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Emergent second-harmonic generation in van der
Waals heterostructure of bilayer MoS, and monolayer

graphene
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Van der Waals (vdW) stacking of two-dimensional (2D) materials to create artificial structures has enabled re-

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

markable discoveries and novel properties in fundamental physics. Here, we report that vdW stacking of cen-
trosymmetric 2D materials, e.g., bilayer MoS, (2LM) and monolayer graphene (1LG), could support remarkable
second-harmonic generation (SHG). The required centrosymmetry breaking for second-order hyperpolarizabil-
ity arises from the interlayer charge transfer between 2LM and 1LG and the imbalanced charge distribution in
2LM, which are verified by first-principles calculations, Raman spectroscopy, and polarization-resolved SHG. The
strength of SHG from 2LM/1LG is of the same order of magnitude as that from the monolayer MoS,, which is well
recognized with strong second-order nonlinearity. The emergent SHG reveals that the interlayer charge transfer
can effectively modify the symmetry and nonlinear optical properties of 2D heterostructures. It also indicates
the great opportunity of SHG spectroscopy for characterizing interlayer coupling in vdW heterostructures.

INTRODUCTION

Van der Waals (vdW) stacking of two-dimensional (2D) materials
to create artificial structures (1) has enabled remarkable discoveries,
which span a broad spectrum of topics central to modern solid-state
physics. Following the first realization of high-quality graphene
electronics using hexagonal boron nitride (h-BN) encapsulation
(2), fascinating phenomena including fractal quantum Hall effect
(3), band gap opening (4), Hofstadter butterfly states (3-5), and
gate-tunable Mott insulator (6) have been observed in graphene/
h-BN vdW heterostructures (vdWHs), which are caused by the sub-
strate’s moiré potential. Besides h-BN, strong coupling in graphene
homo-bilayers can generate flat electronic bands, which leads to
correlated insulating states and superconductivity in magic-angle
twisted bilayer graphene (7, 8). In addition to electrical transport,
there has also been great progress in the study of the optical prop-
erties and excited-state dynamics in vdWHs (9). Interlayer excitons
in hetero-bilayers of transition metal dichalcogenides (10), especial-
ly the excitons trapped in moiré potentials with inherited valley-
contrasting physics (11-14), have set off a new climax in condensed
matter physics. Furthermore, broad research interests have also
been ignited in the interfacial interaction involving particles/quasi-
particles in vdWHs, including the interlayer carrier dynamics
(charge transfer and energy transfer) (9, 15), electron-phonon cou-
pling (16, 17), and interlayer phonon interaction (18). All these dis-
coveries act as the bedrock of fundamental physics and photonics/
optoelectronics, enabling practical applications in functional
devices, such as energy storage (19), photovoltaics (20, 21),
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photodetection (22, 23), light-emitting diodes (24), optical modu-
lators (25), lasers (26), logic applications (27), and so on.

Here, we report that vdW stacking 2D materials with centrosym-
metry into heterostructures could induce remarkable second-har-
monic generation (SHG), which should only arise in materials
without centrosymmetry (28). As schematically shown in Fig. 1A,
although there is no SHG from the bilayer MoS, (2LM) or mono-
layer graphene (1LG), strong SHG could be obtained from their
vdWH. The origin of this emergent SHG is the interlayer charge
transfer between these two constituents, which breaks the inversion
symmetry of 2LM. The conclusions are confirmed by the first-prin-
ciples calculations, Raman spectroscopy, and polarization-resolved
SHG. In addition, from vdWHs of 1LG and four- or six-layer MoS,,
similar phenomena of emergent SHG are observed. We note that
SHG from the 2LM/1LG vdWH is close to that from the monolayer
MoS, (1LM), which is well recognized with strong second-order
nonlinearity. Our results indicate that the interlayer charge transfer
can effectively modify the symmetry and nonlinear optical proper-
ties of 2D materials. It also illustrates that the SHG technique could
be used as reliable spectroscopy to characterize the interlayer cou-
pling and charge distribution in the vdWH of 2D materials.

