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Supplementary Fig. 1 OM and AFM image of patterned Nafion as irradiated by different E-beam doses. a, A target pattern for 20 keV E-beam irradiation (black dashed line) as a cross shape with a width of 1m. b, OM image of patterned Nafion as irradiated with a dose of 10C/cm2. The white dashed line represents the outline of the obtained actual shape, which closely matches with the target pattern. c, OM image of patterned Nafion irradiated with a dose higher than 350C/cm2. The white dashed line represents the outline of the obtained shape, which is significantly larger than the target pattern. Dose should be 10C/cm2 or less for fine patterning. d-e, AFM image and line profile of patterned Nafion wtih different E-beam dose conditions (<10C/cm2). The white dashed line represents the obtained shape (actually patterned). This results shows that when the dose is set for its condition which is <10C/cm2, the target pattern and the actually obtained pattern are nearly identical each other, although the height of pattern is somewhat proportional to the dose.
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Supplementary Fig. 2 XPS results for S 2p peak. XPS results for S 2p peak1. In both cases, we subtracted linear background. E-beam treated ultrathin Nafion layer on SiO2 substrate shows diminished SO3- in intensity after developing (black plot), when compared to those of as spin-coated case (red plot). This data is consistent with the trend of the SO3- peak observed in the O 1s peak. Supplementary Table shows the same results in more quantitative way with the main peak (S 2p3/2). 
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Supplementary Fig. 3 OM and SKPM image of transferred WSe2 on ‘Y’ patterned Nafion. a, OM image of transferred WSe2 onto ‘Y’ patterned Nafion. b-d, SKPM image(c) and potential line profile(b,d). Potential difference between WSe2 and Nafion-assisted doped WSe2 appears as large as 100 ~ 140 mV depending on the measured position in the sample, which result in hole-doping effects by maximum 250 times.    
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Supplementary Fig. 4 Electrical conductance of E-beam processed and spin-coated Nafion films. As shown in the plots, as-coated thin Nafion displays some electric current while it becomes insulating via E-beam process.











[image: 텍스트, 도표, 스크린샷, 라인이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 5 TLM based RC measurement of Nafion-doped p-WSe2 FET. a, OM image of the three FETs with different channel lengths. The white dashed line represents patterned Nafion area beneath the WSe2 channel. b, Cross section of three FETs with WSe2 channel doped for full channel coverage. c, IDS-VDS characteristics of three FETs without applied gate bias. All three FETs shows a symmetrical Ohmic characteristics from the WSe2 as fully supported by Nafion-based doping. d, Transfer line measurement (TLM) results. Contact resistance (RC) of 19 kΩ-µm is extracted by extrapolating to zero channel length without gate voltage support. Sheet resistance (Rsh) is calculated to be 33 kΩ/square, here, and it is approaches to the value (40 kΩ/square) in Figure 2, which include RC. In Figure 2, W is ~14.6 µm, RC becomes ~1.3 kΩ. 
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Supplementary Fig. 6 Mobility extraction for top gate FET in Figure 3. We consider double-gated geometry for the mobility extraction. a, Cross section of double-gated geometry. CTG is h-BN top-gate capacitance (30 nm thick, see Supplementary Fig. 12). We use dielectric constant of 3.5 for h-BN2. CBG is SiO2 (285 nm thick) back-gate capacitance. CP is parasitic capacitance between back and top gates (area ~(250 m)2). We defined the area of channel as equal to the top-gate area. It should be noted that we only biased top-gate, with back gate electrode disconnected. b, Equations are assuming total capacitance (Ctotal) for linear mobility calculation in the double-gated geometry3. Using equations (1), (2), and (3), we can calculate the linear mobility in double-gated geometry. In Eq. (4) C’total indicates Ctotal/channel area (F/cm2). 
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Supplementary Fig. 7 RC improvement via Nafion doping in FETs with Au electrode. a, Schematic cross sectional view and OM image of the two FETs using one single WSe2 nanosheet with and without Nafion underlayer. b, Transfer characteristics and inset linear mobility of the FETs with and without Nafion. The difference in mobility appears more distinguishable than the case of Pt contact electrode. c,d, Output characteristics of two Au contact FETs with and without Nafion. On state IDS appears 10 times higher with Nafion doping in the selected contact area.
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Supplementary Fig. 8 RC and four-bar mobility () extraction method. a, Schematic of four-bar configuration. VS is source voltage which is grounded. VD is applied drain voltage. V1 and V2 are voltage probes to measure the voltage drop between L1 and L2 distance. VMID is the voltage drop (difference) between V1 and V2. Lchannel is the channel length and W is the width of the channel. b, A graph illustrating the variation of potential with length, assuming a linearly proportional drop of voltage. c, Equations for calculating two-bar mobility and four-bar mobility. We can also calculate the hole concentration by using equation (3). Here, we determine the Vth at constant current level of 100 pA. d, Equations for calculating contact resistance (RC). All resistances (total resistance, channel resistance, contact resistance) are normalized by width. 
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Supplementary Fig. 9 Transfer line measurement (TLM) results of RC at Nafion-doped contact. a, OM image and cross section scheme of the three FETs with different channel lengths. The white dashed line represents Pt contact area with patterned Nafion beneath WSe2 channel. b, Transfer characteristics of the three FETs with different channel lengths. c, IDS-VDS characteristics of three FETs with different channel lengths at VBG = -60 V. d, Transfer line measurement (TLM) results. Contact resistance (RC) of ~5.5 kΩ-µm is extracted as quite a similar value to that from 4-bar method. 
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Supplementary Fig. 10 RC and four-bar mobility () measurements of WSe2 FET without Nafion. a, OM image of four-bar geometry FET device with global SiO2/p+-Si gate. b, Schematic cross section of four-bar geometry FET. c, Transfer characteristics and output characteristics (inset) of the FET. d, Hole concentration-dependent RC plot showing minimum RC of ~55 kΩ-µm at VDS = -1 V. The inset mobility plot shows four-bar mobility () appears to be ~75 cm2/V s which is much higher than two bar mobility (~45 cm2/V s). These results indicates that without Nafion doping, the 10 times higher value of RC is regarded unavoidable. 
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Supplementary Fig. 11 Fabrication process of Pt-transferred S/D contact FET and its stability analysis. a, Schematic of Pt transfer process. Firstly, Pt is deposited on global SiO2/p+-Si substrate. Secondly, Pt is patterned using photolithography and dry etching. Then, we remove the photoresist (PR) and exfoliate the patterned Pt using PDMS. Finally, the patterned Pt is transferred onto WSe2. b, OM image of WSe2 with transferred Pt contact. The inset shows the patterned Pt exfoliated on PDMS. c,d, OM image and schematic of four-bar geometry FET device with global SiO2/p+-Si gate. The black dashed line represents the transferred Pt contact, while the red dashed line represents sputter-deposited Pt contact. e,f, The mobility and transfer characteristics after 2 months aging at 1 Torr vacuum conditions. Noticeable change in both current level and mobility value are shown over time. In contrast to FETs with Nafion, it is observed that the Pt-transferred S/D contact FET obviously degrades over time, even under the vacuum conditions.
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Supplementary Fig. 12 All of the flake thickness information as measured by AFM. All the thickness we use ranges from 4.5 nm to 8 nm. Top gate dielectric, h-BN is 30 nm-thick.  
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