raman spectrum of 3L-MoS2 measured at the region marked in Figure 4(c) where 𝐸123  ~ 384.5 cm-

1 and 𝐴32 ~ 408.1 cm-1, and peak position difference (∆𝜔 = 𝜔A – 𝜔E) is ~ 23.6 cm-1, which clearly 

indicates formation of 3L-MoS242. Figure 6(b) shows spatial distribution of 𝐸123  and 𝐴32	modes, 

measured over the various positions on the sample as shown in inset schematic. As deviation in 

peak position of 𝐸123  and 𝐴32 modes is £ 0.5 cm-1 (resolution of the spectrometer), so it indicates 

as-grown 3L-MoS2 has high uniformity over wafer-scale. Furthermore, integrated intensity ratio 

of 𝐴32 and 𝐸123 	Raman modes (4#
4$
) and their peak position separation ∆𝜔	(= 	𝜔5 − 𝜔6) can also 

be considered as parameters to verify uniformity. In Figure 6 (c), ∆𝜔	and (4#
4$
) are calculated from 

the data of Figure 6 (b) and these values are nearly constant over the substrate, hence showing the 

uniformity of the as-grown 3L-MoS2 over wafer-scale. 

 

As 3L-MoS2 has indirect bandgap, so photoluminescence cannot be done to measure the bandgap, 

hence, UV-visible spectroscopy in reflectance mode was carried out to achieve this (see inset of 

Figure 6(d)). The bandgap (Eg) was calculated by translating reflectance UV-vis curve to Kubelka-

Munk (K-M) function F(R) and plotting [𝐹(𝑅)ℎ𝑣]1versus photon energy (hν) by using the well-

known equation, 

[𝐹(𝑅)ℎ𝑣]1 = 𝐵(ℎ𝑣 − 𝐸2)                                                 (3) 

where B is a constant. The bandgap of 3L-MoS2 was calculated to be 1.72 ± 0.01 eV, matching 

with the previously reported value43. 
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XPS measurements were carried out to investigate the chemical properties of as-grown 3L-MoS2. 

Figure 7(a) shows the XPS survey spectrum of 3L-MoS2 and Figures 7(b) and 7(c) show the core 

level XPS spectrum of molybdenum and sulfur, respectively. The binding energy (BE) of C 1s 

peak was taken at 284.8 eV for the calibration purpose. The BE of core level orbitals of Mo4+, i.e., 

3d5/2 and 3d3/2, are observed at 229.9 and 233.0 eV, respectively, with FWHM of ~1.7 eV, which 

are in agreement with the earlier reports44. S 2p XPS spectrum depicts spin-orbit doublets, 2p3/2 

and 2p1/2, positioned at 163.0 and 164.3 eV, respectively, indicating the energy separation of 1.3 

eV. 

 
X-ray diffraction (XRD) measurements on 3L-MoS2 were performed in and the recorded 

diffraction pattern is shown in Figure 7(d). Peaks centered at 13.9°, 33.0° , and 69.0° correspond 

to MoS2, Si (002), and Si(400), respectively. It can be clearly seen that as-grown 3L-MoS2 shows 

single crystallinity. To further confirm it, transmission electron microscopy (TEM) was done by 

transferring 3L-MoS2 on the TEM grid (see Figure 7(e)). Selected area electron diffraction (SAED) 

pattern was recorded at the marked rectangle in TEM image and shown in Figure 7(f). SAED 

pattern depicts single-crystalline nature of grown MoS2 film whose interplanar spacing d is 0.29 

nm, consisting with the previous reports22.  

 
4. CONCLUSIONS 

In conclusion, we have synthesized high-quality wafer-scale 3L-MoS2 by controlling the 

concentration boundary layer. The physical and chemical properties of 3L-MoS2 have been 

analyzed by optical, Raman, AFM, XPS, XRD, TEM, etc. Controlling the concentration boundary 

layer formation by tuning separation between the precursors and growing face of the substrate; 

layer number, growth area coverage, and nucleation density can be regulated easily, as shown in 
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optical images. High uniformity and low roughness of wafer-scale 3L-MoS2 were confirmed by 

Raman scattering and AFM measurements, respectively. UV-vis spectroscopy in reflectance mode 

was carried to calculate the bandgap of wafer-scale MoS2 film, and it was found to be 1.72 eV, 

indicating the trilayer nature of MoS2. Our as-grown 3L-MoS2 films are single crystalline as 

identified by XRD and TEM measurements. We believe that regulated control over concentration 

boundary can lead to high-quality wafer-scale growth of other TMDs for engineering future 

nanoelectronics.  
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FIGURES 

 

 

