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S1. Images of the laser-STM setup

d

Image of tip

Figure S1. Optical images of the tip-sample tunneling junction. a. Optical image for gated
twisted WS, device and laser-STM setup using white light illumination. The positions of the tip
and its reflected image by the substrate are labeled. b. Optical image of the device and setup with
a 520nm continuous-wave laser focused onto the tip-sample tunneling junction. The laser spot

(diameter ~10um) is labeled with a red dashed-line circle.



S2. Extended data on the Vbias dependence of the ICT exciton photocurrent maps

Fig. S2~S4 show extended data on the Vpias dependent photocurrent maps of the ICT
moiré excitons in t-WS» for different tip status and scanning conditions. An extra group of Vyias
dependent photocurrent maps of the ICT moiré excitons with lower laser excitation power (P =
90uW) are shown in Fig. S13 for the purpose of studying the exciton dynamics (see more details

in Section S7).
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Figure S2 Extended data on the Vyias-dependence of the ICT exciton photocurrent maps.
VBG = -0.3V, Vpias = -3.4V, I = 1 1pA, hip = 200pm, and P = 900uW. STM bias offset Vo = -
275mV. Vpiss range for coexisting positive and negative photocurrent: -375mV < Vyias < -

225mV.
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Figure S3 Extended data on the Vyias-dependence of the ICT exciton photocurrent maps.
VBG =-0.1V, Vpias = -3.4V, I = 11pA, hip = 160pm, and P=900uW. STM bias offset Vo = -
300mV. Vpias range for coexisting positive and negative photocurrent: -350mV < Vpias < -

250mV.
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Figure S4 Extended data on the Vyias-dependence of the ICT exciton photocurrent maps.
VBG =0, Vpias = -3 V, [ = 400pA, hgp = 0, and P=600uW. STM bias offset Vo =-599mV. Vyias

range for coexisting positive and negative photocurrent: -685mV < Vpias < -471mV.



S3. Structural reconstruction of the moiré superlattice (Theory)

We modeled a moiré superlattice using two monolayers of WS> by applying a twist-angle
of 57.72°. The monolayer unit-cell lattice constant was chosen to be 3.15 A. The structure was
constructed and relaxed using the TWISTER! code. The moiré unit-cell contained 3786 atoms.
The structural relaxation of the moiré superlattice was performed using classical force-field
calculations as implemented in the LAMMPS? package. The intralayer forces in the WS, layers
were modeled using the Stillinger-Weber® force-field, and the interlayer interactions are included
using a registry-dependent Kolmogorov-Crespi*® force-field. The lowest-energy stacking
configuration, AB or 2H, had the largest area in the reconstructed moiré superlattice’’. The
interlayer spacing between the layers was also modulated in the superlattice, with the BS'S
stacking having the largest spacing due to steric hindrance between the S atoms of the two
layers. The variation of interlayer spacing between the layers led to an inhomogeneous interlayer
hybridization®? in the moiré superlattice and influences the electronic structure. The
reconstruction also led to a strain redistribution in the individual layers. Fig. S5 shows the
interlayer spacing distribution and strain reconstruction in the 57.72° twisted bilayer WS». The

BW/W

strain was localized at the domain boundary between the AB and stacking’.
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Figure SS. Theoretical structural reconstruction of the moiré superlattice. a. Distribution of
the interlayer spacing (calculated as the local distance between the W atoms) in the 57.72°
twisted bilayer WS, moiré superlattice. b. Strain redistribution in the bottom layer of the moiré

superlattice. The strain is plotted as the percentage change in the local W-W distance from the

pristine monolayer lattice constant.



S4. Electronic structure and optical calculations

The density functional theory (DFT) electronic structure calculations were carried out
starting with the relaxed structure of the superlattice obtained from the force-field calculations
described above. The calculations were performed using the SIESTA®!? code which uses
localized atomic orbitals as the basis set, making it is more efficient for studying moiré unit-cells
containing thousands of atoms compared to a DFT implementation using plane-wave basis sets.
Relativistic optimized norm-conserving Vanderbilt (ONCV) pseudopotentials'! used in the