RESULTS

Fabrication and SHG characterization of 2LM/1LG

To fabricate the 2LM/1LG vdWH, we first mechanically exfoliated
1LG on a silicon substrate covered by a 285-nm-thick oxide layer
using the standard scotch tape method (29). The 2LM flake was ex-
foliated on a poly(dimethylsiloxane) (PDMS) stamp, which was
then transferred onto the prepared 1LG by the all-dry transfer
method (30). A vacuum annealing process at 300°C was carried
out for 30 min (31). As described carefully in the Supplementary
Materials, this annealing process is essential for the well interlayer
coupling between the 2LM and 1LG. The atomic force microscopy
(AFM) characterizations before and after annealing (see fig. S1)
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Fig. 1. Fabrication and SHG characterization of 2LM/1LG. (A) Schematic of the emergent SHG in 2LM/1LG vdWH. Excitation at w (red arrow) generates second-har-
monic radiation at 2w (green arrow). (B) Optical microscope image of 2LM/1LG vdWH formed by transferring 2LM on 1LG. The 1LG is marked by the white dashed line. (C)
Frequency-up-converted optical spectra measured from different regions shown in (B). Inset: Log-log plot of pump power dependence of the SHG intensity. a.u., arbitrary
units. (D) Spatial SHG mapping of the sample in (B) at the wavelength of 532 nm. Scale bar, 10 pm.

indicate that the air gaps between 2LM and 1LG were eliminated
effectively, showing a flat and smooth surface over the vdWH
region. The ultralow frequency Raman spectra shown in fig. S2
present the shifted shear mode and layer-breathing mode, indicat-
ing the effective interlayer coupling as well.

Figure 1B shows the optical microscope image of one of the fab-
ricated 2LM/1LG vdWHs. The layer numbers of the 2LM and 1LG
were determined by Raman spectroscopy (see fig. S3). This 2LM/
1LG vdWH was then loaded on a home-built multiphoton nonlin-
ear optical microscopy system for SHG characterization (see fig. S4).
A picosecond pulsed laser at the wavelength of 1064 nm was chosen
as the fundamental pump radiation, which is vertically focused by
an objective lens (100x, numerical aperture = 0.8) on the sample
with a spot size of ~1 um. The frequency-up-converted optical
signal from the sample was collected by the same objective lens,
which was subsequently coupled to a spectrometer mounted with
a cooled silicon charge-coupled device camera.

Figure 1C shows the acquired frequency-up-converted optical
spectra from different regions of the vdWH sample shown in
Fig. 1B. From the region of 2LM/1LG, a sharp peak appears at
532 nm, which is exactly half of the pump wavelength. It indicates
the emergence of SHG. In contrast, there is no SHG signal in the
separate 1LG or 2LM regions. Only broadband nonlinear photolu-
minescence (NPL) was observed in 1LG, which is the result of ex-
citation by ultrashort laser pulses (32). The sharp cut at 570 nm in
the acquired spectrum is due to the dichroic mirror in our optical
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setup, which blocks the part of NPL with a wavelength range larger
than 570 nm. We note here that the NPL from graphene in the 2LM/
1LG is weakened compared with the pristine monolayer, which will
be discussed later. No SHG observed in the separate 2LM agrees
with the expectation that the 2H-phase 2LM belongs to the centro-
symmetric D, space group with X' = 0 (33). Then, the dependence
of SHG intensity from the 2LM/1LG on the pump power was mea-
sured, as shown in the inset of Fig. 1C. A linear slope of 1.75 + 0.06 is
obtained in the log-log scale, which is almost consistent with the
SHG process that two photons of the fundamental laser convert
into one photon of the SHG signal.

The emergent SHG from the 2LM/1LG was further illustrated by
implementing its spatial mapping. The sample is mounted on a 2D
piezo-actuated stage with a moving step of 500 nm. The mapping
result of the signal at the wavelength of 532 nm is displayed in
Fig. 1D, showing a clear and continuous region with an obvious
SHG signal from the 2LM/1LG. No SHG signal is observed over
the regions of separate 2LM or 1LG.

