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Fig. S1 (a) and (b) show the optical image and the fluorescence (FL) image of the WSe,/WS,
heterostructures. the FL image shows the strong quench in the heterostructure area, which
indicates good contact and strong charge transfer between two layers. Fig. S1 (¢) shows the
typical Raman spectrum of the WSe,/WS; heterostructures, the peak located at ~248 cm!, ~258
cm!' and ~416 cm! corresponding to the in-plane vibration mode and out-of-plane vibration
mode of WSe; (E».!(WSe,), Ajo(WSe,)) and out-of-plane vibration mode of WS, (A4(WSy)),
the peak located at ~350 cm™! can be fitted into three peaks, with the peaks at ~347 cm!, ~340
cm’! and ~353 cm! are corresponding to the longitudinal acoustic mode 2LA(M) and the
vibration mode E'(M) and E'(Z). The frequency difference between A, and E,, are ~10 cm™!
(WSe,) and ~63 cm™! (WS,), which confirm the nature of the monolayer material. Fig. S1 (d)
shows the typical PL spectra of WSe, and WS,, the peaks located at ~1.67eV and ~1.93eV
corresponding to the intralayer excitons of WSe, and WS,, these results also confirm the high
quality of our sample. Fig. S1 (e) shows the Raman spectra of the WSe,/WS,; heterostructure
with different twist angles.

In order to determine the twist angle between two layers, the polarization-resolved second-
harmonic-generation (SHG) microscopy was performed. Fig. S2 (a) shows the polar plots of
the SHG intensity of monolayer WSe, and five WSe,/WS, heterostructures with specific twist
angles. For parallel polarization SHG measurement, the SHG intensity is maximum if the

polarization axis of the light is along an armchair direction, and the SHG intensity yielding an

Isngo<cos?(36-0), where 0, is the angle between the armchair direction and the polarization

axis of the light. Combined with the intensity mapping measurements of the total SHG intensity
(as shown in figure S2 (b)), the twist angle between two layers can be well-determined.! Figure
S2 (c) shows the measured ratio of the SHG intensity from the heterostructure to the monolayer
as a function of twist angles 0. Ideally, the SHG intensity of heterostructure with perfectly

aligned (6=0°) Iyeterostructure 18 €Xpected to be four times that of the SHG intensity of monolayer
Iwse,-> 3 However, the SHG signal of aligned heterostructure is only ~2 times that of the
monolayer, which may result from the absorption of electromagnetic waves in materials and
the underlying substrate.?

Fig. S3 (a) shows the PL spectrum of the WSe,/WS, heterostructure. (b) and (c) are the

PL intensity mapping at ~1.4 eV of the WSe,/WS, heterostructure with a twist angle of 59.1°



and 2.1°, respectively. It shows this peak exists only in the heterostructure region which also
confirms the nature of the interlayer exciton not the defect-trapped state.* Meanwhile, the
uniform distribution of the interlayer exciton indicates good conduct between the two layers.
Fig. S4 shows the polarization-resolved SHG measurements of the WSe,/WS, fabricated by
CVD-grown samples. The results show that the twist angle between the two layers is 1.8°.

In order to eliminate the possibility of the extraction and injection of electrons from the
heterostructure by the electrode, we use hBN to shield the influence of the electrode in another
heterostructure as shown in Fig. S5. The interlayer exciton shows the same trend with the
change of voltage, which further confirms that the enhancement of interlayer exciton is a result
from the interaction with interlayer exciton and the external electric field.

To further understand the mechanism behind these phenomena, we use DFT calculation
to show the interlayer coupling between the two layers. Fig. S6 shows the structures of
WSe,/WS, heterostructures with twist angles of 0°, 27.8°, 38.2° and 60°, respectively. The
structure parameters after relaxation are shown in table S1. We noticed that the interlayer
distance of WSe,/WS; heterostructures with twist angles of 0° and 60° are smaller than the twist
angle near 30°. This result is consistent with other reports, > ¢ which proved the stronger
interlayer coupling in the WSey/WS, heterostructures with twist angles of 0° and 60°.
Meanwhile, the interlayer distance of WSe,/WS, heterostructures with twist angles of 0° and
60° shows a slight difference, which is consistent with our experimental phenomenon that the
interlayer exciton in WSe,/WS, heterostructures with twist angles near 0° and 60° are different
(as shown in figure 2). To further reveal the difference of interlayer coupling between
WSe,/WS,; heterostructures with different twist angles, the differential charge densities Ap(r)

are calculated (as shown in fig. S7), which are defined as:

Ap(r) =p(r) - pwsz(r - Tl-) - pWSeZ(T -7)

Pwsz(r -1y N

where P(T) is the charge density of the WSe,/WS, heterostructure, nd

Pwse, (T =T7) . .
2 are the charge density of monolayer WS, and WSe, respectively. The total charge

transfer is shown in Fig. S8. The charge transfer is strongly enhanced when the twist angle of
WSe,/WS, heterostructures are near 0° and 60°, which are consistent with our experimental

results.



Table S2 summarizes some other reports of interlayer exciton. Our work provides a simpler

and more efficient method for regulating momentum-space direct and indirect excitons.
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Table S1. The parameters of WSe,/WS, heterostructure with different twist angles after
relaxation. d is the interlayer distance. Ej is the binding energy and Ey,; is the total energy of
the system.

e e e, levea

6.20878 0.29962 -47.43472
27.8° 6.49819 0.24019 -47.37554
38.20 6.49278 0.24033 -47.37549

600 6.24729 0.29821 -47.43346



Table S2. The summarized research on interlayer exciton

Structure
stacked
MoS,/WSe,
stacked
WSz/ WSez
stacked
MoSe,/WSe,

stacked
WSe,/MoSe,

stacked
WSe,/MoS,
CVD growth
WSe,/MoSe,

stacked
WSeZNV Sz

Method

strain+PL
power dependent PL

circularly polarized PL

circularly polarized
PL+magnetic field
dependent PL+gate voltage
dependent PL
ultrafast pump-probe
spectroscopy
diamond anvil
cell+PL+DFT
twist angle+circularly
polarized PL+ gate voltage-
dependent PL+DFT

Interlayer exciton type Reference
indirect interlayer 7]
exciton

direct interlayer exciton [8]

indirect interlayer

[9]

exciton
direct interlayer exciton [10, 11]
direct interlayer exciton [12]

direct and indirect

. . [13]
interlayer exciton

direct and indirect

. . This work
interlayer exciton
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Fig. S1 (a) Optical image of the WSe,/WS, heterostructure with different twist angles. (b) The
corresponding FL image of the WSe,/WS, heterostructures with different twist angles shown
in (a). (¢) The Raman spectrum of the WSe,/WS, heterostructure. (d) The typical PL spectra of
monolayer WSe, and WS,. (¢) The Raman spectra of WSe,/WS; heterostructure with different

twist angles.
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Fig. S2 (a) Optical image of the WSe,/WS, heterostructure with different twist angles. (b) The
SHG intensity mapping of the WSe,/WS, heterostructure with different twist angles. (c) The

ratio of SHG signal (Inewrostructure/Iws,) as a function of twist angle. (d) Typical SHG

measurements of WSe,/WS, heterostructure with different twist angles.
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Fig. S3 (a) The PL spectrum of WSe,/WS, heterostructure for sample p12. (b) and (c) are the

intensity mapping of interlayer exciton of WSe,/WS, heterostructure with a twist angle of 59.1°
and 2.1°, respectively.
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Fig. S4 (a) and (b) are the SHG measurements of the WSe,/WS, heterostructure fabricated by
the CVD-grown sample.
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Fig. S5 (a) The schematic of the gate voltage-dependent PL. measurement. (b) Color plot of the
PL intensity as a function of the gate voltage. (c) PL spectra at the gate voltage of £10, £8, 6,
+4,+2, and 0 V.



Fig. S6 (a)-(d) are the side-view of WSe,/WS, heterostructure with twist angle of 0°, 27.8°,
38.2° and 60°, respectively. (e)-(h) are the top-view of WSe,/WS, heterostructure with twist
angle of 0°, 27.8°, 38.2° and 60°, respectively.



Fig. S7 (a)-(d) are the differential charge densities of WSe,/WS, heterostructures with different

twist angles, the isosurface level=2E-4.
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Fig. S8 The charge transfer versus the twist angles of WSe,/WS, heterostructure.