calculation were obtained from the PseudoDojo repository'>!3

, and the exchange-correlation
functional was approximated using the generalized gradient approximation'®. Spin-orbit
interaction was included in all electronic structure calculations. To capture hybridization between
layers to the same level of accuracy as plane-wave basis sets, we expanded'” the atomic basis set
of the S atom to also include the 4s and 4p orbitals which have a larger spatial extent. We only
sampled the zone-center y point to obtain the self-consistent charge density. All the pristine unit-
cell calculations were performed using the Quantum Espresso'® code, which uses plane-wave
basis sets. The electronic states were expanded in plane waves up to an energy cutoff of 40 Ry.
We ensured that the same pseudopotential and exchange-correlation functional were used in the
SIESTA and Quantum Espresso calculations. We found that the electronic states calculated using
SIESTA have an overlap of over 98% with the corresponding states calculated using Quantum
Espresso. We tested this for valence and conduction band edge states of pristine unit-cell AB
stacked bilayer WS, for all the k-points ina 12 X 12 X 1 sampling of the Brillouin zone (BZ).
The electronic band structure and the charge density of states close to the valence and

conduction band edge are plotted in Fig. S6 for the 57.72° twisted bilayer WS». The band gap at

the DFT level is severely underestimated, while the dispersions of the bands is relatively well



captured. We computed the quasiparticle band gap for a 2H stacked bilayer by computing the
electron self-energy at the GW level!”. We used the GW¥ correction to the I' — Q band gap to
correct the DFT band structure of the moir¢ superlattice. The GW calculations were performed
using the BerkeleyGW'® package. The random phase approximation was used to compute the
static dielectric matrix and screened Coulomb interaction. The plane-wave cutoff for the
dielectric matrix was 30 Ry and ~6000 unoccupied states were employed. The Hybertsen-Louie
generalized plasmon pole model!” was used to extend the static dielectric to finite frequencies.
The convergence of the band gap with q-point sampling was greatly improved!® by using the
recently developed nonuniform neck subsampling?® method. The Coulomb interaction was also
truncated in the out-of-plane direction®!.

Inhomogeneous interlayer hybridization and strain reconstruction leads to a deep moiré
potential’ that confines the valence band edge states to the AB site and conduction band edge
states to the BY'W site in 57.72° twisted bilayer WS, (Fig. S6). The spatial distribution of the
states at the valence band edge closely resembles low-energy states of a particle in an ideal
triangular quantum well potential’. These findings are in good agreement with previous
electronic structure calculations’ on twisted bilayer MoS:.

The electron-hole interaction kernel matrix elements of the Bethe-Salpeter equation
(BSE) were computed using the BerkeleyGW package!®?2. The pristine unit-cell matrix
projection (PUMP) method (described in detail below) was used to compute the moiré
superlattice kernel matrix elements as a linear combination of many pristine unit-cell kernel
matrix elements. For the 57.72° twisted bilayer WS, we constructed the BSE effective
Hamiltonian using 12 valence and 50 conduction bands with moiré BZ k-point sampling of

3 X 3 X 1. We used a greater number of conduction band states than valence band states due to



the larger density of states at the conduction band edge (Fig. S6). The valence and conduction
bands included in the BSE span an energy range of ~200 meV, which is larger than the binding
energy of the in-plane charge transfer exciton. A static-dielectric matrix, calculated in the
pristine unit-cell BZ for the AB stacking, was used to compute the pristine unit-cell kernel matrix
elements. The dielectric matrix was calculated using the random phase approximation with a

planewave energy cut-off of 3.5 Ry and ~400 empty states.
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Figure S6. Electronic band structure and wavefunction modulation in 57.72° twisted

bilayer WSaz. a. Electronic band structure of the 57.72° twisted bilayer WS> moiré superlattice
including self-energy corrections at the GW level. b. Charge density distribution of the states at
the y point in the moiré BZ as marked in a. The charge density is integrated along the out-of-

plane direction.
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S5. Generalized pristine unit-cell matrix projection method for GW-BSE calculations

In the generalized pristine unit-cell matrix projection (PUMP) approach, we first express
the twisted bilayer WS> moiré superlattice electronic wavefunctions as a linear combination of
pristine wavefunctions of the individual layers. We denote the bottom pristine layer as ‘a’ and
top layer as ‘b’. The moiré valence and conduction states are constructed from the pristine

wavefunctions,

Km km
[heicn ) = Z( vhm|pyal )+ by opal ), (S

Km Kom
sﬁgs>—2<ac |OZG) + BT DERL ). (52)