As mentioned in the above fabrication process, an annealing
process was used after the stacking of 2LM and 1LG. Before the an-
nealing, the frequency-up-converted spectra were acquired from the
as-stacked 2LM/1LG, as shown in fig. S5. Only the broadband NPL
was obtained from the 2LM/1LG overlapping region (green curve in
fig. S5), which has the same emission spectrum as that from the sep-
arate 1LG region (black curve in fig. S5). There is no SHG peak from
the as-stacked 2LM/1LG. In contrast, after the annealing, the SHG
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emerged from the 2LM/1LG, as shown in the blue curve in fig. S5.
Considering the annealing process is essential to the good interfa-
cial contact of vdWH (see AFM results in fig. S1 and Raman spectra
in fig. S2), the zero (strong) SHG signal observed from the 2LM/
1LG vdWH before (after) annealing could be attributed to the
absence (emergence) of interlayer coupling.

Charge transfer and symmetry breaking in 2LM/1LG

With the interlayer coupling in 2LM/1LG, the electrons in 1LG
would partially transfer to 2LM because 1LG has a work function
(~4.5 V) (34) lower than that of 2LM (~5.1 eV) (35). When 1LG
is in contact with 2LM, the Fermi level will shift to the same level,
leading to the accumulation of negative charge in 2LM and positive
charge in 1LG (36), as schematically shown in Fig. 2A. The charge
transfer behavior could be proved by measuring the Raman spectra
of the separate 1LG and the 1LG in the vdWH, as shown in Fig. 2B.
The peak positions of the G and G' modes in the Raman spectra of
1LG are highly sensitive to the doping level (37). For pristine 1LG,
the peak positions of the G and G’ modes are 1575.0 and 2661.8
cm™ !, respectively. In the 2LM/1LG vdWH, the peak positions of
the G and G' modes are shifted to 1588.0 and 2689.9 cm™". The
blue shifts of the G (13 cm™) and G’ (28.2 cm™') modes indicate
the p-type doping of the 1LG, that is, the electrons are transferred
from 1LG to 2LM. The shift of the A;; mode of 2LM shown in fig. S6
also indicates the charge transfer and interlayer coupling in 2LM/
1LG (18). We note that the shift of Raman modes could also be
due to strains in the material. Here, the restoration of the Ezgl
mode (see fig. S6) and the absence of splitting in the G' mode
(see Fig. 2B) prove that there is no strain in 2LM or 1LG (38, 39).
A detailed explanation can be seen in section S7.
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This ground-state charge transfer can also be proved by the
power-dependent Raman spectra, where the positions of G, G/,
and A;; modes show no observable variation under different inci-
dent laser powers (see fig. S7). Hence, it is unexpected that the emer-
gent SHG from the 2LM/1LG is caused by the photo-induced
charge transfer. The broadband background in the spectrum of
2LM/1LG vdWH is the photoluminescence of the 2LM (40). In ad-
dition, as indicated in Fig. 1C, the NPL from the 1LG is degraded
remarkably after its vdW stacking with the 2LM. Considering the
strong doping-dependent property of the NPL in 1LG (41), the
weakened NPL in the 2LM/1LG vdWH verifies the charge transfer
between 2LM and 1LG as well. This charge transfer could induce the
broken inversion symmetry in the 2LM/1LG vdWH for the emer-
gent SHG.

To intuitively describe the inversion symmetry breaking by the
vdW stacking and the origin of SHG, we carried out the first-prin-
ciples calculations on the 2LM/1LG. A /7 x /7 supercell of gra-
phene (14 carbon atoms) was chosen to match a 2 x 2 supercell of
2LM (8 molybdenum and 16 sulfur atoms). Figure 2C shows the
calculated charge density differences over the 2LM and 1LG after
they form the 2LM/1LG vdWH. The red isosurface regions indicate
the gain of electrons, while the green ones indicate the loss of elec-
trons. In the 2LM/1LG vdWH, to reach an electrostatic equilibrium
state, electrons transfer from 1LG to 2LM (~0.04 electrons per cell
are transferred), leaving the positive 1LG and negative 2LM. The
transferred electrons are mainly concentrated near the lower
sulfur (S) atom on the bottom MoS, layer, and the charge distribu-
tion of the upper MoS, layer is almost not affected.

