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ABSTRACT: Nonlinear optical responses in second harmonic
generation (SHG) of van der Waals heterobilayers, Janus MoSSe/
MoS2, are theoretically optimized as a function of strain and stacking
order by adopting an exchange-correlation hybrid functional and a
real-time approach in first-principles calculation. We find that the
calculated nonlinear susceptibility, χ(2), in AA stacking (550 pm/V)
becomes three times as large as AB stacking (170 pm/V) due to the
broken inversion symmetry in the AA stacking. The present
theoretical prediction is compared with the observed SHG spectra
of Janus MoSSe/MoS2 heterobilayers, in which the peak SHG
intensity of AA stacking becomes four times as large as AB stacking.
Furthermore, a relatively large, two-dimensional strain (4%) that
breaks the C3v point group symmetry of the MoSSe/MoS2, enhances
calculated χ(2) values for both AA (900 pm/V) and AB (300 pm/V) stackings 1.6 times as large as that without strain.
KEYWORDS: second-harmonic generation, 2D Janus heterobilayers, stacking effect, strain engineering, first-principles calculations,
time-dependent density-functional theory

1. INTRODUCTION
The van derWaals (vdW) heterobilayers such asMoS2/WSe2,

1,2

MoS2/ZnO,3 or graphene/h-BN4 have been extensively studied
due to the functionalized interlayer coupling for electronic and
optoelectronic properties. Recently, Zhang et al.5,6 have
successfully synthesized the Janus MoSSe/MoS2 heterobilayers
and reported the unconventional interlayer coupling between
MoSSe and MoS2 layers. Because of an intrinsic dipole moment
in the Janus structures, we expect optical properties not only in
the linear response but also in the nonlinear response. In this
paper, we quantitatively investigate the nonlinear responses of
MoSSe/MoS2 heterobilayer by first-principles calculation as a
function of stacking order and strain. The theoretical prediction
is compared with a further experiment of the nonlinear optics for
stacking order.
A Janus MoSSe layer has a sandwiched S−Mo−Se layer

structure.7 Since the electronegativity of S and Se atoms are not
the same, the Janus MoSSe has an intrinsic out-of-plane dipole
moment, which enhances vdW interlayer coupling of the
MoSSe/MoS2 heterobilayers by 13.2% compared with MoS2.

5

Other van der Waals (vdW) heterobilayers of the Janus MXY
(M =Mo, W; X/Y = S, Se, Te) and ZnO have been reported by

Idrees et al.,8 in whichMoSSe/ZnO is a promising candidate for
the photocatalytic water-splitting as a linear optical response
based on the first-principles calculations. Since the Janus MoSSe
has a broken mirror symmetry and an intrinsic out-of-plane
dipole moment, their vdW heterobilayers are expected to show a
better performance for electronic and optoelectronic devices
than the conventional transition metal dichalcogenide (TMD).
Since optical properties of theMoSSe/MoS2 heterobilayers have
been measured by the Raman and photoluminescence,5,9

theoretical and experimental investigations of MoSSe/MoS2 as
a function of stacking order and strain may have optimized the
nonlinear response.
Since the two-dimensional (2D) materials can accept much

larger strains (up to 20%) compared with the bulk material,
strain engineering is an efficient tool for tuning the electrical and
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optical properties of 2Dmaterials as a flexible devices,10,11 Lee et
al.12 reported that the strain of graphene is up to 25% with
intrinsic stress ∼130 ± 10 GPa by using atomic force
microscopy (AFM) nanoindentation. Theoretical calculations
have also confirmed the large strains of graphene or TMDs based
on density functional theory (DFT).13,14 Strain engineering tells
us several physical phenomena of graphene, such as the shifting
of the Dirac point,15 the superconductivity,16 electrolumines-
cence of circularly polarized light17 and the redshift of the
Raman mode.11 For the 2D heterobilayers, Pak et al.18 showed
the strain-dependent interlayer coupling of MoS2/WS2 under
the uniaxial strain, which allows the modulation of the electronic
band structure for each monolayer. In this paper, we optimize
the strains for the nonlinear susceptibility, χ(2), of MoSSe/MoS2.
Linear and nonlinear optical responses of the 2D vdW

