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Supplementary Note 1:

Polarization dependent SHG measurement technique: A SHG microscopy setup is used
to measure the twist angle between the WSy and WSey layers. The laser setup consists of a
fixed-wavelength femtosecond pulsed laser source (Fidelity HP) centered at 1040 nm with a
pulse width of 140 fs and a repetition rate of 80 MHz, which pumps an optical parametric
oscillator (Levante-IR) to generate a signal source at 1600 nm wavelength. The signal is fed
to a Harmonic generator (HarmoniXX - APE) to produce a harmonic wavelength at 800 nm,
which serves as the input laser source for the polarization dependent SHG measurement.

The hetero-bilayer sample is placed on a custom-built rotational mount in an inverted
position on the x-y stage of an inverted optical microscope (Olympus I1X73). The 800 nm
harmonic input laser source is then focused onto the sample using a x 20 (numerical aperture of
0.75) objective, and the backward second harmonic signal centred at 400 nm was collected using
the same objective. The emitted SHG signal is then spatially separated from the input laser
source using a dichroic filter and detected using a photomultiplier tube. Bandpass (FWHM of
40 nm) and short-pass filters (cut in wavelength 550 nm) are mounted before the photomultiplier
tube to reject any residual pump source and minimize background signal.

For twist angle SHG measurement, the sample is rotated from 0° to 180° using the rotational
mount. For each rotation, a pair of galvo mirrors are used to scan the input laser source over
the flake point-by-point in a raster pattern over a field of view of 100 um x 100 um to acquire
a two-dimensional SHG intensity map. A 256 x 256 pixels SHG image is obtained by mapping
the PMT signal in every pixel with a resolution of &~ 396 nm. An analyzer is placed in front
of the PMT to selectively detect the horizontal component of the SHG signal from the sample

with respect to the laboratory horizontal axis.
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Figure 1: Polarization-resolved SHG result from the twisted WS2/WSe; stacks. (a)
Polarization resolved SHG polar plot from isolated WSo and WSe, monolayers is represented
for sample D1 in the left panel. Right panel shows SHG map of the full sample (D1), where
the isolated 1L WSy (green), WSey (orange), and the measured heterojuction area (blue) are
marked by dashed lines. From left panel the twist angle is confirmed as ~ 1°. The junction
area in the the SHG color plot (right panel) shows a drop in intensity, confirming the twist is
around AB stacking (60°). (b) Same as (a), but for sample D2 confirming the twist angle to be
~ 6° around AB stacking.
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Figure 2: Circular polarization resolved interlayer excitonic emission. Circular po-
larization resolved interlayer excitonic emission for sample D1, with 705 nm (close to WSes
intralyer excitonic resonance) excitation. The top and bottom panels show the circular polar-
ization resolved spectra and the degree of circular polarization (DOCP). The alternating sign
of the DOCP for different ILE peaks indicates their moiré excitonic nature.



(b) (©)

P~
()
=

b1 ' D2 " b3’

> 101 0~59°] 104 9~54°] 1.0 Imisaligned
B
5
£ 0.8 0.8 ;\
o
o
g05 0.51 ]
S,
g
5 0.3
z

135 140 145 1.40 1.45 130 140 150

Energy (eV)

Figure 3: Twist angle dependence of the moiré exciton emission spectra. In (a),
(b), and (c), the interlayer excitonic PL emission from D1, D2 and D3 is plotted with 532 nm
excitation at 4 K. The separation between different ILE peaks reduces from ~ 25 meV (in D1
with a twist angle of 59°) to ~ 9 meV (in D2 with a twist angle of 54°). The largely misaligned
sample D3 shows a single broad peak.



