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1. Sample preparation and device fabrication

WSe, crystals were synthesized by chemical vapor transport using iodine as transport agent. The as-
grown crystals were phase-pure as determined by x-ray diffraction. Atomically thin MoS, flakes were
produced from the bulk crystal by a mechanical cleavage method and subsequently transferred onto
degenerately doped silicon substrate covered with a 290 nm-thick thermal oxide layer. An optical
microscope was used to identify thin flakes, which were further characterized by Park Systems atomic
force microscopy (AFM) in the non-contact mode. Thin h-BN crystals (10 - 50 nm thick) were first
exfoliated from commercially available h-BN crystals onto a PDMS stamp. Using a home-built precision
transfer stage, they were subsequently transferred onto a few-layer WSe;, flake to cover its middle section
while exposing its two ends for electrical contacts. The graphene used in this study was grown on copper
using a chemical vapor deposition (CVD) method.'” Briefly, the CVD graphene was grown on a 25 um
thick copper foil (Alfa Aesar) in a mixture of methane and hydrogen at 1000 °C. A layer of 200 nm thick
Poly(methyl methacrylate) (PMMA) was spin-coated and dried at room temperature. After removing the
graphene on the back side of the copper using oxygen plasma, the copper foil was etched away using
diluted copper etchant (APS-100) for 24 hours. The PMMA/graphene film was cleaned using a modified
RCA cleaning procedure.” PMMA/graphene films were transferred onto the silicon substrate with a few-
layer WSe, sample by carefully scooping it out from the solution. Finally, PMMA was dissolved by
acetone. Electron beam lithography and oxygen plasma etching were used to pattern the graphene
electrodes. Metal electrodes, consisting of 5 nm of Ti covered by 50 nm of Au, were fabricated to

electrically wire up the graphene electrodes using standard electron beam lithography (EBL) and electron
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beam deposition. Ionic liquid gate electrodes were also fabricated in the same step. A schematic
illustration of the dry transfer process used to passivate the WSe, channel with a clean h-BN microcrystal

is presented in Figure S1.

b)

a)

h-BN
4 “Fows- pateh

l Transfer the patch to the glass slide

c) Optical
Microscope
[
Glass slide
S— =
d) ”

e) ’h-BN
, / -

Figure S1. Schematic illustration of the process to cover the WSe, channel with a h-BN crystal using a

transfer stage equipped with a micromanipulator and a long working distance microscope objective.

2. Transfer characteristics and field-effect mobility of an Al,O3 passivated WSe, device



For the sake of comparison, we have also measured a graphene-contacted WSe, device with its channel
passivated with 50 nm of electron beam deposited Al,O;. Figures S2a and S2b show the transfer
characteristics of the device, while the graphene contacts have been either highly "p-doped” by applying a
very high ionic liquid (IL) gate voltage of -6 V or “n-doped" by applying an IL gate voltage of +6V.
Clearly, the threshold voltage for both the hole and electron channels in the Al,O; passivated device is
much larger than in the h-BN passivated device shown in Figure 4 of the main manuscript. Figure S2¢
shows that the field-effect mobility is also much lower in the Al,O; passivated device than in the h-BN

passivated device, which can be attributed to additional charge traps and interface roughness introduced
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Figure S2 (a-b) Transfer characteristics of a 7 nm thick WSe, FETs with ionic-liquid gated graphene

contacts, measured at Vi, = -6 V (hole channel) and Vi, = 6 V (electron channel). (c) Field-effect

mobility of the devices in the hole- (Vi , = -6 V) and electron-doped (Vi = 6 V) regions.



3. Output, transfer characteristics and field effect mobility of a bear WSe, device

As shown in Figures S3a and S3b, the output characteristics of a 8 nm thick bear, i.e. not passivated WSe,
channel with IL-gate graphene contacts shows Ohmic behavior. The highest current in this device
approaches 200 pA/pm at 4.0 um channel length at the back-gate voltage Vi, = 100 V, drain-source
voltage V;= -5V, and IL-gate voltage Vi, = -4.5 V. The transfer characteristics of the bear WSe, device
is qualitatively consistent with that of the h-BN passivated devices. However, the ON/OFF ratio in the
bear device is substantially reduced due to the IL-gating of the channel as well, especially at high IL-gate
voltages, as seen in Figure S3c. Figures S3e and S3f show the field-effect mobility of the bear WSe,
device for both the hole and electron channels. The mobility observed in the bear sample is also smaller in
comparison to the h-BN passivated device discussed in the main text, further indicating that channel

passivation with ultraclean h-BN is critical for studying intrinsic channel properties.
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Figure S3. An 8 nm thick WSe, FET device with a channel length of L = 4 pm and IL-gated graphene
contacts. (a-b) Output characteristics for the hole and electron channels. (c-d) Transfer characteristics for
the hole and electron channels. (e-f) Field effect mobility extracted from the low-bias (Vs = 10 mV)

transfer characteristics for the hole and electron channels.