materials are sensitive to the symmetry of the lattice
structure.19,20 In finite numbers of 2H-MoS2 layers, since the
odd-number layers do not have spatial inversion symmetry, we
observe second harmonic generation (SHG), while the even-
number layers that have inversion symmetry do not exhibit the
SHG.21 For the 3R-MoS2, SHG can be observed for both odd-
number and even-number layers since the AA stacking of the 3R-
MoS2 is intrinsically noncentrosymmetric.22 The noncentro-
symmetric stacking is also obtained for the twisted MoS2
bilayers,23 dislocated WSe2 nanoplates,24 and spiral WS2
nanosheets.25,26 Boyd et al.27 showed that the D3h symmetry
of the monolayer MoS2 has eight independent, nonzero SHG
coefficients in the 6 × 3 matrix of χ(2) (see the Methods section
for derivation). Wei et al.28 showed that the Janus MoSSe
monolayer with lower symmetry, C3v, has 11 independent
nonzero coefficients. Compared with MoS2, three additional
nonzero coefficients associated with the z direction become
nonzero due to the reduction of the symmetry. We expect that
broken symmetry is an important factor in enhancing the SHG
intensity. In this paper, we report the enhancement of χ(2) as a
function of laser excitation energy by strain engineering and
selecting the stacking order of MoSSe/MoS2. Two kinds of
strain, biaxial and uniaxial strains, are investigated for possible
AA and AB stackings structures in the calculation.We report that
uniaxial strain breaks the in-plane symmetry of the 2Dmaterials,
leading to trade-off breaking of the nonlinear coefficients.
Furthermore, we show that the biaxial strain leads to a significant
decrease of the energy band gap due to the changing of the
hopping parameters,17 which are sensitive to the nonlinear
response.

2. RESULTS AND DISCUSSION
2.1. Structure of Stacking and Electronic Structure. In

Figure 1, we show the optimized structures of the AA- and AB-
MoSSe/MoS2 heterobilayers, respectively. The relaxed structure
parameters are summarized in Table 1. The calculated lattice

constant a and interlayer distance dMo are 3.33 Å (3.33 Å) and
6.26 Å (6.32 Å) for the AA (AB) stacking, whose values are close
to the observed values (a = 3.16 Å for the AA and AB
stackings5). Since dMo of the AA stacking is smaller than that of
AB stacking, the interlayer coupling of the AA stacking becomes
stronger than that of AB stacking. Zhang et al.5 showed that the
enhanced interlayer coupling is explained by the smaller
interlayer spacing of polar Janus heterobilayers. We confirm it
by showing that the intrinsic dipole moment of the AA stacking
is larger than that of the AB stacking, as shown in Figure S3 in the
Supporting Information. In order to discuss the stability of
stacked Janus TMDs, we define the binding energies Eb(j), (j =
AA or BB) of the heterobilayers as

= =E j E j E E j( ) ( ) ( AA, AB)b stack MoSSe MoS2

(1)

where Estack(j), EMoSSe(j), and EMoSd2
represent, respectively, the

total energies of the stacked (j = AA, AB) MoSSe/MoS2, the
monolayer MoSSe, and the monolayer MoS2. The calculated
Eb(AA) = −0.164 eV is slightly smaller than Eb(AB) = −0.162
eV, which is consistent with the fact we find both the AA and AB
structures in the experiment, as shown in Figure S1(a) in the
Supporting Information. The Raman spectra in Figures S1(b)
and (c) in the Supporting Information are used to confirm the
stacking order in Figure S1(a).
It is important to note that the optimized lattice constants of

the MoSSe and MoS2 monolayers are 0.326 and 0.318 nm,
respectively. Therefore, if there is no change of the lattice
constants in the heterostructure, a lattice mismatch δ = 2.45%
between MoSSe and MoS2 would produce a triangular moire ́
superlattice λ = 0.326/δ = 13.3 nm for an angle-aligned MoSSe/
MoS2, which is larger than that of WSe2/MoS2 bilayers (∼8.7

Figure 1. (a) Side and (b) top views of the optimized AA and AB stacking structures of MoSSe/MoS2 heterobilayers, respectively. a, dMo, and
1,2,3,4 denote the lattice constant, the interlayer distance, and the bond lengths, respectively. x- and y-directions correspond to armchair and
zigzag directions, respectively. (c) Electronic band structure of the AA- and AB-MoSSe/MoS2 with atomic orbital projections in color.

