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Supplementary information 

Figure S1 Semi-log scale of gated-PL measurement at 78K (figure 1c in main text) 



 

 

 

 

 

 
 

 

 

Figure S2 a) Room-temperature Raman measurements of WS2 on various sub-
strates. b) Raman measurement of WS2 grown on hBN  



 

 

 

Figure S3 SpaƟal variaƟons of PL spectra. a) opƟcal image of WS2 grown on hBN with 
colored markers corresponding to c) and d). b) Integrated PL spectra vs posiƟon. c) SpaƟal vari-
aƟons in PL with colors indicated by markers in a) 

 

CVD Growth of 1L WS2 

The chemical vapor deposition of monolayer WS2 begins with preparing the solid precur-
sor powders and treating the target substrates with piranha solution. For monolayer WS2, 
our recipe calls for 0.0001g of 99.99% WO3 powder (Millipore Sigma) to be spread evenly 
at the bottom of the alumina boat, and 0.3g of S powder to be packed into the quartz boat. 
The target SiO2/Si substrates are first cleaved into 7 pieces from a larger wafer, each piece 
measuring roughly 0.5cm by 2cm, and then cleaned in a piranha solution (3 volumetric 
parts of H2SO4 by 1 volumetric part of H2O2 for 30 minutes, followed by 3 deionized water 
baths of 5 minutes each. The target substrates would then dehydrate on top of a 65°C hot 
plate for 30 minutes. Once dry, 15𝝁m of 4% perylene-3,4,9,10-tetracarboxylic acid tetrapo-
tassium salt (PTAS) promoter is drop-casted on top of 3 target substrates, each, while on 
the hotplate using a pipette. The substrates are left to air dry on the hotplate until all pro-
moter solution has air dried. Then, the substrates are suspended across the rim of the alu-
mina boat, with the polished side facing the precursor powder at the bottom of the alu-
mina boat. Once prepped, the alumina boat is loaded into the quartz tube, followed by the 
sulfur boat. The alumina boat remains in a zone heated by the furnace, whereas the sulfur 
boat is stationed away from the furnace heating elements and is heated separately, due to 
sulfurʹs much lower sublimation point compared to that of WO3. 

For WS2 grown on top of hBN, the growth process is the same as the growth process for 
monolayer samples, with the main difference being the substrates for WS2 on hBN 
growth will have hBN exfoliated onto them via mechanical exfoliation, and then rinsed 
under electronic grade acetone followed by IPA to remove any tape residue.  

The chemical vapor deposition process begins with an anneal for 60 minutes at 120°C in 
an Argon environment with 500sccm flow rate. The sulfur boat is heated to 85°C through-
out the anneal. Following the anneal, the temperature of the furnace is ramped up from 



 

 

120°C to 750°C in 40 minutes and from 750°C to 850°C in 10 minutes. The Argon flow rate 
is maintained at 200sccm from 120°C to 750° C and at 70sccm from 750°C to 850°C, and 
throughout the growth phase. The temperature of the sulfur boat is increased from 85°C 
to 175°C throughout the temperature ramp phase in the heating profile. The Hydrogen 
flow rate is ramped from 0 to 10sccm at 750°C and maintained at this rate until the end of 
the growth phase. Once the WO3 boat reaches 750°C, the sulfur temperature should be at 
175°C. At the end of the growth phase, the Hydrogen gas flow is turned off, the Argon 
flow rate is increased to 1000sccm to flush out any residual by-products of the chemical 
reaction and the sulfur and furnace heating elements are turned off. The Argon gas flow 
is turned off once the furnace cools down below 200°C.  

 

 

Transfer of CVD grown material 

We fabricate suspended WS2 samples using a polystyrene-assisted wet etch transfer 
method to transfer the TMD onto the target substrates[1]. A layer of 10:1 toluene-to-poly-
styrene (260000g/mol polystyrene) solution is spun coat on top of the as-grown substrates 
at 3000 RPMs for 60s. The substrates are then baked at 85°C for 1 hour and then scratches 
at the edges of the substrates for the wet etchant to better access the SiO2 layer. The sub-
strates are then deposited on the surface of a Buffered Oxide Etch (Transene) bath for a 
minimum of 24 hours. BOE is a glass etchant, thus it will etch away the SiO2 layer of the 
floating stack and release the polymer/TMD portion of the stack as a floating film at the 
end of the etch. At that point, the polymer/TMD film can be removed from the BHF bath 
and transferred to 3 consecutive deionized water baths, each 20 minutes long, to remove 
as much residual BOE as possible. BHF can p-dope the 2D material quite easily thanks to 
the abundant H+ ions in solution. Once the water baths are complete, a piranha-solution-
treated dry thermal oxide SiO2/Si substrate is used to scoop the polymer/TMD films out 
of the water bath and the substrate/film complex is then dehydrated via an 80°C bake on 
a hot plate for 60 minutes. Following the soft bake, the transferred substrates are then hard 
baked at 150°C for 30 minutes to partially melt the polymer and release the TMD from the 
polymer. After the hard bake, the transferred substrates are submerged in an acetone bath 
at 70°C to remove the polystyrene and toluene, followed by an IPA rinse.  
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