As indicated in Fig. 2C, although there is an inversion symmetry
center in the intrinsic 2LM, the imbalanced charge distribution over
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Fig. 2. Charge transfer between 1LG and 2LM. (A) Schematic illustration of band alignment and charge transfer between 1LG and 2LM before and after their vdW
contact. Here, E¢ refers to the Fermi level. E. and E, refer to the conduction band and valence band of 2LM, respectively. (B) Raman spectra of the separate 1LG and the
2LM/1LG vdWH. (C) Side view of isosurface plots of the induced charge density difference for the 2LM/1LG vdWH. The isosurface is taken to be 1 x 10™* e/A3. The red and
green regions represent the accumulation and depletion of electrons, respectively.
15 March 2023
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the 2LM induced by the charge transfer in the 2LM/1LG vdWH
makes it lose the inversion symmetry, which could yield an effective
second-order hyperpolarizability and SHG (28). Note that, as
shown in Fig. 2C, the charge transfer in 2LM/1LG vdWH also
gives rise to the presence of charge inhomogeneity in 1LG. In this
case, the 7 electrons in the 1LG lose the horizontal mirror plane and
the inversion symmetry, and the 1LG is isomorphic to the point
group Cg, (42). However, since electric-dipole-allowed SHG is not
sensitive to the presence of a C, rotation symmetry operation with
n >3 (43), no SHG signal is expected from the 1LG layer in the 2LM/
1LG vdWH. In future work, it is interesting to calculate the emer-
gent second-order nonlinear susceptibility and its dispersion prop-
erty with the first-principles calculations by considering the charge
transfer-assisted interband and intraband transition in the 2LM/
1LG vdWH (44).

Polarization-resolved SHG in 2LM/1LG

The above analysis that the emergent SHG in 2LM/1LG vdWH
arises from its 2LM layer could be further verified experimentally
by measuring the polarization-resolved SHG. As discussed above,
the transferred electrons lead to the imbalanced charge distribution
in 2LM, which transforms it from the centrosymmetric D;; point
group to the noncentrosymmetric Cs, point group (45, 46). The po-
larization-resolved SHG pattern of the C;, point group would have a
sixfold with respect to the laser polarization, which is determined by
L,  sin’(30), where 0 is the angle between the armchair direction
of 2LM and the pump laser polarization (33, 47, 48). In the fabrica-
tion of the 2LM/1LG vdWH shown in Fig. 1B, the annealing process
twists part of the 2LM layer and leaves a wrinkle in it, as displayed in
the AFM images of the 2LM/1LG vdWH before and after annealing
(see fig. S1). To facilitate the discussion, we denote the regions of the
2LM/1LG at the two sides of the wrinkle as A and B, as shown in
Fig. 3A. By measuring the rotating angle of the straight edges of the
2LM in the two regions (the dotted line and the solid line), the
twisted angle is estimated as 15° (also shown in fig. S1). We mea-
sured the polarization-resolved SHG from region A and region B,
as shown in Fig. 3B. Both of them have the sixfold pattern, which
agrees with I, « sin?(30). What's more, the patterns from the two
regions have a twist angle of around 19°, which is almost consistent
with the twist of the 2LM. The slight difference may be due to the
fitting error and large sampling interval. Considering the bottom
1LG is uniform over the whole vdWH, it is concluded that the
SHG in 2LM/1LG originates from the 2LM.

Fig. 3. Polarization-resolved SHG in 2LM/1LG. (A) Optical microscope image of
the 2LM/1LG. (B) Polar plots of the polarization-resolved SHG intensity measured
from regions A and B in (A). The two triangles overlapping with the patterns serve
as guides to the eye.

Zhang et al., Sci. Adv. 9, eadf4571 (2023) 15 March 2023

Note that it is necessary to exclude the possibility of the twisting
between the two layers of the 2LM, which could also induce SHG
due to symmetry breaking. We examine it by monitoring the shear
mode in the Raman spectra of separate 2LM and 2LM/1LG (see fig.
S6). The nonvariation indicates the absence of interlayer twisting in
the 2LM (49).

