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Abstract 

Symmetry breaking in van der Waals materials enables the realization of quantum states and 
advanced device functionalities. Janus transition metal dichalcogenides (TMDs) exhibit distinctive 
nonlinear optical properties due to their broken out-of-plane mirror symmetry. However, the 
dynamic control of SHG anisotropy and resonance behavior via optical excitation remains elusive. 
In this work, we investigate the SHG response of Janus MoSSe/MoS2 heterostructures with 2H 
and 3R stackings. We can tune the SHG response by varying the incident photon wavelength from 
800 nm to 1000 nm, which shows a resonance-dependent enhancement in intensity and a deviation 
from six-fold symmetry, indicating wavelength-dependent anisotropy. The ratio between 
maximum and minimum intensity in the armchair directions, associated with the SHG anisotropy, 
reaches a value of 1.73 at the excitation wavelength of 1000 nm. Group theory analysis and first-
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principles calculations reveal that the observed anisotropy arises from optically induced strain. Our 
findings highlight the role of symmetry breaking and optical resonance contributing to the 
optomechanical tuning of SHG anisotropy, offering opportunities for developing Janus TMD-
based photonic devices for frequency conversion, light generation, and optical switching. 

Keywords: Janus transition metal dichalcogenides, second harmonic generation, optical 
resonance, strain, optostriction, interlayer coupling. 

 

Introduction 

Symmetry breaking in layered van der Waals materials through stacking, sliding, and substitution 
gives rise to superior material properties that push the limit of practical applications.1 Janus 
transition metal dichalcogenides (TMDs) are a type of two-dimensional (2D) material with broken 
out-of-plane mirror symmetry, in which the transitional metal is sandwiched between two different 
chalcogen species.2-5 This asymmetric structure of Janus TMDs results in an inherent electric 
dipole moment, which leads to strong out-of-plane piezoelectricity,2, 6 enhanced and tunable 
interlayer coupling,7, 8 and large nonlinear susceptibility beyond conventional TMD materials.9 
Second harmonic generation (SHG) is a nonlinear optical process where the incident photon 
frequency (ω) is doubled (2ω) after passing through the non-centrosymmetric material (Figure 1a). 
For Janus TMDs, it has been demonstrated that 1T’ MoSSe exhibits SHG intensities more than 
three times higher than 2H MoS2.9 While the SHG intensity vanishes in even numbers of 
conventional TMDs with 2H stacking due to the restored centrosymmetry, a bilayer Janus 
MoSSe/MoS2 heterostructure with 2H stacking has a nonzero SHG susceptibility, which can be 
further tuned by uniaxial strain.10 These characteristics showcase Janus TMD as an ideal platform 
to study the nonlinear optical properties of asymmetric van der Waals materials. 

By exploring the wavelength and polarization dependence of SHG signals, we can gain valuable 
insights into the electronic band structure and symmetry properties of Janus TMDs.11 For example, 
optical resonance can enhance the SHG signals in TMD heterostructures when an incident 
wavelength that matches the exciton transitions is employed.12-15 Therefore, the wavelength 
dependence of SHG provides insight into the electronic band structure and enables the 
optimization of SHG efficiency for wavelength-specific nonlinear optics. Since the SHG intensity 
relies on symmetry breaking, the polarization dependence of SHG on the angle of the incident 
photon reveals the symmetry and orientation of the crystal lattice. In conventional TMDs, it has 
been demonstrated that the polarization dependence of SHG can be used to identify domain 
boundaries16 and evaluate strains with high sensitivity.17-19 While the enhanced interlayer coupling 
and strong electronic hybridization7, 8 may offer tunability of optical nonlinearity, the dynamic 
control of SHG anisotropy in Janus TMD heterostructures via optical excitation remains elusive.  

