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CVD synthesis of mono- and bi-layer WS2 

 

Figure S1. Illustration of: (a) CVD tubular furnace set-up; (b) temperature profile of the sulphur and 

the W-precursors heaters respectively. The sulphur reaches 125 °C when the metal precursors are at 

the maximum temperature. The SiO2/Si wafers used as substrate for WS2 growth are placed 1-8 cm 

downstream the W-precursors crucible and they are subjected to the same temperature. 
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Figure S2. Optical micrograph of a continuous polycrystalline WS2 monolayer coverage. 

 

 

Figure S3. Optical micrographs of (a) second WS2 layer growing on top of a monolayer WS2 triangle, 

(b) uniform bilayer WS2 triangle, (c) bilayer WS2 flakes with high nucleation density. (d) PL spectrum 

of a bilayer WS2. 
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Reaction mechanism 

 

We found that the reaction between H2WO4 or WO3 with NaCl (Figure S4) leads to the formation of 

NaxWyOz compounds (i.e., Na2W4O13, Na2W6O19), however the reaction occurs at significantly lower 

temperatures (~650 °C) for H2WO4 compared to WO3 (~750°C). This means that the system H2WO4-

NaCl releases Cl from 650 °C enabling formation of volatile tungsten-based oxyhalide species (i.e., 

WO2Cl2, WOCl4)1 at lower temperatures. NaCl dissociation is promoted by the H2O molecules 

gradually released by H2WO4 upon heating. Indeed, the solid state structure of H2WO4 consists of 

vertex-sharing layers of octahedrally coordinated WO3(H2O) units2. The layers are bonded together by 

hydrogen bonds between the terminal oxygen atoms and coordinated water molecules in neighbouring 

layers3. Thus, the weakly bonded H2O molecules can be liberated at temperatures as low as 100-200 °C 

and they can therefore decompose NaCl. In a system without water, the NaCl dissociation would occur 

at temperatures greater than 1000 °C. The facilitated growth of WS2 by using the WO3-NaCl system4 

can be explained with the inevitable presence of water impurities in the CVD reaction chamber, in 

particular when the synthesis is performed at atmospheric pressure. On the bases of the XRD analysis 

and literature data2-11 four reaction steps have been identified as likely to occur in our water-assisted-

halide-mediated growth of WS2: 

 1)        H2WO4(s) → WO3(s) + H2O(l) 

 2)        NaCl(s) + H2O(l) → Na+(aq) + Cl-(aq) + H2O(l) 

 3)        6Na+(aq) + 6Cl-(aq) + 14WO3(s) → Na2W4O13(s) + Na2W6O19(s) + [Na2W2O7(s)] + WOCl4(g) 

+WO2Cl2(g) 

 4)        WOCl4(g) + WO2Cl2(g) + S(g) + H2O(g) → WS2(s) + SO2(g) + H2SO3(g) + HCl(g) + S(g) 
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Figure S4. XRD pattern of the residual powder of W-precursors after thermal treatment at 500 °C, 650 

°C and 750 °C respectivley, using (a) H2WO4+NaCl and (b) WO3+NaCl as precursor. 

 

Further, the formation of oxide-chloride species is also supported by the evidence that formation of 

tungsten oxyhalide species (WO2X2, WOX4) has been reported for the synthesis of WS2 bulk crystals 

via chemical vapor transport12,13 by reacting halogen molecules such as Cl2, I2 and Br2 used as transport 

agents and tungsten oxides. Further, the high volatility of the H2WO4+NaCl has been also confirmed by 

gravimetric analysis after growth. Growth performed by using WO3 and H2WO4 only (Figure S5a,b) 

leads to a larger amount of WO3 and substoichiometric WO3 remaining in the crucible. On the contrary, 

WO3 and H2WO4 mixed with NaCl undergo a significant weight loss and only a little amount of 

NaxWyOz (and unreacted NaCl) compounds is found (Figure S5c,d). In the case of H2WO4+NaCl, the 

remaining precursors is less than for the WO3+NaCl growths. Furthermore, to confirm the key role 

played by Cl, we replaced NaCl with KCl and comparable growth results were obtained (Figure S6c). 
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Figure S5. Residual powders of the W-precursors and their XRD patterns after thermal treatment at 

750°C using (a) WO3, (b) H2WO4, (c) WO3+NaCl, and (d) H2WO4+NaCl as precursor. The blue dots 

in the XRD patterns indicate the presence of residual NaCl. 

 

 

Figure S6. Optical micrographs of WS2 triangles and amorphous domains grown on SiO2/Si substrates 

by using (a) WOCl4 at 600°C, (b) only H2WO4 at 850°C, (c) H2WO4+KCl at 850°C. 

 

Raman Maps 

 



 6

 
Figure S7. Raman spectroscopy: 2LA+E1

2g peak intensity. Scale bar 10 µm. 

 

 

 
Figure S8. Raman spectroscopy: 2LA+E1

2g peak position. Scale bar is 10 µm.  
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Figure S9. Raman spectroscopy: A1g peak intensity. Scale bar is 10 µm.  

 

 

 
Figure S10. Raman spectroscopy: A1g peak position. Scale bar is 10 µm. 
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Figure S11. Raman spectroscopy: 2LA-A1g energy differences. Scale bar is 10 µm. 