Supplementary Note 2:

Moiré potential as two-dimensional harmonic potential well: The depth of the moiré
potential is formulated from the spectral separation of the interlayer excitonic emission peaks
(Figure le, main text). The emission energies are at ~ 25 meV separation from each other
(1.392, 1.418 and 1.442 eV for Xy, X;, and X5 respectively). This near equal separation
suggests an assumption of 2D harmonic oscillator well for moiré pockets is valid [1-4], with
energy separation of iw (25 meV) between each state. The ground state, Xy, must be then at
an energy hw above the bottom of the well, and this gives rise to a total well depth of 3hw = 75
meV.
The Hamiltonian for interlayer excitons in WSy /WSeg can be written as [1, 3]:

h2Q2

H = h'
T

+A(r) (1)

Where hw' and % are the constant and kinetic energy of ILE in the center of mass
momenta space. M is the effective mass. Here, A(r) is the periodic moiré potential in real
space and it can be projected in two dimensions as: A(r) = >°_, Vneib;'F, where V,, and
bn are moiré potential and reciprocal lattice vectors, respectively. bn vectors are calculated
from the monolayer lattice vectors, considering 4% lattice mismatch. The 75 meV well depth

corresponds to a V,, of &~ 21 meV. Thus A(r) is obtained and plotted in Figure 2¢ (main text).



Supplementary Note 3:

Formulation of 1D Poisson equation: To understand the electrostatics of the WSs/WSes
moiré heterojunction, we numerically solve a 2D Poisson equation [V2¢ = ¢6(2)] where WSy /WSes
heterobilayer is considered to be a 2D sheet of charge at z = 0 plane with a 2D charge density
o =¢q(p—n+ N). Here p,n are the 2D density of electron and hole, respectively. N refers to
the unintentional doping in the heterobilayer at zero gate voltage. Under positive gate voltage,

p =~ 0, and
Ep — Ec(z) + q¢(z)
kT

n(z) = Naplog[1 + exp( )] (2)

where Nop is the 2D density of states. Er is the Fermi level and is referenced as zero. Both
conduction (CB) and valence band (VB) profiles are spatially varying according to the spatial
bandgap modulation in a moiré superlattice. Only CB (WS3) and VB (WSez) profiles at K point
[EX (z), EE ()] corresponding to the direct bandgap are considered. The moiré potential for
electrons and holes is assumed to be a simple cosine profile as: EE (z) = EE,(z) + AEE cos(k,x)
and B (v) = BE (z) — AEK cos(k,x) with a spatially varying bandgap of EX = (EE, — EE))+

2AEgcos(kmx). Here k, = 27 /aps, apr = 7.3 nm is the moiré period, and AEg =75 meV.
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Figure 4: Gate dependent color plot showing doping density. With increasing V,, the
n-doping density numbers are shown in the right axis. The highest doping density achieved is
1.5x10'2 cm~2 at Vy = 5V. The doping density is estimated assuming charge neutral voltage as
0 V, and by only taking into account the geometrical capacitance of the hBN dielectric, ignoring
any channel capacitance effect which comes in series with the gate dielectric capacitance. Hence
the quoted doping density is likely overestimated.
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Figure 5: PL spectra for different gate voltage points. (a) to (g) represent PL spectra
at -5V, -2.5V, -1V, 0V, 1V, 2.5V, and 5V. The three ILE resonances are marked in (a). In the
n-doping regime, they evolve gradually, showing quick disappearance of X, resonance (after

Vg > 2V).
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Figure 6: Trion and biexciton peaks of WS, with increasing n-doping. (a) Color plot of
both X~ and X X~ of WSy (from the hetrojunction) showing similar redshift as the ILE peaks.
(b) A comparison of PL between isolated 1L WSy and WSy /WSey junction is shown. A clear
reduction in WSy intralayer excitonic emission can be seen due to charge transfer (around 2.02
eV). WSe;y intralayer excitonic emission is almost completely quenched at the heterojunction.
This proves strong interlayer coupling. (¢) X~ and XX~ of WSy showing similar redshift (=5
meV/V, dotted black line) as PL peak shift of Xo ILE with increasing n-doping.
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Figure 7: Local lateral field from Poisson equation. The calculated local lateral electric
field obtained from the Poisson equation as a function of V.
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Figure 8: Stark effect measurement from a different sample. The Stark effect mea-
surement is repeated in another sample (D4). Xy and X; exhibit linear and parabolic Stark
shift, respectively as a function of the gate voltage. This is in good agreement with the results
obtained from sample D1 (Figure 2f of main text).
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