In this work, we investigate the SHG of Janus MoSSe/MoS2 heterostructures with 2H and 3R 
stacking orders. The incident photon wavelength is tuned from 800 nm to 1000 nm, and the second-
order nonlinear response is recorded from 400 nm to 500 nm, respectively. While the SHG 
intensity of monolayer MoSSe shows a near-perfect six-fold symmetry with respect to the 
polarization angles, the polarization dependence of SHG intensity in MoSSe/MoS2 
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heterostructures deviates from the six-fold symmetry. The intensity ratio between the maximum 
and minimum SHG intensity in the armchair directions, which represents the level of anisotropy, 
becomes increasingly larger for longer laser wavelengths. Particularly, for MoSSe/MoS2 with 2H 
stacking, the intensity ratio reaches the value of 1.73 at an excitation wavelength of 1000 nm. First-
principles calculations predict the second-order susceptibility tensor as a function of incident 
wavelength due to resonance with excitons. We attribute the anisotropy to strain based on group 
theory analysis, where the strain is optomechanically induced by the electromagnetic field of 
incident light. This strain has only been achieved in Janus heterostructures because of the structural 
asymmetry that contributes to the strong interlayer coupling for strain transfer, whose extent varies 
between 3R and 2H stackings. Our work demonstrates the effect of crystal symmetry and optical 
resonance on the optomechanically tuning of SHG anisotropy in low-dimensional materials. 
Combined with their atomically thin nature, the anisotropic nonlinear optical response of Janus 
TMD heterostructures promises on-chip photonic applications, including frequency conversion, 
quantum light generation, optical switching, and sensing.  

 

Results and Discussion 

Second Harmonic Generation in 2H and 3R MoSSe/MoS2 

Janus MoSSe/MoS2 heterostructures with 3R and 2H stackings (Figure 1b) were fabricated by 
plasma-assisted selenization of bilayer MoS2 (Methods).7, 20 In this process, the hydrogen radicals 
generated by plasma selectively bond to sulfur atoms in the topmost chalcogen layer, and then 
leave the surface as H2S, while the sulfur layers underneath remain intact. Subsequently, the 
resulting sulfur vacancies are replaced with selenium atoms; hence, only the top layer of MoS2 is 
converted into Janus MoSSe, and the stacking order and clean interface are preserved in the 
synthesized MoSSe/MoS2 (Fig. S1). The bilayer 3R and 2H heterostructures and monolayer 
MoSSe can be identified in the optical images (Figure 1c-d). We performed polarization-dependent 
SHG measurements on the 3R and 2H MoSSe/MoS2 by changing the angle of the incident laser 
with respect to the crystal axis. The SHG response polarized parallel to the incident beam was 
collected.  

The polarization dependences of the SHG intensity under an 800 nm excitation exhibit a six-fold 
rotational symmetry for both stacking configurations (Figure 1e-f), MoS2 (Fig. S2) and MoSSe 

(Fig. S3). The SHG polar plots can be fitted using �∥ = cos�(3� − 3��), in which �−�� is the 

angle between the laser polarization and the armchair direction, and �� is a constant that denotes 
the angle between the armchair direction of the crystal and the horizontal axis in the experimental 
geometry. Unlike 2H MoS2 bilayers with vanishing SHG response, 2H MoSSe/MoS2 exhibits a 
finite SHG intensity, about one-tenth of that in 3R MoSSe/MoS2, suggesting broken 
centrosymmetry due to the atomic structure of MoSSe. 
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Figure 1. Second harmonic generation of Janus MoSSe/MoS2. (a) Illustration of second harmonic 
generation of MoSSe/MoS2. (b) Crystal structures of MoSSe/MoS2 with 3R and 2H stackings. Optical 
images of (c) 3R and (d) 2H-stacked samples. SHG intensity of (e) 3R and (f) 2H MoSSe/MoS2 as a function 
of polarization angle of the incident 800 nm laser. The 0 degree is along the X-axis of the experimental 
geometry. 