Here, |¢;’f’}{(m) and |<D§§Lm) refers to pristine superlattice valence states of layer ‘a’ and layer ‘b’,
respectively, and |<I>§2E?n) and |<Df,f’iﬂ‘3n) to pristine superlattice conduction states of layer ‘a’ and
layer ‘b’, respectively. We have verified that the new basis sufficiently describes the original
moiré electronic wavefunctions (|1, ) and [, )) by computing the overlaps (Yok- Yy, )

and (Yegr [Wek,, ) (see Fig. S7). Using the expansion coefficients, the BSE electron-hole

interaction kernel matrix elements of the moiré superlattice can be approximated as a linear

combination of pristine unit-cell kernel matrix elements of layer ‘a’ and layer ‘b’,

(Vo Wk IKIWyrr Yerer )

VKm* pCKkm*. VKm4 K 4 5 val peond val cond
z Z ai IBj yp Aq ((Da,ikm B]kml K ICD PKm CD/’l,qkfn (83)
afyA=abijpq
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where a, B,y and A are layer indices, i and p are pristine valence band indices, j and g are
pristine conduction band indices. The pristine states ik, jKy, pKn, and gk, in the moiré BZ
are related to skl tkZ., yKk3. and zK{. in the unit-cell BZ by band folding. The kernel matrix
element is in Eq. S3 refers to the pristine supercell matrix element, while the matrix element in
Eq. S4 refers to the pristine unit-cell matrix element. The screened Coulomb interaction used in
Eq. S4 is that of pristine AB or 2H stacking. Thus, we can express each moiré kernel matrix
element as a linear combination of pristine unit-cell kernel matrix elements.

The BSE kernel? is given by K = —K4 + K, where K is a direct matrix element
responsible for the attractive electron-hole interaction, and Ky is a repulsive exchange

interaction. The kernel matrix elements are six-dimensional integrals,
val cond d|sval cond
<(D ikm Blkm |K |‘D pkh, ¢A,qk§n>

= | drdrICI)E‘,’j‘]ld*(r)d)cond (MW (r, r) o, (r)CD;EE]*( ), (S5)

val cond X1 4 Vval cond
<Cba,ik B,iKm IK |q)ypk{nq))\,qkfn>

= Jdrdr iRt (Do, W (5 r)e @)l (). (56)
The pristine kernel matrix elements that we need to compute can be classified in terms of the
layer indices, a, 5,y and A.
When all the indices refer to layer ‘a’ or layer ‘b’, the kernel matrix element is an

intralayer kernel matrix element of layer ‘a’ or layer ‘b’, respectively, with a pristine AB

stacking screened Coulomb interaction. For the intralayer kernel matrix elements of layer ‘a’, we

12



choose the screened Coulomb interaction with the periodicity of the layer ‘a’, i.e., WqAB (G5, GY)
where G, and G} are reciprocal lattice vectors of layer ‘a’. Similarly, for the intralayer kernel
matrix elements of layer ‘b’ we choose the screened Coulomb interaction with layer ‘b’
periodicity: WqAB (Gp, Gi,). The choice of W has important implications for the Umklapp
processes involved. For the intralayer kernel matrix elements of layer ‘a’, only terms with k2, —

1 _ 4 3
Kic = Kie — ki + G, are non-zero,

va cond val cond
(@33, DSoRd [k 0}, Bond )

_ val cond val cond S7
- <¢a'5klllc¢ﬁ'tklzlclK|¢yﬂyk3 ¢AZkﬁc> kﬁc_klllcrkﬁc_kﬁc""ca ( )

The other combinations of «, #, ¥ and A refer to interlayer kernel matrix elements. Since layer ‘a’
and layer ‘b’ are separated by about 3 A, and the wavefunctions of each layer exponentially
decay in vacuum, we only compute the dominant interlayer interactions for the direct and
exchange matrix elements. From Eq. S5, we find that the interlayer interaction is non-negligible
for the direct kernel matrix element only when @ = y and f = A. For example, the contribution
of CDE‘;ﬂ?n* (r)dbif’qﬁn (r) is small to the integral in Eq. S5 when the two conduction states are in
different layers. Similarly, the interlayer interaction is non-negligible for the exchange kernel
matrix element when @ = f# and y = A (from Eq. S6). For the interlayer direct kernel
interactions, we approximate the screened Coulomb interaction to have the periodicity of layer
‘a’ and we further include only long-range interactions in the in-plane direction (G, = G’y =

0and Gy = G’y = 0), while fully including local-field effects in the out-of-plane direction:

13



Wq(G,6) = Wq(6, 606, o1-00, G- (87)

where G is a reciprocal lattice vector. This approximation is valid for the interlayer matrix
elements since the hole and electron are in different layers, hence the in-plane local-field effect
and short-wavelength modulations of W are not as important as the long-wavelength

interactions.
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Figure S7. Projection of the constructed wavefunctions on the original wavefunctions. a.
and b. Projection of the constructed 57.72° twisted bilayer WS> moiré superlattice valence
((Yyk, ¥k, ) ) and conduction ((Yekr: [Pek,, ) ) electronic states on the original electronic states
at the y point in the moiré BZ, respectively. The moiré electronic states are constructed using a
basis of 200 valence and 200 conductions states of each pristine layer (n = 200 in Eq. S1). The
average projection is 89%. The conduction states derived from the K point in the pristine unit-

cell BZ, which have less interlayer hybridization, have a higher projection compared to the states

derived from the Q point.
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S6. Validation of the generalized pristine unit-cell matrix projection method

We validate the approximations described in the previous section for a 38.2° twisted
bilayer WS> for which the BSE calculations can be explicitly performed. The 38.2° twisted
bilayer WS> contains 42 atoms in the moir¢ unit-cell and the structure was relaxed as described
above. The electronic band structure, including spin-orbit coupling, is shown in Fig. S8. The
explicit BSE was computed with a 12 X 12 X 1 k-point sampling of the moiré¢ BZ and 2 valence
and 2 conduction bands. The dielectric matrix was computed in the superlattice using ~600
empty states and a plane-wave energy cutoff of 3.5 Ry. As described above, we express two
valence and two conduction band edge states in the moiré superlattice as a linear combination of
8 valence and 8 conduction states of each pristine monolayer (n = 8 in Eqns. S1 and S2). The
projection of the constructed electronic states on the original DFT computed states,

(Wykn: [Py, ), was found to be more than 90%.
The 12 X 12 X 1 k-point sampling of the superlattice BZ unfolds to a uniform

12+/7 x 12+/7 x 1 k-point sampling in the pristine unit-cell BZ of each layer. The screened
Coulomb interaction was computed in the pristine unit cell using this q-grid. We computed the
electron-hole interaction kernel matrix elements using the generalized PUMP approach (Eq. S4)
including all the approximations detailed in the above section. The absorption calculation was
compared between the explicit and constructed BSE. The constructed absorption spectrum is in
excellent agreement with the explicit calculation (Fig. S9), showing that our approximations are

valid for a tolerance of about 10 meV in the excitation energies.
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Figure S8. Brillouin zones and band structure of 38.2° twisted bilayer moiré superlattice a.
Schematic of the Brillouin zones of pristine layer ‘a’ (blue), pristine layer ‘b’ (orange) and the
38.2° twisted bilayer moiré superlattice (black) b. Electronic band structure of the 38.2° twisted

bilayer WS> plotted along the high-symmetry directions in the moiré BZ.
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Figure S9. Validation of the generalized PUMP approach. Absorption spectrum of 38.2°
twisted bilayer WS> computed by an explicit superlattice BSE calculation compared with the

spectrum obtained using the pristine unit-cell matrix projection method.
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S7. Tip-height and laser-power dependence of the tunneling photocurrent spectra

Fig. S10 shows the tunneling photocurrent spectra as a function of the tip height
measured with a decreased laser power (ranging from 1000uW to 60uW) at different stacking
sites (AB: Fig.S10a-e and BY'W: Fig. S10f-j). Here the current is plotted on a log scale and the
positive (orange) and negative (blue) parts use different color maps. More negative h means
the tip is closer to the sample surface. To better visualize the phase space corresponding to the
coexisting positive and negative tunneling photocurrent at different stacking sites (Vp;qs = Vo
as described by the scenario in Fig. 4g of the main text), we superpose the positive hole current
at the AB site (extracted from Fig. S10a-e) and the negative electron current at the BYW site
(extracted from Fig. S10f-j) in Fig. S11. Here the positive and negative current amplitude are
represented by the red and blue channels of the RGB color, respectively. Therefore, the pink
region corresponds to the coexisting positive and negative tunneling photocurrent at different
stacking sites. The horizontal position of the pink region, roughly corresponding to the

condition V;,s = V,, shows a negligible dependence on the tip height and laser power.