Table 1. Lattice Constants (a), Interlayer Distance (dMo), and
Bond Lengths ( )1,2,3,4 of AA- and AB-MoSSe/MoS2

stacking a (Å) dMo (Å) 1 (Å) 2 (Å) 3 (Å) 4 (Å)

AA 3.33 6.26 2.48 2.48 2.47 2.59
AB 3.33 6.32 2.48 2.48 2.47 2.59
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nm29) and WSe2/WS2 bilayers (∼8 nm30). Since the exciton
radius (∼1−2 nm31) is larger than the lattice constants of
MoSSe and MoS2, and since the exciton radius is smaller than
the moire ́ period of MoSSe/MoS2, we can expect that the Moire ́
potential can trap an exciton, which leads to modifying the SHG
intensity per area.30 However, the vertical stacking of
heterobilayers does not always give rise to a moire ́ superlattice.
In fact, Hsu et al.31 showed that in the MoSe2/WSe2
heterobilayers grown by chemical vapor deposition methods,
the minor lattice distortion in each layer leads to a
commensurate atomic alignment without a moire ́ pattern.
Since the observed PL spectra of MoSSe/MoS2 do not have the
moire ́ exciton peak,5,6 the MoSSe/MoS2 might not have the
moire ́ pattern but the minor lattice distortion in each layer,
which can be neglected to calculate the SHG.
In order to identify AA or AB by the Raman spectra in Figures

S1(b) and S1(c) in the Supporting Information, we show the
phonon dispersion of the AA- (solid line) and AB-MoSSe/MoS2
(dotted line) in Figure S2 in the Supporting Information. The
calculated phonon frequencies at the Γ point are consistent with
the observed Raman spectra in Figures S1(b) and S1(c), in
which the Raman spectra showed five peaks, that is, the out-of-
plane A1′ mode at 290 cm−1 of the MoSSe layer, the in-plane E′
mode at 382−384 cm−1 and the A1′ mode at 405−407 cm−1 of
the MoS2 layer, and the interlayer shear and breathing modes at
22 and 38 cm−1. The inset of Figure S2 shows that the shear
mode of the AA stacking (17.46 cm−1) appears at a higher
frequency than that of AB stacking (13.89 cm−1), which is
consistent with the red-shift in the Raman experiment.5 The
redshift in AB is originated by the larger interlayer interaction of
AA stacking, where the interlayer force constant is proportional
to the electric field.5

In Figure 1c, we show the electronic band structure with
atomic orbital projections colored for the AA and AB-MoSSe/
MoS2. The AA- and AB-MoSSe/MoS2 show direct band gaps at
the K point of 1.59 and 1.64 eV, respectively, which are
calculated by using the HSE hybrid functional. Zhang et al.6

showed that Janus MoSSe/MoS2 has two photoluminescence
(PL) peaks at 1.84 and 1.97 eV, both for AA- and AB-MoSSe/
MoS2, which are close to the excitons of the monolayer MoS2 at
1.85 and 2.00 eV.5 The calculated values of the indirect band
gaps are close to the observed PL peak energy, although we do
not consider the exciton effect. It is noted that the excitons of the
monolayer MoSSe appear at 1.55 and 1.71 eV.5 This means that
the two PL peaks of AA- and AB-MoSSe/MoS2 mainly come
from the constituent MoS2 layer in the Janus bilayer.6 The
contribution of each atom in the direct energy gap at the Γ point
is S or Se atoms. On the other hand, the contribution of each
atom in the direct energy gap at the K point is Mo atoms. Since
we see, in Figure 1c, that the lowest conduction band at the Γ
point has an S atom component, we expect that most of the
photoexcited electrons gather in the MoS2 in the heterobilayer,
which might be a reason why we observed PL from MoS2 in
Janus MoSSe/MoS2.
The SHG is favorable for the Janus bilayer, because of the

intrinsic electric field between the MoSSe and MoS2 layers. The
electric field occurs in MoSSe/MoS2 by the potential difference
ΔΦ between the MoSSe and MoS2 layers. The calculated values
of ΔΦ are 0.833 and 0.625 eV for the AA- and AB-MoSSe/
MoS2, respectively, which means that AA-MoSSe/MoS2 can
give the larger SHG intensity. Even though Se atoms do not exist
in the interlayer region, as shown in Figure 1a, we get the
different values of ΔΦ between AA and AB, whose reason is

explained by Figure S3 in the Supporting Information. In Figure
S3, we show that the difference of ΔΦ between AA and AB-
MoSSe/MoS2 occurs mainly at the interlayer region, which is
sensitive to the stacking order. The difference in ΔΦ between
AA and AB comes from the fact that the relative positions of Se
atoms to S atoms affect the Mo1−S2−S3 chemical bonds in the
interlayer region, as shown in Figures 1a and 1b. This situation is
the microscopic reason why the SHG intensity is larger in AA
than in AB.