 

Wavelength-Dependent Polarization-Resolved SHG 

To investigate how excitation wavelength affects the SHG of monolayer MoSSe and Janus 
heterostructures, we measured the polarization dependence of SHG intensity under excitations 
ranging from 800 nm to 1000 nm in 25 nm steps. The detection range was set from 400 nm to 500 
nm, corresponding to the second harmonic wavelengths. The average SHG intensities when the 
incident laser is polarized along the armchair directions are summarized in Figure 2 for different 
incident wavelengths. The SHG intensity of monolayer MoSSe (Figure 2a) increases as the 
incident wavelength shifts from 800 nm to 975 nm (1.55 eV to 1.27 eV), consistent with a previous 
study showing stronger SHG intensities at lower laser energies in MoSSe.11 The SHG intensity 
reaches the maximum at 975 nm excitation (2.54 eV emission) for MoSSe and 3R MoSSe/MoS2 
and at 925 nm excitation for 2H MoSSe/MoS2 (Figure 2c), which can be attributed to resonance 
with the transitions at the Γ point.21, 22 The difference in the corresponding wavelength for 3R and 
2H heterostructures may be explained by a slightly different energy gap at the Γ point.  

We calculated the second-order susceptibility using first-principles calculations as shown in Figure 
2d. The overall dependence of the calculated second-order susceptibility is qualitatively consistent 

with the experiments. Specifically, the calculated ����
(�)

 for the 3R heterostructure increases with 

increasing wavelength and eventually plateaus, while the calculated ����
(�)

  for 2H increases and 

then decreases, matching the experimental SHG intensity trend. The calculated spectrum is shifted 
to shorter wavelengths compared to the experiments, which can be attributed to the limited 
inclusion of many-body effects in the calculation, such as excitonic corrections. 
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Figure 2. The fitted average SHG intensity for (a) MoSSe, (b) 3R MoSSe/MoS2, and (c) 2H MoSSe/MoS2 
in the experiments. The squares denote the average SHG intensity along the six armchair directions. The 
error bars are the standard deviation of the SHG intensities along the six armchair directions. (d) The 
calculated second-order susceptibility tensor without strain as a function of incident wavelength.  

 

Figure 3 presents representative polarization-dependent SHG intensities under 850, 900, 950, and 
1000 nm excitations. The intensity polar plots of other excitation wavelengths are shown in Fig. 
S3–S6. The SHG of the MoSSe monolayer consistently shows a six-fold rotational symmetry for 
longer incident wavelengths, as shown in Figure 3, first row. However, the polarization dependence 
of the MoSSe/MoS2 heterostructures deviates from the group theory prediction for the C3v point 
group (Figure 3, second and third rows). For example, for 3R MoSSe/MoS2 measured under 850 

nm excitation, the SHG intensity for �  = 157° is slightly smaller than that for �  = 99°. This 
difference in SHG intensities along the three armchair directions becomes increasingly evident as 
the excitation wavelength becomes longer. Specifically, the SHG intensities of 3R MoSSe/MoS2 

under 1000 nm excitation for � = 35° and 157° are both smaller than the SHG intensity for � = 
99°. Similar variations in SHG intensity are also observed in 2H MoSSe/MoS2. While the SHG 

intensity of 2H MoSSe/MoS2 is roughly the same for � = 45° and 109° under 850 nm excitation, 

the SHG intensity for �  = 109° is approximately two times those at �  = 45° under 1000 nm 
excitation. This observation suggests an additional breaking of crystal symmetry that alters the 
SHG responses. 
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Figure 3. Wavelength-dependent polarization-resolved SHG intensity of (a) MoSSe, (b) 3R and (c) 2H 
MoSSe/MoS2 heterostructures for incident wavelengths of 850 nm, 900 nm, 950 nm, and 1000 nm. The 
intensities are scaled to show anisotropy. The dots are the measured data, and the curves are the strained 
SHG fits, which will be discussed in the next section. 