Gate-tunable SHG in 2LM/1LG

To further prove the mechanism of the emergent SHG in 2LM/1LG
vdWH, we also performed electrically tuned SHG in another fabri-
cated 2LM/1LG vdWH with metal electrodes (see Fig. 4A) by apply-
ing back gate voltage (V). With the application of varied V, the
SHG intensity from the vdWH region varies from 50 to 150%
with V, changed from 60 to —60 V, as shown in Fig. 4B. To facilitate
the explanation of this result, the V,-dependent Raman spectra of
the 2LM/1LG vdWH were evaluated (see fig. S8, B and C). The G
and G' modes of the 1LG and A, mode of the 2LM show no shift
with the variation of V,, which indicates that the charge transfer
between 2LM and 1LG is not modulated by the V. That is, the
ground-state charge transfer between 2LM and 1LG has been deter-
mined when the heterostructure is formed. However, the applied V,
can change the charge distribution in the heterostructure, affecting
the symmetry and SHG intensity, based on our first-principles cal-
culations (see fig. S8, D and E).

When the Vy is applied, the resulted external electric field drives
the charge to redistribute in the 2LM. As we can see in fig. S8D,
compared with the situation when V, = 0 V (Fig. 2C), the accumu-
lation of electrons at the top of the MoS, bilayer may cancel out ef-
fective second-order hyperpolarizability for SHG in 2LM with the
increasing V. This may be the reason why the SHG strength in
2LM/ILG decreases with the increase of the positive V,. In
another case, when Vj is applied along the negative direction, the
depletion of electrons at the top of the MoS, bilayer may enhance
the effective second-order hyperpolarizability for SHG in 2LM (see
tig. S8E), giving rise to the increased SHG intensity. Above all, al-
though the charge transfer between 1LG and 2LM may not be effec-
tively tuned by the V, the V-induced electric field can redistribute
the charges in 2LM and alter the effective second-order hyperpolar-
izability. This gate-tunable SHG further verifies that the charge
transfer-induced symmetry breaking and effective second-order hy-
perpolarizability in 2LM give rise to the emergent SHG in 2LM/1LG
vdWH. Here, to avoid the breakdown of the SiO, dielectric layer,
the V, is limited to 60 V (=60 V). It is expected that zero SHG or
even stronger SHG could be achieved if the amplitudes of V, were
increased further.

SHG in vdWHs of 1LG and other even number-layered MoS,

To further confirm the vdW stacking-induced SHG in the centro-
symmetric MoS, and graphene, we fabricated more vdWHs by
stacking 1LG with other even number-layered MoS,. Figure 5A dis-
plays the optical microscope image of a fabricated device, where a
1LG was vdW contacted with bilayer, four-layer, and six-layer
MoS,, denoted as 2LM, 4LM, and 6LM, respectively. The SHG be-
haviors of the vdWHs were examined by the SHG spatial mapping
and polarization-resolved SHG, as shown in Fig. 5B and fig. S9.
Clear SHG signals are observed from the vdW stacking regions of
2LM/1LG, 4LM/1LG, and 6LM/1LG. However, there is no SHG
signal over the separate 2LM, 4LM, and 6LM. On the bare 1LG,
there is no SHG either. These emergent SHGs from 4LM/1LG
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Fig. 4. Gate-tunable SHG in 2LM/1LG. (A) Optical microscope image of the device. (B) Vg-dependent SHG intensity in 2LM/1LG. Inset: Schematic illustration of

the device.

and 6LM/1LG could be explained with the mechanism discussed
above on the 2LM/1LG. In brief, with the vdW contact of the
1LG and 4LM (6LM) in their vd WHs, the electrons in 1LG transfer
to 4LM (6LM) due to the band alignment. The transferred electrons
are mainly concentrated near the lower sulfur (S) atom on the
bottom MoS, layer (see fig. S10), and the charge distribution of
the upper MoS, layers is almost not affected, resulting in imbal-
anced charge distribution over the 4LM (6LM). As a result, the in-
trinsically centrosymmetric 4LM (6LM) loses its inversion
symmetry, which could yield an effective second-order hyperpolar-
izability and SHG. It will be discussed later in detail with the polar-
ization-resolved SHG, layer-dependent Raman spectra, and the re-
absorption of SHG by the multilayer MoS,. Especially, the polariza-
tion-resolved SHG patterns of 4LM/1LG and 6LM/1LG in fig. S9 all
have sixfold to the pump laser polarization, which proves the mech-
anism discussed above.