2.2. Optical Responses and Stacking Effect. Let us
discuss the optical responses of Janus TMDs. For a given electric
field E(t), the induced polarization P(t) is expanded in power of
E as follows:27

= + +t t t tP E E E( ) ( ( ) ( ) ( ) ...)i ij j ijk j k0
(1) (2)

(2)

where ϵ0 is the vacuum permittivity, the subscripts i, j, and k in P
and E refer to the Cartesian x,y,z components, χ(1) is the linear
susceptibility, and χ(2) is the second-order nonlinear suscepti-
bility. In the Yambo code, P(t) is calculated by the Berry-phase
formulation of E(t).32,33 The dielectric function can be directly
calculated by χ(1) as ϵii(ω) = 1 + 4πχii(1)(ω).27

In Figure 2a, we show the real part ε1 (dashed lines) and
imaginary part ε2 (solid lines) of the dielectric function, ε = ε1 +

iϵ2, for the AA- and AB-stackings. Since the point groups of the
Janus AA and AB-MoSSe/MoS2 are C3v, we get the following
relation: ϵxx(ω) = ϵyy(ω). We can see that the difference in ϵ1 or
ϵ2 between AA- and AB-MoSSe/MoS2 can be negligible. Two
peaks of ϵ2 at 1.8 and 2.2 eV correspond to the optical transitions
from the top of the valence bands to the bottom of the split
conduction bands at the K point, while the peak at 2.6 eV
corresponds to the optical transition at the Γ point. The
calculated maximum values of ϵ1 = 18.9 and ϵ2 = 28.7 are
comparable to the observed dielectric function of the 2H-MoTe2
(ϵ1 ∼ 35 and ϵ2 ∼ 27 at 4.2 K) by using the spectroscopic
ellipsometry.34

Figure 2. (a) Calculated real part ϵ1 (dashed lines) and imaginary
part ϵ2(solid lines) of the dielectric function, ϵ = ϵ1 + Iϵ2, for the AA-
and AB-MoSSe/MoS2. (b) Calculated in-plane absorption coef-
ficient α(ω) as a function of energy ℏω for the AA (solid line) and
AB stackings (dashed line). The color region represents the photon
energy of the visible light region from 1.61 eV to 3.10 eV.
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Breaking inversion symmetry in the Janus MoSSe/MoS2 gives
some nonzero matrix elements of second-order nonlinear
optical susceptibility, χijk(2) ≠ 0 in eq 2 in which χijk(2) is given by
a 6 × 3 matrix (see eq 14). In Figures 3a and 3b, we plot the

absolute values of three nonzero components, χxxx(2), χxyy(2), and χyxy(2)

of χ(2) of AA- and AB-MoSSe/MoS2 as a function of the photon
energy, respectively. The calculated χ(2) satisfies the relation
between the elements of χ(2) for the point groupC3v; χxxx(2) = −χxyy(2)

= −χyxy(2) = −χyyx(2) and χ
dyyy

(2) = χyxx(2) = χxxy(2) = χxyx(2) = 0, which is derived
in the Methods section. It is noted that χyxy(2) = χyyx(2) and χxxy(2) = χxyx(2)

due to the j and k are interchangeable in eq 2. Two peaks are
found at ∼1.0 and 1.5 eV, which are related to the intraband
transitions from the two photons at the K and Γ points,
respectively. The maximum value of χ(2) of 173 pm/V of the AB
stacking is consistent with that of the Janus MoSSe monolayer
from the experiment (∼150−200 pm/V).35 We note that our
results are consistent with the previous works in which χ(2) in the
armchair direction, x, becomes nonzero.27,28,35,36 By comparing
Figures 3a and 3c, we understand that the maximum value of χ(2)
of 560 pm/V for AA-MoSSe/MoS2 is 3.24 times larger than that
of the AB-MoSSe/MoS2. Moreover, we compare the |χxxx(2)| of
AA-MoSSe/MoS2 with those of AA-MoSSe and AA-MoS2
bilayers, as shown in Figure 4. We note that the AA and AB
stackings correspond to the 3R and 2H phases of MoS2 or
MoSSe. The calculated value of |χxxx(2)| of AA-MoSSe/MoS2 is
comparable with those of AA-MoSSe and AA-MoS2 bilayers.
This means that the stacking is more sensitive for optimizing the
SHG of the heterostructure than the constituent layered
materials. Hsu et al.23 also observed that the SHG intensity of
the heterostackedMoS2,WSe2/MoS2, andWSe2/WS2 bilayers is
not sensitive to the constituent layered materials.
To confirm the theoretical prediction, we have measured the