 

SHG Anisotropy Due to Strain 

To quantify the deviation from group theory prediction, we define the intensity ratio � as the ratio 

of maximum to minimum intensities along the armchair directions, � =  �∥,�
���/� ∥,�

���  where � 

denotes the armchair direction. A larger intensity ratio reflects a stronger SHG anisotropy where 
the polarization dependence deviates from the six-fold symmetry. The SHG intensity ratio as a 
function of incident wavelength is summarized in Figure 4a-c. MoSSe shows a negligible intensity 
ratio of around 1.1 over the whole excitation range, while the intensity ratio of 3R MoSSe/MoS2 
significantly increases for excitation wavelengths beyond 875 nm and reaches a maximum of 1.44 
at 925 nm and 975 nm excitations. Similarly, the 2H MoSSe/MoS2 displays a large intensity ratio 

beyond 875 nm, with a maximum of � = 1.73 at 1000 nm excitations (Figure 4c). 
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Figure 4. The fitted (a-c) intensity ratio and (d-f) fitted strain as a function of incident wavelength for 

MoSSe, 3R MoSSe/MoS2, and 2H MoSSe/MoS2 for ��� = −����. The error bars in (d-f) are the standard 

deviations of the fitted parameters. Some error bars are too small to be seen. 

 

The anisotropic SHG response can be potentially explained by the presence of strain, which can 
lift the degeneracy of optical responses. SHG intensity is related to the crystal structure through 

the second-order nonlinear susceptibility tensor ����
(�)

, where ��� denotes the polarization directions 

of the second harmonics and the fundamental excitations. The effect of strain can be described by 

a phenomenological photoelastic tensor ������, which represents how strain translates to optical 

changes. Then ����
(�)

  is written as ����
(�)

= ����
(�,�)

+ ��������� , in which ����
(�,�)

  is the second-order 

susceptibility of unstrained systems and ��� is the strain tensor, which can be converted into a 

principal strain basis with no shear component where ��� = �
��� − ���� 0

0 ��� − ����
�.19 Here � 

and �  denote the armchair and zigzag directions, respectively. � =  0.29 is the Poisson’s ratio. 
Mennel et al.19 have shown that the SHG intensity of a strained TMD monolayer can be described 
by  

 �∥ ∝
1

4
|�cos(3� − 3��) + �cos(2� + � − ��)|� Eq. 1 

with � = (1 − �)(�� + ��)���� + ���� + 2��  and � = (1 + �)(�� − ��)���� − ���� , ��  and �� 

are the photoelastic tensor elements, ���  and ���  are the principal strain elements, �  is the 

principal strain orientation, �� is the SHG tensor element for unstrained TMDs. Eq. 1 suggests that 

the six-fold rotational symmetry of the SHG polar plots will be broken only when ��� ≠ ���. 
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In our measurement, �� varies drastically with the incident wavelength. To rule out the influence 

of varied �� , we set ��  = 0.20, 0.45, 0.10 nm/V at 800 nm excitation for MoSSe, 3R and 2H 

heterostructures based on the first-principles calculations.10 For longer wavelengths (� ), ��  is 

estimated using the measured SHG intensity, ��(�) = ��(800 nm)�
�∥(�)

�∥(800 nm)
. The corresponding 

��  values used for each wavelength are provided in Table S1. We acknowledge that the 

phenomenological photoelastic tensor elements, ��  and �� , may also change upon different 

excitation wavelengths. However, according to Eq. 1, the parameters �� , ��  and the strain 

components ��� , ���  are interchangeable in the fitting process. As a result, fitting �� , ��  as a 

function of wavelength would show similar trends as fitting strain values ���, ���.  

We fitted the SHG polar plots using Eq. 1, assuming biaxial deformation constrained by the 

Poisson effect (��� = −����). As shown in Figure 4d, the |���| values of the MoSSe monolayer 

are significantly smaller than 0.1 % for all excitation wavelengths. While the MoSSe/MoS2 

heterostructures show an increased strain |���| beyond 875 nm, reaching the values of ��� = − 

0.23 % for 3R at 975 nm and ��� = − 0.14 % for 2H at 925 nm excitation (Figure 4e-f). The 
similar trends of the fitted strain and SHG intensity (Figure 2a-c and Figure 4d-f) suggest that 
optical resonance influences the nonlinear response of MoSSe/MoS2 heterostructures. It is 
important to note that SHG anisotropy depends not only on strain but also on second-order 

susceptibility without strain, ��. For the same uniaxial compressive strain, a larger �� leads to a 
smaller intensity ratio according to Eq.1 (Fig. S8), explaining why 3R MoSSe/MoS2 exhibits a 
smaller intensity ratio despite having a higher fitted strain compared with 2H MoSSe/MoS2. 