4. Estimation of the contact resistance from a short-channel WSe, device

Figure S4a shows the output characteristics of a short-channel device (channel length L =
200 nm) with IL-gated graphene contacts. The ON-state resistance of the device, measured at a high IL-
gate voltage and a high back-gate voltage in the linear low drain-source voltage region between electrodes
labeled 3L and 4 in Figure S4c, is determined to be 5 kQ. This resistance consists of the metal/graphene
contact resistance, the graphene electrode sheet resistance, the WSe, channel resistance, and the graphene/
WSe, contact resistance. To isolate the contact resistance of the graphene/WSe, junctions, we also
measured the resistance of a graphene sheet and the graphene/metal contacts separately. As shown in
Figure S4b, the total resistance measured between electrodes 2L and 2R in Figure S4c is 2.2 kQ. As
suggested by the device layout in Figure S4c, 7) the total resistance between electrodes 2L and 2R should
be comparable to that between electrodes 3L and 3R; and i7) the metal/graphene contact resistance and
graphene electrode sheet resistance are likely much smaller for electrode 4 than electrode 3L, given the
much longer metal/graphene contact length and smaller L/W ratio for electrode 4 than 3L. Therefore, the
maximum contact resistance of a graphene/WSe, junction is estimated to be R.= (Ron-Rg.cte) /2 = (5 kQ-
2.2 kQ/2)/2 = 2 kQ. Since the width of this particular WSe, sample is 1.0 um, the normalized contact
resistance of the graphene/W Se; junction is less than 2 kQ-um.

In order to quantitatively study the graphene/WSe, junction and the intrinsic WSe, channel
properties, it is important to minimize the graphene sheet resistance and graphene/metal contact
resistance. Low sheet resistance of ~100 €/sq has been obtained in monolayer graphene that had
been electrostatically doped up to 3x10"* cm™ by ferroelectric dipoles®. Low metal/graphene contact
resistance of the order of 10 Q-um has been routinely achieved by selecting proper contact metal’.
The graphene sheet resistance and the graphene/metal contact resistance can be further minimized (i)
by shaping the graphene electrodes in such a way that the metal/graphene contact area is much larger
than that of the graphene/WSe; interface, and (7i) by electrostatically doping the graphene electrodes

up to a very high carrier concentration of ~10'* cm™ using an IL.



Figure S4. (a) Output characteristics of a short channel (L= 200 nm) WSe, device shown between
electrodes 3L/3R and 4, depicted in panel (c), at a high IL-gate voltage of 6 V. (b) The resistance of a
graphene FET device between electrodes 2L and 2R, depicted in panel (c), at a high IL-gate voltage of 6
V. (c) Optical micrograph of a 8 nm think WSe, sample contacted by graphene electrodes in the area
highlighted by the white dashed lines. The channel length between electrodes 3L/3R and 4 is about 200

nm.



5. Conductance versus back-gate voltage curves corresponding to the opposite sweeping directions

of a double-sweep measurement
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Figure S5. Temperature dependent two-terminal conductivity as a function of the gate voltage for the

WSe, device shown in Figure 2 of the main text with dual-gate sweep directions, obtained after it was

cooled down from 230 K at the IL gate voltages (a-b) Vi, =6 V and (c-d) Vi, = -7 V. The direction of

the gate sweep is indicated by the arrow in the figure.

6. Transfer characteristics of a graphene FET on WSe, substrate.

Field-effect mobility is extracted from the V}, dependence of 6 using the expression u=(1/Cyg) X (do/ dV,)

in the linear region of the ¢ vs V4, curves, where Gy, is the back-gate capacitance per unit area. Based on a

simple parallel-plate capacitor model, Cy, is determined to be 1.2 x10® F cm™ for 290 nm SiO, (Cog =



3.9%g¢/290 nm). We have previously shown that the IL deposited on our FET devices is unlikely to
change the back-gate capacitance of the device below the freezing temperature of the IL.® To further rule
out the possibility of the IL droplet changing the back-gate capacitance in our graphene-contacted WSe;
devices even below the freezing temperature of the IL, we have measured the transfer characteristics of a
graphene FET fabricated on WSe, before and after depositing the IL. Figure S6 shows that the overall
shape of the transfer curve of a graphene FET on the WSe, substrate does not change after depositing IL
with the exception of the Dirac point, which is slightly shifted due to the small amount of IL-induced
doping. This further confirms that the deposition of the IL on our devices does not change the back-gate

capacitance.
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Figure S6. Conductance of a graphene FET

. device on WSe, substrate as a function of the
100 %ﬂif back-gate voltage before and after deposition of
the ionic liquid.
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7. Change of the graphene work function caused by gating

The Fermi energy of a graphene monolayer changes as AEz=(h/2m)ve(m n)”, where vp =
1.1x10° m/s is the Fermi velocity and n is the carrier density. The Fermi energy of a graphene
monolayer is expected to be tunable by up to £1.5 eV using an IL gate due to its extremely large
electric double layer (EDL) capacitance. Such a wide range of Fermi energy tunability in graphene
enables us to continuously change the work function of graphene from ~ 3 eV to ~6 eV, opening up
the possibility of controllably making low-resistance Ohmic contacts with a vanishing or even

negative Schottky barrier for both the electrons and holes in most semiconducting TMDs. In addition



to lowering the contact barrier at the graphene/TMD interface, the high carrier density induced by the

IL gating is also expected to reduce the sheet resistance of graphene.
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