Figure 1. (a) Schematic illustration of typical CVD process for NaCl-assisted 3L-MoS2 growth in 

single-zone CVD setup and (b) definition of s, h, and d. (c) Schematic of the reactant concentration 

gradient and its boundary layer formation in CVD tube. Yellow and white region inside the tube 

represent laminar flow of the reactants and boundary layer region, respectively. The concentration 

of sulfur is increasing in the direction of flow. (d) Schematic illustration of A, B, and C point on 

the substrate over which optical images are recorded in Figures 2 and 3. 
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Figure 2. Optical images of the evolution of as-grown MoS2 over the points A, B, and C on the 

substrates as the s and d are changing. Definition of points A, B, and C is shown schematically in 

figure 1 (d). 
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Figure 3. Optical images of the evolution of as-grown MoS2 over the points A, B, and C on the 

substrates as the s and d are changing. 
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Figure 4. (a) Picture of as-grown 3L-MoS2 when single SiO2/Si substrate of 7 × 2.5 cm2 area was 

placed. The white region shows unreacted molybdenum crystals, and corresponding EDAX 

measurements data is provided in supplementary information (b) Optical image taken over the 

marked region in (a). (c) Picture of as-grown 3L-MoS2 when five SiO2/Si substrates (area ≥ 2.5 

cm2) were placed alongside. (d) Field-emission scanning electron microscopy (FE-SEM) image of 

3L-MoS2 taken from the marked region in (b). 3L-MoS2 shows no grain boundary at the micro- 

and nano-level. (e) Optical image of 3L-MoS2 captured from the marked region in (b). (f) An 

enlarged optical image is taken from the marked area in (e). Schematics of (g) effect of separation 

between MoO3 + NaCl precursors and growing substrate and (h) impact on growth by placing a 

single large-sized wafer versus many substrates altogether. 
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Figure 5. (a) Atomic force microscopy (AFM) image and (b) surface potential mapping captured 

by Kelvin probe force microscopy (KPFM) image of 3L-MoS2 captured from the marked region 

in Figure 2(c). Gaussian distribution of contact potential difference (VCPD) of 3L-MoS2. 
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Figure 6. (a) Raman spectrum of 3L-MoS2 measured at region marked in Figure 4(c). (b) Spatial 

distribution of 𝐸123  and 𝐴32 Raman modes of MoS2, measured over the various positions on the 

sample as shown in the inset schematic. (c) The integrated intensity ratio of 𝐴32 and 𝐸123 Raman 

modes (4#
4$
) and their peak position separation ∆𝜔 = 	𝜔5 − 𝜔6. (d) Spectrum between [𝐹(𝑅)ℎ𝑣]1 

versus photon energy (ℎ𝑣) for 3L-MoS2, where bandgap was calculated by translating reflectance 

curve (inset) to Kubelka-Munk (K-M) function F(R).  
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Figure 7. (a) X-ray photoelectron spectrum (XPS) survey spectrum of 3L-MoS2. Core level XPS 

spectrum of (b) molybdenum and (c) sulfur. (d) X-ray diffraction (XRD) of 3L-MoS2 grown over 

SiO2/Si substrate. (e) TEM image of 3L-MoS2 and marked white triangle show region where 

selected area electron diffraction (SAED) pattern was taken and shown in (f).  
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S1: Raman scattering measurements 

 
Figure S1: (a) Raman spectrum of 3L-MoS2 measured at region marked in Figure 4(a). (b) Spatial 
distribution of 𝑬𝟐𝒈𝟏  and 𝑨𝟏𝒈 Raman modes of MoS2, measured over the various positions on the 
sample. (c) Integrated intensity ratio of 𝑨𝟏𝒈 and 𝑬𝟐𝒈𝟏 Raman modes (𝑰𝑨

𝑰𝑬
) and their separation ∆𝛚 =

	𝛚𝑨 −𝛚𝑬. 
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S2: Atomic force microscopy (AFM) measurements 
 

 
Figure S2: Atomic force microscopy (AFM) image of 3L-MoS2 captured from marked region in 
Figure 4(a). 
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S3: X-ray diffraction (XRD) measurements 
 
 
 

 
Figure S3: X-ray diffraction (XRD) of 3L-MoS2 of sample shown in Figure 4(a). 
 
  



 31 

S4: Transmission electron microscopy (TEM) 
 

 
 
Figure S4: (a) TEM image of 3L-MoS2 of sample shown in Figure 4(a) and marked white triangle 
show region where selected area electron diffraction (SAED) pattern was taken and shown in (b).  
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S5: Field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray 
analysis (EDAX) 
 

 
 
Figure S5: (a) FE-SEM image of salt look like molybdenum crystals left after the CVD growth. 
These crystals are found over the sample for which d= 0.4 cm (Figure 4(a)). (b) Enlarged view of 
crystal of (a). (c) Marked square show region where EDAX measurements are done. 
 
Table ST1: Elemental composition of the crystal shown in Figure S5 (c). 
Element Weight % Atomic % 
Na 0.00 0.00 
S 0.00 0.00 
Cl 0.00 0.00 
Mo 100.00 100.00 
Total 100.00  
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Figure S6: FE-SEM image of molybdenum crystals left after the CVD growth. These crystals are 
found over the sample for which d= 1.2 cm (Figure 2(g)). 
 
Table ST2: Elemental composition of the crystal shown in Figure S6. 
Element Weight % Atomic % 
Na 0.00 0.00 
S 0.00 0.00 
Cl 0.734 1.962 
Mo 99.266 98.038 
Total 100.00  
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S7: Optical image of crucibles (boats) used in the growth 
 
 

Figure S7: Optical image of crucibles (boats) used in the synthesis of MoS2 for controlling the s, 
d and h to play with concentration boundary layer. 
 
 
 
 
 
 
 
 
 