 

Influence of Strain on χ(2) by DFT Calculations 

To confirm the strain effect on SHG anisotropy, we calculated the second-order susceptibility 

tensor under the strain of ��� = − 0.2 % and ��� = −���� (� = 0.29) for 2H MoSSe/MoS2 under 

different excitation wavelengths. In contrast to the calculations without strain (Figure 2d), the 
nonzero SHG tensor elements become nondegenerate when strain is considered, as shown in 

Figure 5a. Under the excitation wavelength with the maximum ��(�)�,  �����
(�)

� becomes slightly 

smaller than �����
(�)

� and �����
(�)

�. In addition, the maximum ��(�)� shifts to shorter wavelengths as 

compared with no strain results due to an increase in transition energy at the Γ point by around 0.1 
eV (Figure 5b), whereas the transition energies at the M point and K point show negligible changes, 
suggesting that the transition at the Γ point dominates the optical resonance effect. 

In addition, the calculated band structures for 2H and 3R MoSSe/MoS2 (Figure 5b and Fig. S9) 
reveal strong hybridization at the Γ point valence band with contributions from both MoS2 and 
MoSSe. This hybridization highlights the role of stacking in enabling optical resonance, which 
leads to the observed wavelength-dependent SHG intensity. Since the intensity ratio is similarly 
affected by optical resonance as the SHG intensity, it is reasonable to assume that the anisotropy 
is related to the strong hybridization at the Γ point, which is absent in monolayer MoSSe, where 
no interlayer interactions exist. 
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Figure 5. The calculated second-order susceptibility tensor with the strain of ��� = − 0.2 % and ��� =

−���� (� = 0.29) for 2H MoSSe/MoS2. (a) The calculated SHG tensor elements with strain as a function 
of incident wavelength. (b) The calculated band structures with strain and without strain. (c-d) The 
simulated SHG polar plots based on group theory (c) without strain and (d) with strain (Details in 

Supplementary Note 1). �� is set to be 109°. 

 

We then simulated the SHG intensity polar plots using the calculated ��(�)� for both strained and 

unstrained 2H MoSSe/MoS2 based on group theory. The polarization dependence of SHG intensity 

for the C3v point group can be represented by  

�∥ = �cos(� − ��)��(2�) + sin(� − ��)��(2�)�
�
 Eq. 2 

where the second-order polarizations are denoted as ��(2�) = ����
(�)

��
�cos(� − ��)� +

����
(�)

��
�sin(� − ��)� and ��(2�) = 2����

(�)
��

�cos(� − ��)sin(� − ��). Without strain, the SHG 

intensity �∥  shows a six-fold rotational symmetry (Figure 5c), while the strained case exhibits 

symmetry breaking (Figure 5d), consistent with the experimental results (Figure 3). This again 
confirms the presence of optically induced strain in Janus heterostructures. 

Optically induced strain can result from several mechanisms, including photothermal expansion,23 
photostriction—which involves strain mediated by photoexcited charge carriers,24-26 and 
optostriction, where the electromagnetic field directly interacts with the material’s polarization 
response.27 In our case, contributions from the first two mechanisms can be reasonably excluded. 
Photothermal expansion is typically isotropic in TMD materials and therefore cannot account for 
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the anisotropic strain. On the other hand, photostriction generally requires above-bandgap 
excitation to generate carrier densities, particularly for ferroelectric or piezoelectric 
semiconductors. However, at longer excitation wavelengths, the generation of charge carriers in 
Janus heterostructures is minimal, as supported by the negligible photoluminescence intensity 
shown in Fig. S10. This indicates that photostriction is unlikely the dominant mechanism.  

