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ABSTRACT

Two-dimensional (2D) transition metal dichalcogenides are a promising materials platform
for a variety of optoelectronic device applications. Janus 2D materials are a rising class of 2D
materials with low symmetry, which leads to the emergence of the out-of-plane electric
polarization and piezoelectricity. Using first-principles density functional theory, we show that
monolayer and bilayer heterostructure Janus MoSSe exhibit strong nonlinear optical responses
that are vanishing in non-Janus form. The absence of horizontal mirror plane symmetry enables
circular photocurrent as well as large out-of-plane second harmonic generation (SHG) and shift
photocurrent. Through a comparative study of the Janus heterostructure MoS>-MoSSe on five
distinct stacking configurations, we find the magnitude of the out-of-plane SHG in the Janus
heterostructure is enhanced due to interlayer coupling and interference effect compared to
monolayer MoSSe. Thus, Janus 2D materials offer a unique opportunity for exploring nonlinear

optical phenomena and designing configurable layered nonlinear optical materials.



Janus 2D transition metal dichalcogenides (TMDCs) represent a distinct new class of 2D
materials whose crystalline symmetry and physical properties can be tailored via compositional
engineering of 2D atomic layers in Janus MoSSe'> 2 and other Janus structures.’”’ The Janus
structure naturally breaks the symmetry of the parent phase and facilitates charge transfer, which
with promising applications in valleytronics,® water-splitting photocatalysis,” advanced optical
devices,'? etc.

Janus structuring, where one out of two symmetrical crystal planes of atoms is replaced
with a crystal plane of different elements, naturally breaks the mirror and/or inversion symmetry
of the parent phase and facilitates charge transfer, resulting in the out-of-plane dipole moment
with several nontrivial physical consequences. First, it leads to large spin and valley splittings'!
with enhanced spin Hall conductivities'? and strong piezoelectric response.™ '3 14 In addition, this
dipole allows to achieve Ohmic contact with various metals.!® In particular, interlayer coupling
can be enhanced by the interlayer dipole-dipole interaction.'® Very recently, monolayer lateral
multi-heterostructures of MoS>-MoSSe-MoSeS-MoSe. has been experimentally realized via
room-temperature atomic-layer substitution, offering tremendous opportunity for artificial 2D
superlattices of Janus 2D materials.!”

Symmetry breaking upon Janus structuring also has a significant impact on linear and
nonlinear optical (NLO) responses of 2D materials. The built-in dipole moment increases the
separation of electron and hole wavefunctions and strengthens electron-phonon interaction,
thereby inducing longer exciton radiative recombination lifetime.'® Moreover, broken inversion
symmetry in 2D Janus materials leads to the out-of-plane second harmonic generation (SHG),"

and enables other even-order responses such as shift current and circular (injection) current,?-2!



bulk photovoltaic effect (BPVE),*>** nonlinear anomalous Hall effect,?*?” and interlayer sliding
induced ferroelectric nonlinear anomalous Hall effect.?-%°

Here, we employ first-principles electronic structure theory to investigate NLO properties
of monolayer Janus MoSSe and the vdW heterostructure of monolayer MoSSe and monolayer
MoS,. We find that both show strong SHG and second-order nonlinear shift and circular
photocurrent responses. Additionally, the A-point resolved optical absorption and shift vector
reveal the microscopic origin of shift current in Janus MoSSe. Our results suggest that Janus 2D
materials and their vdW heterostructures provide unpreceded opportunities to unlock and
enhance NLO responses of their parent pristine 2D materials, which may ultimately benefit the
development of ultrathin NLO materials and novel Berry curvature dipole and shift dipole based
nonlinear quantum memory.?% 2

Janus 2D transition metal dichalcogenides often have a chemical formula of MXY, where
M is a transition metal (e.g. Mo, W) and X and Y are chalcogenides (S, Se, Te). The crystal and
band structure is shown in Figure 1a. We optimized the lattice constants and atomic positions

using first-principles density functional theory (DFT)*% 3!

with generalized gradient
approximation in the Perdew-Burke-Ernzerhof (PBE) form.*? Calculation details can be found in
Methods section. For Janus MoSSe, the optimized lattice constant is 3.25 A with the Mo-Se bond
length of 2.53 A and the Mo-S bond length of 2.42 A, in agreement with the experimental results
(3.22 A, 2.58 A, and 2.41 A, respectively).! The difference in bond lengths of Mo-S and Mo-Se
and the different chemical elements of S vs Se, highlighted in Figure 1b, are clear indicators of

broken horizontal mirror symmetry, which gives rise to an out-of-plane dipole. Electronic band

structure is shown in Figure lc, which is calculated by DFT with spin-orbit coupling taken into



account. It shows a direct band gap of 1.47 eV at K, and the degeneracy was lifted at K due to
the inversion symmetry breaking in Janus MoSSe.