 

 

 

Photoluminescence (PL) Characterization 

The PL intensity map of WS2 grown from WO3 at 950 °C (Figure 3a) shows a three-lobes intensity 

pattern. The individual PL spectra appear asymmetric and they can be deconvolved in two distinct 

peaks, which have been attributed due to excitons and trions recombination (Figure 4)14. The PL peak 

positions over an individual WS2 flake show a bimodal distribution, with high PL intensity distributed 

over three lobes characterized by a peak position distribution centred at 1.94 eV versus areas with lower 

intensity and peak position centred at 1.96 eV, with FWHM of ~75 meV and ~55 meV respectively 

(Figure 4, S12, S13, S15). Peak position and FWHM are comparable with the current state-of-the-art 

of WS2 synthesized from WO3
15-18. The red shift of ~0.02 eV of the peak position (Figure 4b, S12) and 
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the large FWHM (Figure 4c, S13) of PL peaks form the three-lobe areas suggest higher concentration 

of structural defects19,22. These can be in the form of S-vacancies that increase the electron density, 

consequently the trions population15,20 and strength PL emission at lower energies than the optical band 

gap (Figure 4) causing an increased FWHM15,20. Strain variations in the lattice can also affect the light 

emission intensity and wavelength21,22. To prove whether lattice strain could affect the PL peak position 

and the intensity pattern, we have relaxed the lattice by cutting the WS2 domain using a 532 nm laser. 

As reported in Figure S14, the PL intensity and peak position remain unchanged along with the Raman 

peak position. Thus, structural defects in variable concentration are likely to be the main responsible 

for the spatial variation of PL23. With the addition of NaCl, WS2 can be grown at temperatures as low 

as 850 °C with good PL intensity (Figure 3d,e). The light emission occurs at higher energy and the 

FWHM is narrower as compared to the WO3-led growth (Figure 4). Further, the PL peak position and 

FWHM distributions are narrower within the same triangle compared to the WO3-led growth and 

although they are still broad across several WS2 monolayers, the standard deviations (Figure 4, S12, 

S13, S16) are smaller. The light emitted has higher energy (~1.95±0.002 eV and ~1.96±0.002 eV) and 

the FWHM is narrower (~43±2.8 meV and ~51±3 meV) (Figure 4) compared to monolayer WS2 

synthesized from WO3 and most of the reported works15-18. This indicates that the trions component is 

now significantly reduced suggesting that WS2 grown from NaCl+WO3 is affected by less structural 

defects as compared to WO3 precursor. A molecular conversion based-growth mechanism, were 

tungsten oxyhalide molecules are sulfidized in vapour phase, versus a topotactic conversion of WO3 in 

WS2 can explain the different defects contents in WS2 (Figure 3d, e).  

The PL peak intensity maps of WS2 grown using H2WO4+NaCl are reported in Figure 3g, h, i. It is 

possible to notice a good PL intensity from 750 to 950 °C. The FWHM is significantly narrower (~36±3 

meV), and the PL energy (~1.980±0.005 eV) is higher compared to what observed for WO3 and 

WO3+NaCl precursors systems (Figure 4, S12, S13, S17). This suggests that WS2 grown by using 

H2WO4+NaCl possess even less structural defects, and specifically in the form of sulfur vacancies, 

which lead to a negligible contribution from trions to the PL peak (Figure 4a). Further, no appreciable 

difference in FWHM is observed from flake to flake (Figure 4b,c), confirming the high reproducibility 

of the synthesis. The FWHM is smaller than previously reported values for CVD-grown15-18 and 
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exfoliated WS2
24,25 (Figure 4a) while it is comparable to WS2 grown on van der Waals substrates26 and 

to high quality exfoliated WS2
27. Overall the distributions of the PL peak position and the FWHM across 

several WS2 monolayers are much narrower (5 meV and 3 meV respectively) (Figure S18) compared 

to the other precursors systems. Different intensity patterns across individual flakes can still be 

recognized, however, they present smaller intensity difference compare to the other growth conditions.  

 

 

 

 
Figure S12. PL spectroscopy: PL peak position. Scale bar is 10 µm. 
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Figure S13. PL spectroscopy: PL FWHM. Scale bar is 10 µm. 

 

     

 

Figure S14. PL intensity (a) before and (b) after the cutting. 2LA+E1
2g Raman intensity (c) before and 

(d) after the cutting. Scale bar is 10 µm. 
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Figure S15. (a) PL Intensity vs position, (b) PL FWHM vs position of WS2 grown using WO3 at 950 °C 

 
Figure S16. (a) PL Intensity vs position, (b) PL FWHM vs position of WS2 grown using WO3+NaCl at 

850 °C. 

 
Figure S17. (a) PL Intensity vs position, (b) PL FWHM vs position of WS2 grown using H2WO4+NaCl 

at 850 °C. 
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Figure S18. (a) PL Intensity vs position, (b) PL FWHM vs position of WS2 grown using WO3, 

WO3+NaCl, H2WO4+NaCl. 

 

Electrical Characterization 

The gate bias range (Figure 6c) was extended up to the point at which the channel current reached a 

linear regime, characterised by Id = µnCox(W/L) ((Vgs-Vth)Vds), where µn  is the electron field-effect 

mobility, Cox is the oxide dielectric and Vth is the threshold voltage. The typical response curves (Figure 

6d) at different gate biases for a WS2 triangle grown using H2WO4 and transferred onto a fresh SiO2 

substrate exhibit asymmetry about Vds=0 V which originates from the different electrostatic potential 

seen at the source and drain electrodes. While the Schottky barrier at the source electrode is pinned by 

the gate, the drain barrier decreases with negative drain bias, and vice versa. However, as the 

semiconductor bands become more bent at the semiconductor/metal interface with increasing gate bias, 

the contribution of tunnelling currents through the barrier becomes more significant and as a result, the 

contacts become more “Ohmic” in nature.  
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