We therefore attribute the observed strain to optostriction,27, 28 an optomechanical effect where the 
oscillating electromagnetic field of light couples directly to the dielectric response. Unlike 
photostriction, optostriction does not require charge carrier excitation and can occur under below-
bandgap illumination. In this mechanism, the light-matter interaction results in elastic deformation 
as the system minimizes the Gibbs free energy in the presence of optical stress. While pristine 
MoSSe has an isotropic in-plane dielectric constant, anisotropic strain can emerge in MoSSe/MoS2 
heterostructures due to symmetry-breaking factors, such as intrinsic strain due to interfacial 
coupling or substrate interaction. Theoretical predictions for 1T’ TMD monolayers27 indicate that 
an excitation of 2 × 109 W/cm2, which is comparable to that used in our SHG measurements (~109 
W/cm2, Methods), can induce a strain of 0.03% along the armchair direction through optostriction. 
This predicted strain lies within the range observed across different excitation wavelengths in our 
experiments (e.g., 0.02–0.23% for 3R MoSSe/MoS2), supporting the plausibility of optically 
induced strain under our experimental conditions. 

 

Strain Mediated by Interlayer Coupling 

Here, we highlight the distinctive property of Janus materials that allows for the observation of 
optically induced strain, a phenomenon that has not been reported in conventional van der Waals 
heterostructures. Particularly, we discuss how the stacking configuration, i.e., 3R or 2H, affects the 
strain condition in Janus TMD heterostructures. In a MoSSe/MoS2 heterostructure, the MoSSe 
layer exhibits intrinsic compressive strain because of lattice mismatch and Janus conversion that 
partly preserves the lattice. Raman spectroscopy further shows the difference in intrinsic strain 
between 2H and 3R stackings (Figure 6). The four MoSSe/MoS2 heterostructures labeled S1-S4 
display the A1’ mode of MoSSe and the E mode and A1 mode of MoS2 in the Raman spectrum 
(Figure 6b). The MoSSe A1’ mode has average frequencies of 292.8 cm−1 (S1) and 293.2 cm−1 (S2) 
for two 3R heterostructures, and 291.9 cm−1 (S3) and 292.2 cm−1 (S4) for two 2H heterostructures. 
The overall higher A1’ mode frequency of 3R MoSSe/MoS2 compared with 2H MoSSe/MoS2 by 
1 cm−1 suggests a compressive strain of approximately 0.2 % present in the system,29-31 which is 
on the same scale as the optically induced strain due to optostriction.  
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Figure 6. Raman spectroscopy of MoSSe/MoS2 heterostructures. (a) Optical images of four MoSSe/MoS2 
with 3R or 2H stackings. (b) Raman spectra of 2H MoSSe/MoS2. (c) Frequency maps of the A1’ mode in 
3R and 2H MoSSe/MoS2. 

While doping and dielectric screening due to stacking can also affect phonon mode frequency,32, 

33 this effect is expected to show less significant difference between 2H and 3R than strain, as 
suggested by the calculated band structure for 3R and 2H heterostructures.10 The larger intrinsic 
strain in 3R than 2H MoSSe/MoS2 likely arises from the stronger interlayer coupling. Previous 
low-frequency Raman spectroscopy has shown that the in-plane interlayer force constant in 3R 
MoSSe/MoS2 is ~6% higher than that of 2H MoSSe/MoS2

7. The stronger in-plane mechanical 
coupling due to stacking in 3R heterostructures is reflected by the larger shift of the E mode (in-
plane) than the A1 mode (out-of-plane) of MoS2 when comparing 2H and 3R heterostructures (Fig. 
S11-12).  

