Supporting information

1. Graphene multilayer islands in AFM-tip cleaned images
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Figure S1. (10 x 10 μm2) Topography a)-c) and adhesion force b)-d) mappings measured via Atomic Force Microscopy of plasma by the red oval. 

The topography AFM images both before and after tip-cleaning show multilayer islands as indicated by red oval Figure S1 (a)-(c). In addition, the adhesion force maps Figure S1 (b)-(d) show a different adhesion force for the patches compared to the surrounding surface i.e., Graphene. In general, the difference in adhesion force or frictional force measured between the AFM tip and the surface relates to both the number of Graphene layers and the adhesion force of Graphene with the underlying substrate. Moreover, the frictional force measured between the AFM tip and Graphene surface layer decreases with the number of layers, saturating at four layers where the frictional force of bulk graphite is achieved 1,2. The patches specified by the red oval depict lower adhesion forces demonstrating their multilayer character. 



2. Raman mappings quantitative analysis
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Figure S2. Raman mappings (A) post solvent treatment, (B) after 3 s H2 DPS clean and (C) after 4.5 min UV/O3 oxidation.  

A prominent challenge when working with 2D materials is their growth-related variability. As a result, caution is imperative when single point measurements are used to make claims or statements about the 2D layer. To account for this variability, Raman mappings provide a more representative view of the surface state. A scratch is made in the Graphene layer which is used as reference point to measure approximately the same surface area after consecutive treatments. Part of this scratch can be observed on the left side of the maps indicated by the white area (no signal). Note that plotting the ID/IG corrects for any acquisition-related variations in peak intensities and allows to compare the spectra recorded. Quartiles are selected as statistical indicators to limit the numerical weight of the high ID/IG values recorded at the scratch edge. 
Overall, there is a small increase in ID/IG going from solvent- to 3 s H2 DPS treated Graphene as shown by the respective 1st quartile and median values. This small increase is attributed to limited hydrogenation of the Graphene surface by hydrogen radicals produced in the plasma discharge. A significant rise in ID/IG is quantified by an increase of all statistical indicators presented and is ascribed to the oxidation of Graphene’s basal plane by atomic oxygen generated during the UV/O3 exposure. 



3. Effect of UV/O3 treatment on Silicon Oxide wettability 
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Figure S3. Water contact angle of SiO2 as a function of UV/O3 exposure time.

Figure S3 shows the water contact angle of SiO2 as a function of UV/O3 exposure time. A sigmoidal decrease is observed where a 20° WCA drop occurs during the first 2 minutes, after which the curve stabilizes around ± 15° within 10 minutes of UV/O3 exposure. The hydrophilization observed is in agreement with experimental results obtained by Wang et al who attribute their observations to a photo-oxidation process 3.

4. 
Demonstration Monolayer character WS2 & Graphene via Raman- Photoluminescence Spectroscopy
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Figure S4. Raman spectrum of monolayer WS2 (a) with peak deconvolution (b). PL spectrum monolayer WS2 (c). Raman spectrum of Graphene with peak deconvolution (d).

Both Raman and Photoluminescence (PL) spectra were recorded to demonstrate the monolayer character of the 2D layers. Figure S4 (a)-(b) show the Raman spectrum with WS2 peak deconvolution. Raman signatures indicating monolayer thickness include peak separation () and (G) ~ 61.3 cm-1 4,5 and a  ratio over 2,  which in our case reaches a value of 5 6. In addition, Photoluminescence spectroscopy is sensitive towards the WS2 layer thickness due to the transition from indirect to direct bandgap when thinning to monolayer thickness. The PL spectrum depicted in Figure S4 (c) shows only 1 peak corresponding to the direct transition while no other peaks in the 1.2-1.8 eV range related to indirect transition are present in the spectrum 7. Figure S4 (d) shows the Raman spectrum of a Graphene layer transferred on SiO2. The monolayer thickness is evidenced by the single Voigt fitting of the 2D peak which is known to split upon layer thickness increase 8,9.

5. 2D Graphene/WS2 heterostack characterization
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Figure S5. a) Raman spectra of Graphene layer transferred on monolayer WS2. b) Photoluminescence spectra of monolayer WS2 before- (black) and after Graphene capping. c) Topography images (10 x 10 μm2) of transferred Graphene layer measured via Atomic Force Microscopy before and after tip cleaning. 