Fig. S12 further shows the linecut plots of the tunneling photocurrent at Vj,;,s = V,, as a
function of the “nominal” tip height and laser power measured at the AB (Fig. S12a-e) and BYY
(Fig. S12f-) stacking sites. A higher photocurrent is generally observed with a higher laser
power. However, a quantitative analysis of the laser-power dependence of the photocurrent is
challenging experimentally because the absolute tip height cannot be determined reliably across
different laser powers. As described in the method section of the main text, we set the reference
tip height using a closed-loop set point condition (i.e., adjusting the tip height so that the

tunneling current reaches the setpoint I for a specific tip bias). The same set point condition can

correspond to different absolute tip heights at different laser powers due to finite photocurrent

18



contribution. Since the nominal tip height is calibrated to this varying reference tip height, it is
difficult to obtain a quantitative power-dependent tunneling current behavior, which requires a

fixed absolute tip height.
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Figure S10. Tip height and laser power dependence of the tunneling photocurrent. a-j. 2D
color plot of the tunneling photocurrent spectra as a function of the STM tip height (h) measured
with a decreased laser power (from 1000uW to 60uW) at the (a-e) AB and (f-j) BYY stacking
sites. Here the current is plotted on a log scale and the positive (orange) and negative (blue) parts
use different color maps. More negative values of h means the tip is closer to the sample surface.

Tip height setpoint: Vpias = -3.5V, I = 8pA~20pA.
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Figure S11. Comparison of the AB site hole current and BY'V site electron current. a-e
Superposition of the positive hole current at the AB site (extracted from Fig. S10a-e) and
negative electron current at the BY'Y site (extracted from Fig. S10fj) with the laser power
decreased from 1000uW to 60uW. Here the positive (negative) current amplitude is represented
by the red (blue) channel of the RGB color intensity. The pink region in the center corresponds

to the coexisting positive and negative tunneling photocurrent at different stacking sites.
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Figure S12. Tunneling photocurrent at V,;,; = V. a-j. Linecut plots of the tunneling
photocurrent at V,;,s = V, as a function of the STM tip height (h) measured with the laser power
decreased from 1000uW to 60uW at the (a-e) AB and (f-j) BV'WV stacking sites. The values of Vo

are identified from the positions of the pink regions in Fig. S11.
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S8. VG dependence of the tunneling photocurrent spectra

Fig. S13a (Fig. S13b) shows a 2D color plot of the tunneling photocurrent spectra as a
function of the back gate voltage Vg measured at the BY'Y (AB) stacking site. Here the current
is plotted on a log scale and the positive (orange) and negative (blue) parts use different color
maps. To better visualize the phase space corresponding to the coexisting positive and negative
tunneling photocurrent at different stacking sites (where the ICT moiré excitons are measured),

we superpose the negative electron current at the BV'W

site (extracted from Fig. S13a) and
positive hole current at the AB site (extracted from Fig. S13b) in Fig. S13c. Similar to Fig. S11
the positive and negative current amplitude are represented by the red and blue channels of the
RGB color, respectively. The pink region (marked with a dashed ellipse) exhibits a coexisting
positive and negative tunneling photocurrent at different stacking sites. This corresponds to

Vpias = Vo under which condition the tip generate no residue electrical field and has minimum

pertubation to the t-WS.

Two features are noteworthy here. (1) The Vj;,s = V, regime (pink region) shows a
dispersive behavior. It shifts to more negative (positive) Viias side with the increase (decrease)
of Vg around Vg, = 0. This is because when the t-WS; is undoped with its chemical potential
in its semiconductor bandgap, tuning Vgg directly induces charge in the STM tip apex as the
electric field can penetrate through the insulating t-WS> layer. At higher Vg, more positive
charge accumulates within the tip and induces a nonzero local electric field that tends to
dissociate the ICT exciton. To cancel this effect, a more negative Vyias needs to be applied
between tip and the t-WS; (effectively between the tip and the back gate graphite as the t-WS,
is insulating). (2) The pink region disappears at high Vpc. We tentatively attribute this effect

to reduced exciton lifetime when there are many doped free charge carriers at high Vg. There
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free carriers can interact with the excitons and decrease their lifetime through Auger process,

which can lead to a much reduced tunneling photocurrent below the detection limit.
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Figure S13. Vsc dependence of the tunneling photocurrent spectra. a,b. 2D color plot of the
tunneling photocurrent spectra as a function of the back gate voltage (Vsg) measured at the (a)
BYW and (b) AB stacking sites. ¢. Superposition of the positive hole current at the AB site and

negative electron current at the BYY

site. Here the positive (negative) current amplitude is
represented by the red (blue) channel of the RGB color intensity. The pink region (marked with a

dashed ellipse) in the center corresponds to the coexisting positive and negative tunneling

photocurrent at different stacking sites. Tip height setpoint: Vpias = -3.4V, I = 20pA, h =-200pm.
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