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Raman spectroscopy of DNTT
Fig. S1 is the Raman spectroscopy of DNTT, which identifies itself.[S1]
[image: ]
Fig. S1 Raman spectroscopy of DNTT.


The extraction method of the Schottky barrier height (SBH) of the p-GB
Fig. S2(a) shows output curves of p-type graphene barristors according to various Vg. For Vd > 0 V, graphene barristors allow on-current in all Vg ranges as the forward region of the Schottky diode. In the reverse region (Vd < 0 V), the drain current is more modulated by Vg. For this reason, the reverse drain region is focused on device performance demonstration due to reverse regions showing a higher on/off current ratio than the forward drain regions.
The Schottky barrier heights () of p-type graphene barristor with various Vg are extracted from the Schottky diode equation using drain current () vs. drain voltage () plot.[S2]
                         (S1)
                                (S2)
                                   (S3)
Where  is the electron charge,  is ideality factor of the Schottky diode,  is the Boltzmann's constant,  is temperature,  is the DNTT–graphene junction area, and  is the Richardson constant of DNTT.  is extracted from the equation (S2) in low forward  regions, as shown in Fig. S2(b). Then  is calculated by the equation (S3) in a fixed  as shown in Fig. S2(c). The SBH progressively adjusted by the doping are extracted as 0.34 eV, 0.25 eV, 0.19 eV for the undoped and 0.39 eV, 0.33 eV, 0.21 eV for the 0.01 wt% n-doped device at Vg = 15, 0, −15 V, respectively.
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Fig. S2 (a) Output curves of the undoped (left) and 0.01 wt% n-doped (right) graphene barristor according to Vg = −15, 0, and 15 V. (b)  vs.  plot example for undoped graphene barristor. (c) extracted  for undoped and 0.01 wt% n-doped graphene barristor. 


TLM measurement for extraction contact resistances
The contact resistances between DNTT–Au electrodes of pristine, and with contact resistive layer (CRL) and contact-doping layer (CDL) were extracted by the Transmission line method (TLM) as shown in Fig. S3(a).
                                   (S4)
 is the total resistance of TLM, where  is the resistance of a semiconductor, and  is contact resistance between a semiconductor and a metal electrode. Here, the bulk resistance of metals is ignored as it is relatively small compared to others.  is represented below equation:
                                       (S5)
Where  is sheet resistance of semiconductor,  and  is length and width of semiconductor channel, respectively. Therefore,  is
                                    (S6)
For normalized width resistance, 
                                 (S7)
Following this equation,  can be extracted from the half of y-intercept by the plot of  vs.  as shown in Fig. S3(b). The extracted contact resistances are shown in Fig. S3(c).
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Fig. S3 (a) Optical image of TLM structure, which CRL or CDL can be on top of DNTT channel. Scale bar = 100 μm. (b) TLM measurement at Vg = 0 V, (c) extracted  for pristine, with CRL, and CDL.




Device model of graphene barristor with a charge conservation law and ideal devices at EOT = 1 nm
The graphene barristor is following the Schottky diode equation as shown in equation (S1). Here,  is determined based on charge conservation for three capacitors contained in graphene barristor which are oxide dielectric (), semiconductor (), and graphene quantum capacitors (), as shown in Fig. S4(a).[S3] The charge conservation equation is following below:
                                        (S8)
Where  is the charge accumulated in the gate electrode,  is the charge on graphene quantum capacitor, and  is the space charge on the semiconductor channel. And each charge is calculated as following equations:
                           (S9)
              (S10)
                            (S11)
Where  is the Fermi level shift of graphene from the Dirac point by external bias,  is the permittivity of the gate oxide,  is the thickness of the gate oxide,  is the charge of an electron,  is the Fermi velocity of the Dirac electron,  is charge concentration of graphene,  is the permittivity of the semiconductor,  is doping concentration of the semiconductor, and  is the surface potential of the semiconductor. Using these equations (S9–11),  is extracted in terms of , and then  is determined.
Fig. S4(b) shows the schematic diagram of a dual-channel ternary graphene barristor. Following this, the analytical modeling is implemented for the ternary device, which is well fitted with experimental data as shown in Fig. S4(c).
Furthermore, Fig. S5 shows the device scaling and performance enhancement result for both p- (Fig. S5(a)) and n-type (Fig. S5(b)) ternary devices, using the device model and parameters at Table.1. The parameters of the p-type device are extracted from the experimental results, and that of the n-type device are referred from the literature.20
.
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Fig. S4 (a) The schematic diagram of capacitor–charge distribution for device model of graphene barristor. (b) The schematic diagram of the device simulation model for the ternary device, and (c) the analytical fitting result in log scale. 
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Fig. S5 The transfer curves of (a) p-type and (n) n-type ternary devices modelled with EOT = 1 nm for Vd = ∓ 1 V, respectively. 



Noise margins of STI for Vdd
Butterfly curves with noise margins of STI for Vdd = 0.9, 1 and 1.1 V are shown in Fig. S6. For Vdd = 0.9 V, two noise margins are undefined.


[image: ]
Fig. S6 Butterfly curves with noise margins of STI for (a) Vdd = 0.9 V, (b) 1 V, and (c) 1.1 V. 
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