integrated SHG intensity mapping of the AA- and AB-MoSSe/
MoS2 by a Ti-sapphire laser with a wavelength of 828 nm, as

shown in Figures 3b and 3d. The SHG spectra at the locations
marked by crosses in Figures 3b and 3d are shown in Figure S4 in
the Supporting Information, in which the maximum SHG
intensity in arbitrary units of AA-MoSSe/MoS2 is ∼1865 at 414
nm, which is ∼3.93 times larger than that of AB-MoSSe/MoS2
(475 at 414 nm). The 828 nm (or 1.497 eV) laser is selected for
measuring SHG since the calculated SHG has the optimized
peak at 1.5 eV, as shown in Figures 3a and 3c. The possible
reason for the discrepancy of the intensity ratio at 1.5 eV
between the experiment (3.93×) and theory (3.24×) might
come from the dip of χ(2) for AB-MoSSe/MoS2 at ∼1.25 eV. If
the calculated result might shift to the higher energy, the
expected value of χ(2) for AB-MoSSe/MoS2 could decrease
significantly, compared with that for AA-MoSSe/MoS2. This
suggestion can be justified since we know that the exciton effect
that we do not consider in the theoretical calculation pushes the
excitation energy higher because of self-energy correction. The
excitonic state gives a spatially localized wave function, which
enhances the exciton-photon matrix element.37 This leads to
enhancement of the calculated dipole vector (d) and χ(2) (see eq
6). This exciton effect might be the reason why we get different
SHG intensity ratios of AA to AB stacking structures between
theory and experiment. The SHG calculation, including the
exciton effect for the MoSSe/MoS2 heterobilayer, should be a
future work. We note that in Figures 3b and 3d, the triangle
regions are the AA- and AB-MoSSe/MoS2, respectively, and the
surrounding region is the MoSSe monolayer. The average value
of the SHG intensity of theMoSSemonolayer is about 700± 50,
which is larger than that of AA-MoSSe/MoS2 and smaller than
that of AB-MoSSe/MoS2. This order of the SHG is in agreement
with the calculated result that χ(2) at 1.55 eV of AB-MoSSe/
MoS2 (155 pm/V) < MoSSe monolayer (211 pm/V) < AA-
MoSSe/MoS2 (423 pm/V). Based on this order of the SHG, we
suggest that the SHG intensity can be used for distinguishing the
Janus monolayer, AA, and AB Janus heterobilayers.

2.3. Strain Effect on Second Harmonic Generation.
When we apply the Janus material as a flexible device, we need to
evaluate the largest possible strain and strain-dependent energy
gap and SHG intensity. In Figure 5a, we show the stress−strain
curves of the AA- (solid line) and AB-MoSSe/MoS2 (dotted
line) for (1) biaxial strain sxy, and (2) tensile strains (sxx) along x-
and (syy) y-directions, respectively. The fracture points are
evaluated by the maximum value of stress, σmax, and the
corresponding strain, smax, which are referred to as the ideal
stress and the ideal strain for mechanical strength, respec-
tively.13,14,38 For the biaxial strain, the calculated values of (σxy

max;
sxymax) are (23.4 N/m, 0.21) and (23.1 N/m, 0.19) for the AA and

Figure 3. Absolute values of χxxx(2) (solid line), χxyy(2) (dashed line), and
χyxy(2) = χyyx(2) (dotted line) of the AA- (a) and AB-MoSSe/MoS2 (c) as a
function of photon energy. Integrated SHG intensity maps in
arbitrary units of AA- (panel (b)) and AB-MoSSe/MoS2 (panel (d)),
respectively, in which the laser light at 828 nm was polarized along
the armchair direction. The maps are measured with 0.5 μm steps,
and the SHG spectra are integrated from 380 nm to 450 nm. The
corresponding SHG spectra at the locations marked by crosses on
the maps are presented in Figure S1 in the Supporting Information.