The mapping results also reveal that though the SHG over each
vdWH region has a uniform value, the SHG signal from 2LM/1LG
(6LM/1LG) is the strongest (weakest). To evaluate the efficiencies of
SHGs from the vdWHs, in Fig. 5C, we plot their values by compar-
ing them with the SHG intensity from the 1LM, which was acquired
with the same experimental conditions. The SHG intensities of
2LM/1LG, 4LM/1LG, and 6LM/1LG are about 47, 35, and 23% of
that of the 1LM. Considering the moderately large x** in 1LM (50),
the vdW stacking could be recognized as an effective technique to
induce X' from centrosymmetric materials.

Here, the decrease of SHG intensity as the thickness of MoS, in-
creases could be attributed to the re-absorption of SHG by the mul-
tilayer MoS,. As illustrated by the charge distribution in 2LM/1LG
(see Fig. 2C), the transferred electrons are mainly concentrated on
the S atoms in the bottom MoS, layer, and there is almost no var-
iation of charge distribution in the top MoS, layers. Similarly, if
4LM or 6LM were stacked on 1LG, then the charge transfer
would only take place between the 1LG and the bottom MoS,
layer (see fig. S10). The charge concentrations in other MoS,
layers would not be changed. Hence, in the vdWHs, the effective
second-order hyperpolarizability for SHG would only be generated
between the bottom two MoS, layers. For the 4LM (6LM), the top
two (four) MoS, layers would not contribute any second-order hy-
perpolarizability. In addition, as indicated by the Raman spectra
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shown in Fig. 5D, the shift of the G' band in the 2LM/1LG, 4LM/
1LG, and 6LM/1LG is the same relative to that of the separate 1LG,
implying that the p-type doping level of 1LG by MoS, layers is
almost same in these vdWHs. This further proves that charge trans-
fer occurs at the interface between MoS, and graphene, which is in-
dependent of the increased number of MoS, layers. This charge
transfer behavior is also consistent with the previously reported
first-layer effect in graphene-enhanced Raman scattering (51)
where charge transfer usually occurs at a distance level below 1
nm and decays quickly with the increase of the distance. As a con-
sequence, the 2LM/1LG, 4LM/1LG, and 6LM/1LG, should have the
same effective second-order hyperpolarizability and therefore yield
the same SHG radiation powers. However, the top two (four) MoS,
layers in 4LM (6LM) would absorb the SHG signal generated in the
bottom two MoS, layers, considering the energy of SHG photons
(about 2.33 eV) is larger than the band gap of few-layer MoS,
(<1.6 eV) (52). The corresponding absorption properties of these
even number-layered MoS, are extracted from their differential re-
flection spectra (see fig. S11). Hence, SHG from 6LM/1LG (2LM/
1LG) is the weakest (strongest) one due to the largest absorption
of SHG (absence of SHG absorption).