While it is uncertain whether the intrinsic strain is isotropic, it is plausible that the optically induced 
strain builds upon this pre-existing strain landscape, contributing to the observed SHG anisotropy. 
The presence of intrinsic strain also confirms that the heterostructure can sustain strain at this level 
without structural degradation. Our SHG measurement shows that 3R MoSSe/MoS2 exhibits a 
higher optically induced strain than 2H MoSSe/MoS2 (Figure 4e-f). This observation suggests that 
the stronger interlayer coupling in the 3R stacking may facilitate more effective strain transfer 
across the interface under optical excitation, thereby enhancing the optostrictive response 
compared with the 2H stacking. These results highlight the role of stacking-dependent interlayer 
coupling in enabling the optostriction effect in Janus heterostructures, a behavior absent in 
monolayer MoSSe and conventional TMD heterostructures. 

In contrast to other 2D materials with strong SHG responses, such as PdPSe,34 NbOCl2,35 or 3R 
MoS2,36 where SHG anisotropy arises from intrinsic crystal symmetry or in-plane displacement, 
the anisotropy in Janus MoSSe/MoS2 heterostructures originates from optically induced 
anisotropic strain. This mechanism offers dynamic and controllable tunability, enabling sensitivity 
to subtle strain variations (~0.1%). Particularly, the intrinsic dipole moment of Janus MoSSe 



12 
 

strengthens the interlayer coupling, resulting in efficient strain transfer across the interface. These 
findings suggest a complementary strategy to manipulate SHG response, offering potential routes 
to modulate anisotropy even in materials with inherently high nonlinear optical anisotropy. 

 

Conclusions  

In this work, we have demonstrated the optomechanical tuning of SHG anisotropy in MoSSe/MoS2 
heterostructures with 3R and 2H stackings. The polarization dependence of the SHG intensity 
deviates from the six-fold symmetry of the C3v point group, particularly at longer excitation 
wavelengths. This anisotropy is attributed to strain-induced symmetry breaking within the 
heterostructures. The observed SHG anisotropy and intensity in MoSSe/MoS2 both peak at 
incident wavelengths of 925 and 975 nm for 2H and 3R stackings, respectively, which corresponds 
to the resonance with transitions at the Γ point through second harmonics. These results suggest 
that optical resonance influenced by strong band hybridization plays a role in modulating optically 
induced strain, possibly through optostriction effects. Furthermore, the stronger photoinduced 
strain in 3R MoSSe/MoS2 compared with 2H MoSSe/MoS2 can be explained by the stronger 
interlayer coupling that affects both optically induced and inherent strain. These experimental 
results, supported by group theory analysis and first-principles calculations, underscore 
optostriction as the primary mechanism driving the anisotropic strain, especially in Janus-based 
heterostructures where symmetry breaking, electronic hybridization, and interlayer coupling play 
crucial roles. Our findings highlight the potential of SHG to investigate strain, stacking, and optical 
resonances, offering a valuable tool for exploring the nonlinear optical properties of van der Waals 
heterostructures. 

Future studies can explore the dynamic modulation of strain in Janus heterostructures, enabling 
active control over their nonlinear optical properties and facilitating the extraction of photoelastic 
tensors. Moreover, the role of resonances in optostriction suggests opportunities for using optical 
excitation to manipulate nonlinear responses in these heterostructures. Further investigation using 
ultrafast spectroscopy could provide direct insights into the timescales and mechanisms of 
optomechanical effects. These prospective directions can deepen our understanding of strain-
engineered functionalities and unlock opportunities for tunable nonlinear optical devices. 

 

Methods 

Janus MoSSe/MoS2 synthesis: 

The bilayer MoS2 was synthesized using the method detailed in the reference.37 The synthesis of 
Janus MoSSe/MoS2 heterostructures was based on a previously reported atomic layer substitution 
(ALS) approach.5 Chemical vapor deposition (CVD)-grown bilayer MoS2 flakes with 3R and 2H 
stackings were used as the starting material. During the ALS conversion, the as-grown bilayer 
MoS2 was placed in a horizontal tube reactor with an inductively coupled hydrogen plasma system. 
Selenium powder was positioned near the upstream edge of the plasma coil to enable the 
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substitution reaction. The ALS reaction was conducted at room temperature, with a plasma power 
of 50 W and a reaction duration of 15 minutes. 