Figure 4. Absolute calculated values of χxxx(2) as a function of photon
energy for AA-MoSSe/MoS2 heterobilayers, AA-MoSSe bilayers,
and AA-MoS2 bilayers.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04436
ACS Nano 2023, 17, 19877−19886

19880

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04436/suppl_file/nn3c04436_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04436/suppl_file/nn3c04436_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04436?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04436?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


AB stackings, respectively. For tensile strain, (σxx
max; sxxmax) are

(22.4 N/m, 0.22) and (22.5 N/m, 0.22) for the AA and AB
stackings, respectively, and (σyy

max; syymax) are (18.4 N/m, 0.26) and
(18.5 N/m, 0.25) for the AA and AB stackings, respectively. The
difference (σxy

max; sxymax) between the AA and AB stackings for each
strain is negligible because the vdW interaction gives a small
contribution to σxy

max compared with in-plane covalent bonding.
In fact, the mechanical properties of the MoSSe/MoS2
heterobilayers are almost the same as that of the MoS2

38 and
MoSSe monolayers.7 It is important to point out that the ideal
strain up to 0.19−0.26 (or 19% to 26%) is promising for the 2D
flexibility device, in which strain engineering can tune the
electronic properties of the material.
To demonstrate the flexibility of the Janus MoSSe/MoS2

heterobilayers, we estimate in-plane Young’s modulus (Y) and
Poisson’s ratio (ν), which are given by39,40

= =Y
C C C

C
Y

C C C
C

;xx yy
11 22 12

2

22

11 22 12
2

11 (3)

and

= =C
C

C
C

;xy yx
12

22

12

11 (4)

where the elastic constants Cij are given in Table S1 in the
Supporting Information. The values of Y and ν are given in Table
S1. Due to similar bonding types compared with the MoS2
monolayer, Y and ν of 192−180 N/m and 0.27−0.28,
respectively, of MoSSe/MoS2 are similar to that of MoS2 (Y =
180 ± 60 N/m and ν = 0.14−0.2).39−41

In Figure 5b, we show the indirect bandgap (Γ → K) of the
AA- (solid line) and AB-MoSSe/MoS2 (dotted line), as a
function of the strain. Here, the values of the band gap are
corrected by the HSE calculations. For small strains, the
variation of the energy band gap, ΔEg, from the gap without
strain is proportional to the strain as42

+E D s s( )xx yyg g (5)

where we callDg the band gap deformation potential. Using sxx =
syy = sxy (biaxial strain), (sxx ≠ 0; syy= 0) or (sxx = 0; syy ≠ 0)
(tensile strain) to eq 5, the slope of ΔEg as a function of strain
becomes double for the biaxial strain, compared with tensile
strain, as shown in Figure 5b, in which semiconductor-metal
transition occurs at sxy = 0.06 for the biaxial strain. By fitting the
calculated data in Figure 5b to eq 5, we obtain the fitted values of
Dg = 8.15, 4.10, and 5.43 eV for the biaxial strain and the tensile
strains along x- and y-directions, respectively. It is noted that eq
5 might be suitable only for the case of strain s < 0.1 and Eg > 0.
In previous work,7 we showed that, for strain s > 0.1, the ΔEg
value of the Janus TMDs shows nonlinear behavior to the strain.
In Figures 6a and 6b, we show the absolute values of the in-

plane χ(2) as a function of the photon energy of AA- and AB-
MoSSe/MoS2 for several biaxial and tensile strains, respectively.
Since the lattice deformation under the biaxial strain does not
change the point group symmetry, χxxx(2) = −χxyy(2) = −χyxy(2) = −χyyx(2)

are found for both AA and AB-MoSSe/MoS2, as shown in
Figures 6a and 6d, respectively. On the other hand, since the C3v

Figure 5. (a) Stress−strain curves of the AA- (solid line) and AB-
MoSSe/MoS2 (dotted line) for biaxial strain sxy, and tensile strains
(sxx) along x- and (syy) y-directions, respectively. (b) Indirect band
gap as a function of strain (sxy, sxx, and syy) for AA- (solid line) and
AB-MoSSe/MoS2 (dotted line).

