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Supplemental Discussion S1. Description of voltages and device function

The reason for the smaller voltage on Vg is because of the interplay with Vs, which is applied
to the source contact electrode on WSe,, whereas the drain electrode on MoSe; is grounded. As
Vsp 1s ramped up and drives source-drain current, the voltage drop across the boron nitride (BN)
dielectric increases and thus the WSe, hole doping increases such that at Vg, = 3.5 V, the gating
in WSe; is comparable to the gating in MoSe, when Vg, = 5 V. If the gate voltages were equal
and opposite, say -5 and +5 V, as Vgp is increased the BN dielectric would break down before
forward bias conduction occurs. This is a limitation of these electrostatically defined lateral p-n
junctions. In the negative Vsp regime, we have swept Vg1 to — 8 V in order to ensure
comparable p and n doping on respective sides of the device and no reverse bias conduction is
observed, confirming we have a diode.



Supplemental Figure S1. Heterostructure twist angle and interlayer exciton light cones.

a. b. C.
KM Kl K
Kw, 2 w M

Bright

Dark

..1 Qo ('\/VV\* Qy

Q Qx

WSe,

MoSe, K

Figure S1 | Heterostructure twist angle and interlayer exciton light cones. a. A small twist
angle (6;) results in the K valleys of constituent materials becoming momentum mismatched in
the first Brillouin zone. Q, is the relative displacement between Ky, and Ky. b. The
displacement vector Q, (green arrow) is the combined momentum of an electron and hole
necessary to recombine for an interlayer transition'. This means the optically bright interlayer
exciton has a center-of-mass velocity < @,. ¢. Due to the lattice three-fold rotation symmetry
and the time-reversal symmetry between the two valleys, there are six light cones in the 2D
exciton energy dispersion (Ex(Q)) located at Q, and its /3 rotations. The lowest energy
interlayer exciton at Q = 0 is optically dark. Figures recreated from reference [1].



Supplemental Figure S2. Electroluminescence of additional devices
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Figure S2 | Electroluminescence of additional devices. Electroluminescence (EL) from
devices under similar voltages as discussed in the main text are compared above to the
photoluminescence (PL) of undoped HS2 (black). In red is the full-HS device HS1, which has
less blue shift to the PL than HS2 in blue. These relative interlayer emission energies can all be
explained by a combination of the Stark effect and state filling, as discussed in the main text. In
practice, HS1 was found to have less Stark shifts than HS2. In the main text Fig. 2c we see that
at lower Vgp of about 2.5 V, HS2 EL can indeed match the PL at 1.36 eV. Finally, in green we
have the emission from the single layer WSe, device W1 which shows EL only from intralayer
exciton states between 1.6 and 1.74 eV?.



Supplemental Figure S3. Global backgate dependent photoluminescence from HS2
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Figure S3 | Global backgate dependent photoluminescence from HS2. Photoluminescence
(PL) from HS2 at a temperature of 30K under excitation with 2 puW laser power from a He-Ne
light source (632 nm). All backgates are changed together while the top contacts remain
grounded. The Stark tuning of the interlayer exciton shifts the low energy PL from ~1.33 eV to
1.38 eV. Importantly, the interlayer exciton PL is always below that of the peak in the
wavelength dependent photocurrent, shown in Figs. 3b and 4b.



Supplemental Figure S4. Twist angle characterization
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Figure S4 | Second harmonic generation (SHG) vs. linear polarization angle of incident
light. Data taken from monolayer areas of constituent materials as indicated by the blue arrows.
For WSe, (MoSe,), incident light set to 1480 (1560) nm and SHG signal collected at 740 (780)
nm. The maximum SHG signal co-polarized with the linearly-polarized excitation laser
corresponds to the armchair axes of each crystal’™. Looking at the difference in the armchair
axes of each crystal, we estimate a 3-degree twist angle for the heterostructure region.
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