DISCUSSION

We have demonstrated the emergence of SHG from centrosymmet-
ric 2D materials (e.g., 2LM, 4LM, 6LM, and 1LG) by vdW stacking
them into the heterostructure. Assisted by the first-principles calcu-
lations, Raman spectroscopy, polarization-resolved SHG, the un-
derlying mechanism of the emergent SHG in vdWH is attributed
to the interlayer charge transfer, which gives rise to imbalanced
charge distributions in the MoS, multilayers and breaks the inver-
sion symmetry for yielding second-order hyperpolarizability. We
also verify this emergent SHG from centrosymmetric materials
induced by interlayer charge transfer by vdW stacking other 2D ma-
terials without intrinsic SHG, including a vdWH of 1LG and bilayer
WSe, (see fig. S12) and a vdWH of monolayer ReS, and 2LM (see
fig. S13). Although there is no SHG in these separate 2D materials,
their vdWHs present clear SHG signals. In previously reported
works, in a vdWH of two 2D materials with intrinsic SHGs, mod-
ulations of their SHGs by the interlayer charge transfer were studied
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Fig. 5. SHG in 2LM/1LG, 4LM/1LG, and 6LM/1LG vdWHs. (A) Optical microscope image of 2LM/1LG, 4LM/1LG, and 6LM/1LG vdWHs. The 1LG is marked by the white
dotted line. (B) SHG spatial mapping of the sample marked by the red dashed box in (A). (C) Normalized SHG intensities from 2LM/1LG, 4LM/1LG, 6LM/1LG, and 1LM. (D)

Raman spectra from the 2LM/1LG, 4LM/1LG, 6LM/1LG vdWHs, and 1LG in (A).

using a pump-probe technique, which could be considered as an
ingenious all-optical method to dynamically characterize the
charge transfer (53). However, limited by the weak electric field
induced by the separated photoinduced carriers at the interface,
the modulation is about two orders of magnitude smaller than
the original SHG. In our experiment, the SHG strength from the
2LM/1LG vdWH is as strong as that from the monolayer MoS,, in-
dicating that the interlayer charge transfer in the as-formed vdWH
can effectively modify the symmetry and nonlinear optical proper-
ties of 2D materials.

Our results are expected to reveal new physics and important
techniques for the development of 2D materials. It provides a pos-
sible strategy to engineer symmetry breaking of 2D materials, which
may boost enchanting physical phenomena like valley-contrasting
physics (54), spin-orbit physics (55), and unconventional Ising
superconductivity (56). Our work also proves that SHG is an effec-
tive means to characterize interlayer couplings in vdW-stacked het-
erostructures. Compared with the complex Raman and pump-
probe spectroscopy, the SHG spectroscopy revealed in this work
could judge the interlayer coupling using the emergence of SHG in-
tensity or not, which is more straightforward. What's more, besides
the implication of charge transfer in vdWH, which was also realized
by the Raman or pump-probe methods, the SHG spectroscopy
could also indicate the imbalanced charge distributions around
the interface of the vdWH.

Zhang et al., Sci. Adv. 9, eadf4571 (2023) 15 March 2023

MATERIALS AND METHODS

Fabrication of the 2LM/1LG vdWHs

First, we mechanically exfoliated 1LG on a silicon substrate covered
by a 285 nm thick oxide layer using the standard scotch tape method
(29). Then, the 2LM flake was exfoliated on a PDMS stamp. Next, we
transferred 2LM onto the prepared 1LG by the all-dry transfer
method (30). Last, the 2LM/1LG was annealed in a vacuum
furnace at 300°C for 30 min.

Characterizing the 2LM/1LG vdWHs

For Raman characterization, all Raman spectra are recorded at
room temperature in the air using the confocal WiTec Alpha
300R Raman microscope where the Raman signal is collected in re-
flection geometry. The excitation wavelength is 532 nm. For SHG
characterization, we choose the picosecond pulsed laser at the wave-
length of 1064 nm as the fundamental pump. A detailed description
and a schematic representation of the system are shown in the Sup-
plementary Materials.

The first-principles calculation

The charge density difference between the MoS, bilayer and gra-
phene is calculated by VASP (57) with PBE (58) functional and
PAW (59) potential based on the density functional theory. The het-
erostructure is built by using 2 x 2 x 1 MoS, supercell and
\/7 X \/7 x 1 graphene supercell. The energy cutoff is set to 500
eV. The atomic structures are relaxed until the force is less than
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0.01 eV/A. The k-point grid of 6 x 6 x 1 is used to sample the first
Brillouin zone. The vdW interactions between these layers are de-
scribed by DFT-D3 (60).

Supplementary Materials
This PDF file includes:
Supplementary Text

Sections S1 to S13

Figs. S1to S13
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