Raman-, Photoluminescence spectroscopy and tip-cleaning Atomic Force Microscopy were carried out to demonstrate successful Gr/WS2 heterostructure fabrication. Figure S5 (a) shows Raman spectra of three spots of the Graphene layer transferred on WS2 coupon, where the inset plot focuses on 1200-1700 cm-1 range. The strong background signal that appears ~2300 cm-1 results from the PL signal from the underlying WS2 monolayer 4,10. A clear G peak (~ 1590 cm-1) is observed, but no D peak (~1350 cm-1) indicating a high-quality Graphene layer. Authors attribute the rather low intensity of the G peak to the interlayer coupling between the Graphene layer and WS2 substrate, where electronic coupling with the substrate can lead to significant quenching of the Raman signal as demonstrated by Mootheri et al 11. The Gr/WS2 interlayer coupling is additionally demonstrated by Photoluminescence spectra shown in Figure S5 (b), showing a significant quenching of the PL signal originating from the WS2 monolayer before (black) and after Graphene capping (red). The PL quenching also results from the interlayer coupling where photo-excited electrons and holes generated in WS2 can tunnel to the Graphene layer and recombine near the Dirac points in a nonradiative manner 12.
After Graphene transfer, H2 DPS cleaning is applied to obtain a clean Graphene surface. Figure S5 (c) shows topography images of the transferred Graphene layer measured via Atomic Force Microscopy before and after tip cleaning. After tip-cleaning, no contamination build-up is noted on the scan edges demonstrating a clean Graphene surface. However, both before and after tip-cleaning regular white stripes are present in the images indicating elevated Graphene areas. These areas are characterized as Graphene wrinkles originating from the wet transfer process (see Method section for detailed description). Essentially, the Graphene layer is laminated on top of the WS2 coupon using a specially designed frame and substrate holder which are both put in a deionized water bath to facilitate alignment. Next, the Graphene layer is laminated on the WS2 coupon by gradually lowering the water level in the bath. As a result, a lot of water is trapped between the Graphene and WS2 monolayer. An overnight vacuum anneal is performed to remove the residual water, during which wrinkles can be formed whose configuration depends on the initial wrinkle geometry and the quantity of diffused water as demonstrated by Kashyap et al 13. 

6. Atomic Force Microscopic images for HfO2 roughness extraction.

[image: A picture containing text

Description automatically generated]
Figure S6. (10 x 10 μm2) AFM images of HfO2 dielectric grown via ALD on GrO/WS2 and WS2 as function of ALD cycles.

The HfO2 layer roughness reported here is the mean roughness based on the Arithmetic average of the absolute values of the surface height deviations measured from the mean plane in the AFM images, determined using the following formula:

 

Note that for the AFM images corresponding to 31, 62 and 93 ALD cycles applied to GrO/WS2 there are HfO2 decorated Graphene wrinkles visible originating from the wet transfer process as explained before. Since this is an artifact of working with full 2D layers instead of flakes, it is acceptable to use a mean plane that does not contain wrinkles for the roughness extraction explained above. 



7. RBS plots of GrO/WS2 and GrO/SiO2 stacks

[image: Chart, line chart

Description automatically generated]
Figure S7. Hf areal density measured by Rutherford backscattering spectrometry (RBS) after various HfO2 ALD cycles applied to 30 min UV/O3 activated Graphene on monolayer WS2 (red) and 7.5 min UV/O3 activated Graphene on SiO2 (blue). Note that error bars are confined within the data points.

The 4-probe GFET discussed in the main text only consists of a Graphene layer on 90 nm SiO2. This way, the transport properties of the Graphene layer can be verified without any interference of the WS2 monolayer. Figure S7 shows that similar growth rates are observed for Graphene on SiO2 / WS2, treated with 7.5 min / 30 min of UV/O3 respectively. This indicates that the Graphene layer surface state is similar for both stacks and thus any claims made for the GrO/SiO2 device are also valid for a GrO/WS2 device.


8. Optical images & Raman spectra of graphene device
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Figure S8. Optical images and Raman spectrum of the Graphene device before (a) and after 7.5 min UV/O3 exposure (b). Insets in the Raman spectra show optical image of laser spot position during the Raman measurement.

Figure S8 shows optical images of the Graphene device reported in the main transcript before (a) and after 7.5 min UV/O3 treatment (b). In addition, their respective Raman spectra are also provided showing again a significant D peak increase after UV/O3 treatment as explain in the main transcript. The insets show optical images of the laser spot position during the Raman measurement. 


9. Quantitative analysis GFET
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Figure S9. The calculated sheet resistance (RSH) as a function of overdrive voltage (a), absolute field effect mobility (µFET) (b) and potentials measured at the source (VSS), probe 1 (VP1), probe 2 (VP2) and drain (VDS) as a function of gate voltage (VGS) (c) before- (green) and after (black) H2 DPS exposure.

Quantitative analysis of the GFET is performed as described by de la Rosa et al 14. Figure S9 provides an overview of Graphene’s sheet resistance (RSH), absolute field effect mobility (µFE) and potentials measured at probe 1 (VP1) and probe 2 (VP2) as a function of gate voltage (VGS) before- and after H2 DPS exposure. 
In a 4-probe set-up, the sheet resistance (RSH) and µFET are extracted without including the effect of contact resistance (RC) by measuring the channel potential (VCH) via two additional probes (see Figure 7 (a)). No potential drop is assumed over the contacts between the Graphene layer and additional probes due to the low current drawn by the high impedance voltmeter (> 1012 ohm). Consequently, the total resistance only subsists of RSH, calculated via Eq -:







Using RSH, µFE is determined by differentiating the sheet conductance (GSH) w.r.t back gate potential (VGS) inversely multiplied by capacitance of the 90 nm (tOX) SiO2 dielectric substrate (COX) Eq -:









With  and  being the permittivity of free space and dielectric constant of SiO2. The respective hole- and electron mobility correspond to the local maxima noted in Figure S9 (b) before and after H2 DPS dry cleaning. The Ion/Ioff ratio reported in the main text is based on the values extracted at maximum resistance (Ioff) and -19 overdrive potential (Ion).
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