Figure 6. (a) Absolute values of χ(2) (χxxx(2), χxyy(2), and χyxy(2) = χyyx(2)) of AA-MoSSe/MoS2 as a function of photon energy for biaxial strain sxy = 0.04, and
tensile strains along x- (sxx = 0.04) and y-directions (syy = 0.04), respectively. (b) |χ(2)| of AB-MoSSe/MoS2 as a function of photon energy for sxy,
sxx, and syy, respectively. χxxx(2) without strain (black line) is plotted as the reference value.
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symmetry is broken for the tensile strains, three independent in-
plane susceptibilities appear: χxxx(2), χxyy(2), and χyxy(2) = χyyx(2), as shown
in Figures 6a and 6b. Furthermore, since Eg decreases with
increasing strain s, χ(2) increases as a function of s. It is noted that
we know Eg-dependent SHG, which is derived for the Si(111)
surface (with C3v symmetry) by43,44

= e
E

d
3(2)

g

(1)

(6)

where d is the dipole matrix elements. The calculated results
show that χ(2) can be enhanced almost twice for both biaxial and
tensile strains, s = 0.04, compared without strain s = 0. The
calculated results are consistent with the experimental strain-
induced SHG for theMoS2

45 andMoSe2 monolayers,46 in which
the tensile strain is applied by using a two-point bending
technique and get some enhancement of χ(2) about 49% relative
change per 0.01 strain. Thus, we ask for an experiment of AA-
MoSSe/MoS2 with a strain of 0.04 for observing large χ(2) values
close to 1000 pm/V.

3. CONCLUSION
In summary, we have presented stacking-order-dependent and
strain-dependent nonlinear optical properties of Janus MoSSe/
MoS2 heterobilayers. Our results show that the lack of inversion
symmetry of the Janus MoSSe/MoS2 leads to the nonzero of the
nonlinear susceptibility components, χxxx(2) = −χxyy(2) = −χyxy(2) ≠ 0.
The nonlinear susceptibilities χ(2) of MoSSe/MoS2 can be
controlled by stacking and strain engineering due to breaking of
the mirror and in-plane symmetries, respectively. χ(2) of the AA-
MoSSe/MoS2 is three times larger than that of the AB-MoSSe/
MoS2. Thus, we suggest that the SHG intensity can be used as an
efficient method to distinguish between the AA and AB Janus
heterobilayers instead of Raman spectra. On the other hand,
MoSSe/MoS2 heterobilayer exhibits good mechanical proper-
ties with the ideal strain up to ∼20%, making MoSSe/MoS2 as a
flexible material for the optoelectronic and nonlinear optical
applications, such as the bulk photovoltaic or four-wave mixing.

4. METHODS
4.1. First-Principles Calculations. We perform all DFT

calculations with Quantum ESPRESSO,47 which uses a plane-wave
basis set to describe the wave function of electrons.48 We adopt the
optimized norm-conserving Vanderbilt pseudopotentials49 with the
Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional.50

Kinetic energy cutoff is set to 85 Ry, and k-point meshes are set to 12 ×
12 × 1 and 24 × 24 × 1 for the self-consistent and nonself-consistent
calculations, respectively. It is noted that the kinetic energy cutoff and k-
point meshes are selected based on the well-converged electronic
structures and optical properties. The spin−orbit coupling (SOC) is
not included in the optical calculations to save computation time since
including SOC does not affect the second-order nonlinear spectra of
Janus MoSSe.36 To obtain accurate band gaps, the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional based on PBE51 and Wannier90
package52 are used to calculate and interpolate the energy band
dispersion. The phonon dispersion is obtained by using the density
functional perturbation theory (DFPT)53 calculations, in which q-point
mesh is set to 8 × 8 × 1. The Coulomb cutoff for the 2D system is
adopted to remove the long-range interactions in the vacuum direction,
which is important to obtain the correct phonon dispersion in 2D
materials.54

In order to construct the supercell of the MoS2/MoSSe
heterobilayers, the out-of-plane lattice parameter is fixed with a
sufficient vacuum spacing of ∼17 Å. To accurately describe the vdW
interaction between theMoS2 andMoSSe layers, we adopt the nonlocal
functional vdW-DF255 for all calculations. The lattice parameters and

the atomic positions are optimized by using the BFGS quasi-newton
algorithm, in which the convergence is determined when the
interatomic forces and all stress components are less than 0.00001
Ry/a.u. and 0.01 GPa, respectively. All structures are also optimized for
each step of strain.

