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Figure S1. (a): Metal-on-bottom fabrication flow for the graphene devices: Ti/Au electrodes patterned on Si++/SiO₂ (300 nm), transfer and patterning of CVD single-layer graphene, and the final measurement layout. (b): optical micrograph of a completed device showing the SLG channel bridging the Au electrodes with the scale bar 40μm.
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Figure S2. Conceptual illustration of two-terminal and four-terminal measurement configurations. The two-terminal setup includes both channel and contact resistances in the measured value, while the four-terminal configuration isolates only the intrinsic channel resistance by eliminating contact effects
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Figure S3. Two-probe current–voltage (I–V) characteristics of TLCD and TECD devices with various channel lengths, confirming linear Ohmic behavior and enabling extraction of total resistance for TLM analysis.
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Figure S4. Four-probe V–I characteristics of TLCD and TECD devices with various channel lengths. The four-terminal configuration measures the intrinsic channel response, allowing accurate extraction of contact resistance through the exclusion of contact effects.
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Table S1. Summary of two-probe and four-probe resistance values for TLCD devices with different channel lengths. The contact resistance was obtained from the difference between two-probe and four-probe measurements.
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Table S2. Two-probe and four-probe resistance values for TECD devices with various channel lengths. The extracted contact resistance shows significantly lower values.
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Figure S5. Simulated relationship;  and  between contact resistance and contact area showing a rapid decrease followed by saturation as the contact area increases. The point in (b) represents the saturated contact area Asat, where the calculated ratio,  reaches the experimentally observed value, indicating that further increase in contact area no longer significantly reduces the contact resistance.
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