SHG spectroscopy:  

The SHG measurement was performed using a tunable laser (Coherent Chameleon Ultra II) with 
a repetition rate of 80 MHz and a pulse width of ~140 fs. The wavelength was tuned from 800 to 
1000 nm with a 25 nm interval. A long-pass filter with a cut-off wavelength of 650 nm was used 
for incident wavelengths beyond 825 nm, and a long-pass filter with a cut-off wavelength of 900 
nm was used for incident wavelengths beyond 925 nm. The laser was focused to a spot of 2 μm in 
diameter with a 100× objective. The powers used for incident wavelengths were 3.39, 1.15, 2.29, 
0.98, 0.68, 0.74, 0.90, 0.45, and 0.51 mW, respectively. This corresponds to peak power densities 
of 19.3, 6.53, 13.0, 5.57, 3.87, 4.21, 5.11, 2.56, 2.90 × 109 W/cm2. Although the laser power 
densities we used vary slightly for each wavelength, the dependence of strain mostly follows the 
SHG intensity, suggesting a dominating effect of laser wavelength due to resonance. The incident 
laser and the signal were passed through a motorized achromatic half-wave plate, which changes 
the polarization direction of the laser. The second harmonic signals were collected onto a CCD 
camera using a spectrometer by setting the center wavelength to the corresponding wavelengths. 
For the polar plots, the measured SHG intensity was normalized by the incident powers. The details 
of fitting the polarization dependence can be found in Supplementary Note 2. 

Raman and PL spectroscopy:  

Raman and PL measurements were performed in a custom optical setup on the samples mounted 
in a Montana Cryostation S200. The sample was placed on piezoelectric-driven scanners in the 
cryostat to collect the corresponding intensity maps at room temperature. A 532 nm diode-pumped 
solid-state laser was used as the excitation source. The excitation beam was focused (< 1 µm 
diameter) onto the sample with a 100× objective (NA = 0.9). The emission or reflection signal 
from the sample is collected in back-scattering geometry and dispersed with AndorTM Kymera 328i 
spectrometer using a 1200 l/mm grating onto the detector (TE-cooled AndorTM Newton DU970P 
EMCCD). The laser excitation power on the sample used was ~ µW. 

First-Principles Calculations:  

The electronic band structures of MoSSe/MoS2 with the 3R and 2H structures were performed by 
the density functional theory (DFT) method as implemented in Quantum ESPRESSO.38, 39 The 
optimized norm-conserving Vanderbilt pseudopotentials40 were used to describe the electron-ion 
interactions of the Mo, S, and Se atoms, and the exchange-correlation functional was treated within 
the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE).41 A plane-
wave cutoff energy of 85 Ry was set. The Brillouin zone was sampled using a Monkhorst-Pack k-
point mesh of 12 × 12 × 1 and 24 × 24 × 1 for the self-consistent and non-self-consistent 
calculations, respectively. To correct the energy band gap, the hybrid functional Heyd-Scuseria-
Ernzerhof (HSE)42 was used with a mixing parameter of 0.25 and a q-grid of 4 × 4 × 1. After 
applying a strain of εxx = − 0.2% in the x-direction and εyy = 0.058% in the y-direction, all structures 
were fully relaxed until the forces on each atom were less than 0.0001 Ry/a.u using the BFGS 
quasi-Newton algorithm.39 The nonlocal van der Waals (vdW) correction was included in the 
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relaxed calculations using the vdW-DF2 functional.43 The second-order susceptibility tensor χ(2) 
was calculated using the time-dependent DFT calculation as implemented in Yambo.44 We noted 
that the calculated χ(2) was scaled by the thickness of MoSSe/MoS2 (1.3 nm).10 All parameters were 
set to ensure the well-converged electronic structures and optical properties. 
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