The linear and nonlinear optical responses are calculated by real-time
time-dependent DFT calculations as implemented in the Yambo
code.56 The real-time approach is based on the equation of motion for
the valence state derived by the real-time Schrödingder equation:32

| = + + · |i
t

v vd
d

( )m mk k k k k
0

(7)

where m is the valence band index and vk m is the time-dependent
valence state at the wave vector k. k

0 is the unperturbed Kohn−Sham
Hamiltonian, which is obtained by Quantum ESPRESSO. k is the
uniform scissor shift, which can be obtained by the HSE functional or
GW approximation.32 The final term · k corresponds to the coupling
between the valence state and external electric field . The time-
dependent polarization of the system is calculated with these valence
band states. The equation of motion is integrated with a 0.01 fs time
step for a total simulation time of 55 fs with a damping factor of 0.15 eV.
The number of G-vectors participating in the equation of motion is
50 000. We multiply the calculated values by the ratio of the out-of-
plane lattice parameter to the thickness of the MoS2/MoSSe
heterobilayers (1.3 nm).5 We note that Attaccalite et al. reported that
the SHG intensity with the Bethe−Salpeter equation that includes the
exciton effect is closer to the independent particle approximation (IPA)
(without exciton effect) for themonolayer GaSe and InSe. Therefore, in
the present study, SHG is performed by IPA with a uniform scissor shift
correction, which is determined by the HSE functional, to optimize the
computation time.

4.2. Sample Fabrication.MoSSe/MoS2 heterostructures with AA
and AB stackings were synthesized through the direct selenization of
bilayer MoS2 grown by chemical vapor deposition. During the
selenization process, bilayer MoS2 on SiO2/Si substrates was placed
in a quartz tube in a furnace with selenium powder placed upstream of
the quartz tube. The base pressure was first pumped to 10 mTorr to
remove the residual air. Then, the hydrogen plasma with a power of 50
W and H2 flow of 20 sccm was introduced to the quartz tube to strip off
the top-layer sulfur atoms and replace the top sulfur layer with selenium.
The selenization substitutes the top atomic layer, while preserving the
stacking order at the interface. Therefore, the synthesized MoSSe/
MoS2 possess the same AA and AB stacking as their parent MoS2
bilayers.

4.3. Optical Spectroscopy. The second harmonic generation of
MoSSe/MoS2 was measured using a 40 fs Ti:sapphire laser at 800 nm
with 80 MHz repetition rate. The fundamental laser beam was passed
through a half-wave plate and focused onto a sample surface using a
100× microscope objective (NA = 0.9) to a ∼1 μm spot. The power
density on the sample was∼0.2 mW/μm2. The SHG light was collected
in a backscattering configuration where the SHG was passed through a
short-pass filter with a cutoff at 650 nm to filter out the fundamental
excitation light at 828 nm and a polarization filter to select the SHG
polarization parallel to that of the excitation light. The SHG signal was
finally collected by a monochromator coupled to a microscope and
equipped with a 150 grooves/mm grating and a CCD camera (Pixis
256BR, Princeton Instruments). Ramanmeasurements were performed
using a Horiba Labram spectrometer using a 532 nm excitation with a
100× objective. The Raman spectrometer utilized an 1800/mmgrating,
providing a spectral accuracy of 0.1 cm−1.

4.4. Second-Order Susceptibility Analysis of 2D Janus
Heterobilayers. Here we derive a relationship between elements of
the second-order susceptibility tensor χ(2) for C3v point group
symmetry. From eq 2, the nonlinear polarization is given by27

=P E(2)
0

(2) 2 (8)

We note that if inversion is symmetric, which implies P→ − P and E→
−E, χ(2) must be zero. Thus, the lack of inversion symmetry of the Janus
structure is needed to obtain nonzero values of χ(2).
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Next, we rotate P(2) by an angle θ about the z-axis as follows:

= [ ]R R R RP E(2)
0

(2) 1 2 (9)

where R is the rotation matrix around the z-axis, which is given by
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i
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and
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From eq 9, the rotated electric filed E′ is given by
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where

= +

= +

=

E R E R E

E R E R E

E E

x xx x xy y

y yx x yy y

z z (13)

and rotated χ(2) is given by

[ ] =
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In the case of the C3v symmetry of the MoSSe/MoS2 heterobilayer, we

get the following equations that χ(2) is invariant for θ = 120°. Here, θ is

defined by the angle between the electric field E(ω) and the x-direction

(armchair). By inserting θ = 120° into eq 10, and from eq 14, we have
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Next, we select only the in-plane χ(2) from eq 15, in which χ(2) = χ′(2)

by rotation θ = 120°, we have
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By solving eq 16, we obtain

= = = = = 0xxx xyy yxy yyy yxx xxy
(2) (2) (2) (2) (2) (2)

(17)
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