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S1. Deposition of the ionic liquid DEME-TFSI

EDL transistors were fabricated on top of 5i02/Si substrate where a bilayer of WSe: crystal was
mechanically exfoliated and trasferred with a standard procedure. The metallic electrodes are
defined by e-beam lithography and evaporation of titanium and gold (5/45 nm). Besides the four
electrodes connected to the WSe: flake, two additional electrodes are fabricated to act as the gate
(V) and reference (Vrer) electrodes. To minimize the exposure off the IL to the contact guides the
whole device was covered with polymethyl methacrylate (PMMA) and a rectangular window
was open in the center of the channel of the semiconductor for placing the droplet. As a final step,
we deposit a drop of the ionic liquid N,N-diethyl-N-(2-methoxyethyl)-Nmethylammonium
bis(trifluoromethylsulphonyl)imide (DEME-TESI) on top of the window, covering the
monolayer, the reference and the gate electrode.

The DEME-TESI shows large capacitance and a wide electrochemical window allowing to achieve
extremely large accumulations of charge carriers, up to 5x10' electrons/cm? in ILG-based 2D
transistors’. Owing to the substantial cooling properties of this liquid and its glass transition
characteristics the DEME-TFSI is an optimal choice for this experiment.

To prevent the chemical reaction of the surface of the sample with water in the IL, the liquid was
baked in vacuum at 80 °C for a period of 24 h. Then, the IL drop was placed on top of the device
and the sample was rapidly introduced in the vacuum measurement chamber to avoid long-term
air exposure. The system was cooled down and pumped overnight to remove humidity and
oxygen and further prevent unwanted chemical reactions and device degradation. The DEME-
TFSI freezes below 220 K2, however, the glass-transition temperature, Tg, occurs at 183K3. We
carried the experiment at 240K when the IL is in the rubber phase. In this situation ions are still
mobile within the liquid but most chemical reactions are suppressed*. All the transport
measurements were performed in high vacuum, with a pressure of 10-¢ Pa.
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S2. Transfer curves at different temperatures
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Figure S1. a) Transfer characteristics of the bilayer WSe: ionic liquid-gated transistor, measured at Vas = 0.1V as a
function of the reference voltage Vrer for different temperatures. b) Normalized transfer curves.

Figure Sla shows the transfer characteristics of the 2L-WSe: ILG transistor at different
temperatures. The range of temperatures has been chosen so the IL (DEME-TEFSI) is in the rubber
phase, above the glass-transition temperature, Ty = 183 K3 and below 260K where chemical
reactions may influence the measurement. As described in the main text, for positive reference
voltages (Vs > 0) the transfer curve shows an inflection point related to the nonlinearity present
in the electron density. For negative gate voltages (Vg < 0) this behaviour is not observed for this
range of voltage. Near the inflection point, we can observe that the current increases as we
increase the temperature from 220K to 250K. We attribute this effect to the presence of Schottky
barriers in the electrical contacts. In order to compare the different transfer curves we normalize
lasto the inflection point (Figure S1b). While the overall shape of the normalized curves is similar
for all the temperatures, they shift to more negative voltages as we increase the temperature. We
attribute this shift to temperature-dependent alterations in the chemical properties of the liquid.
Besides this overall shift, we also observe a slight variation in the position of the inflexion point,
relative to V4, which we associate to a temperature-dependent filling of states at the Q valley.




S3. Estimation of the energy splitting between valleys Q-K in bilayer WSe:

To estimate the energy splitting between valleys K-Q we use the Fermi-Dirac statistics
approximating WSe: to a two-dimensional electron gas. The charge density in the device is equal
to the density of occupied states in the conduction band, 2(Eg).
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where, f(E, p) is the Fermi-Dirac distribution at 240 K and g,p (E) is the density of states of a two-
dimensional free electron Fermi gas, given by
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where mg is the effective mass of the electron in the conduction band, g5 = 2 is the spin
degeneracy and g, = 2 is the valley degeneracy. We select the bottom of the conduction band as
the origin of energies, Ecg = 0.

Then, the equation S1 yields,
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In order to bring the fermi energy from the bottom of the K valley, Er = E¢g = 0, to the bottom
of the Q valley, Eg = Eg, one needs to increase the charge density by
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We can now estimate An from the measured transfer curves as
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Where e is the electron charge, AV, is the variation of the reference voltage between the two
valleys (i.e. the difference between V¢, and the inflection point, labelled as (4) in Figure 3b of the
main text) and €y, is the capacitance of the ionic liquid. In our case we get AV,.f = 0.23 V and we
use a value of the capacitance of €y, = 10 uF/cm? similar to previous literature 57.

Finally comparing the right-hand terms of equations S4 and S5 we obtain,
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This equation is then solved numerically to obtain Eq — Ex = 40 meV, in good agreement with
values previously reported in the literature for bilayer WSe28.



S4. Measuring the gate leakage current and the linear dependence of Vit and Vgate
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Figure S2. Gate leakage current, ls, measured between the gate electrode and the device as function of the reference
voltage, Vrer While sweeping the gate voltage, Vg, at ImV/s.

A key aspect to be considered experimentally is that the electrolyte has to be equipotential
(without current flowing through it) to guarantee the analysis done in the main text, eAVrwet = Au
(eq 6), that allows us to precisely determine the bandgap. Figure S2 shows a negligibly small gate
leakage current, I, measured when the device was operating at Vas= 0.1V. Ic was measured
between the gate electrode and the device while sweeping Vs at 1 mV/s to avoid an increase in
the Ic and the appearance of chemical reactions. This current is mainly caused by charging
process of the capacitors formed at electrolyte/gate and electrolyte/semiconductor interfaces. The
peaks in Ic at approximately Ve~ —0.5 V and Vrwet ~ +0.5 V correspond to a capacitance change
associated with, respectively, the accumulation of holes and electrons at the surface of WSe2®. The
distance between the peaks is ~1 eV, close to the value of Ecar = 1.3 eV extracted from the FET
characteristics.
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