Next, we carry out a group theoretical analysis to have a qualitative assessment of NLO
responses, including SHG, shift current, and circular photocurrent.?! The point group of
monolayer Janus MoSSe is Csy, one of the 11 noncentrosymmetric point groups. The 2™ order
susceptibility represents the coefficient of the 2" term of the Taylor expansion of the
polarization equation, P,(2w) = )(C(j,)c Qw; w, w)E,(w)E.(w) where Einstein summation is
assumed. P, is the electric polarization along direction a induced by external field E;, and E, at
frequency w. Both P and E are polar vectors, thus transform as I'»/='e=E+A; in the Cs, point
group. In order to obtain the representation of the 2" order susceptibility, we shall take the direct

product of the representations of the constituents (P,, Ep, and Ec). For example, I'r ® I'e = 2A1+

A + 3E, which gives the representations of linear susceptibility )(é? with two independent
nonvanishing tensor elements due to the two totally symmetric representations (A1). For second
order NLO tensors, such as SHG, the corresponding representation is given by the product
I®Ie®IE. However, due to the permutation symmetry of two electric field E, (w) and E,(w),
the direct product of I'P®I['e®IE contains the representations of all the tensor elements whether
they are dependent or independent. So to obtain the representations of the independent elements,
we follow Dresselhaus®? by splitting the product of T'e®I's (which is same as T'r®Tg due to the
fact that both P and E are polar vectors readily identified by x, y, and z basis functions) into
symmetric (I's) and antisymmetric (I'a) portions upon permutation, I's = 2A;+ 2E and I'x = A+
E. I, are identified by Ry, Ry and R, basis functions which are antisymmetric upon permutation
of two indices in x, y, and z. To obtain the independent nonvanishing elements of the 2" order

NLO tensor, we discard antisymmetric portion to account for the intrinsic permutation symmetry



of E, (w)E.(w), and compute the direct product of the symmetric portion (I's = 2A; + 2E) and
the second electric field (I'e): ['P®I'eg = ['PRI'e®I'E = [\®I'E = 4A1 + 2A2 + 6E. The four totally
symmetric representations (Ai) suggests that both SHG and shift current should have four
independent tensor elements. In summary, Janus MoSSe with the Csy point group symmetry shall
have four independent nonzero tensor elements in their SHG and SC susceptibility tensor.

For circular photocurrent (CC), incident light is either left or right circularly polarized.
For the 2™ order response under circularly polarized light, ['c=I'e®I g+ transforms as R;, there for
I'c=I'e®I'e+==E+A> Therefore, [ P& c=(E+A1)®(E+A2)=A1+2A>+3E, indicating one independent
nonzero linear optical tensor element. Effectively, this corresponds to carry out all possible
combinations of the direct product i®R;, resulting in four nonzero elements from (x, y)®(Rx, R))=
E>=A+Ax+E, but only one independent element as they are all dependent. z transforms as A;
and none of R,®A; will produce any total symmetric A; representation, therefore, neither circular
photocurrent along z can be observed (z®R,=z®R,=E), nor circular photocurrent along x or y
when circularly polarized light propagates along z (x®R-=y®R.=E). Therefore, our analysis
predicts one independent and four nonzero tensor elements for circular photocurrent in Janus
MoSSe with Csy point group.

The SHG susceptibility %, shift current susceptibility 6'¥, circular photocurrent
(injection current) n®, and polarization anisotropy of monolayer Janus MoSSe were calculated
with spin-orbit coupling taken into account, and the results are shown in Figure 2. Figure 2a
shows the electric field alignment with the lattice. Figure 2b shows the polarization anisotropy,

which exhibits C3y symmetry, as expected, with a large maximum | X§2| of 5.6x10° pm?/V at 3.0

eV, larger than MoS; (3.02x105 pm?%V at 1.67 eV) and an order of magnitude larger than h-BN.3*



Figure 2d shows the magnitude of the SHG, showing )(f,?x has high SHG at the static limit, 9 x
10* pm?/V, whereas the rest of the non-equivalent tensor elements showed SHG at the static limit

of <10* pm?/V. We see 11 tensor elements plotted here, with four independent elements, as

expected. Unlike in MoS,, )(ggc, )(g,)y, ;éﬁ;, as well as JZ(,ZCBC, o

2
zyy» and O'Z(Z; are all nonzero.

(2
and 0y

Interestingly, while )((2)

Vx is the strongest nonlinear response, the second largest

direction of photoresponse is in the z-direction, corresponding to ;éfgc, )(g,)y, UZ(QC, and 02(32,2,. The

and ¢

: (2
largest shift current elements, o. i

VXX

both have their biggest response in the 2-3.5 eV
range, with some peak alignment, particularly at 2.91 eV (see Figure 2e). The smaller tensor

elements, o %) and 02(2 , get more active at the higher energy photons above 4 eV. The

xxz
significance of the result lies in the breaking of the horizontal mirror plane in the Janus structure
resulting in new directions of SHG and shift current (SC), as well as the presence of significant
circular photocurrent (shown in Figure 2c) that does not exist in MoS; or other Dsn materials.
Both SHG and SC are present and large in the out-of-plane direction, including zxx, zyy, and
zzz, which opens up new applications in shift current photovoltaics and other optoelectronics.?:

35

Spin-orbit coupling has some slight effect on NLO responses, including some magnitude

)

VXX

reduction at ~1.5 eV for y,,, and ~3.4 eV for )(2(2 (see Figure S1), because it splits the

electronic bands and changes the resonances embedded in the denominators of NLO
susceptibility tensors. Furthermore, a scissor operator of 0.28 eV to correct the original band gap
(1.47 eV) of Janus monolayer MoSSe from our DFT calculations to 1.75 eV, and the results in
Figure S2 show the resulting horizontal shift with nearly negligible magnitude reduction across

the entire frequency range of 0-6 eV.



Figure 3 shows the shift current as a function of frequency for Janus SMoSe and SeMoS.
These two Janus structures differ by swapping the S and Se atoms on the top and bottom atomic
layer, which switches the chirality of the two structures. The results show that the sign of the
shift current is exactly reversed, while the magnitude remains the same. The shift current is
reversed because the shift vector changes sign when the chirality is switched. Therefore,
stacking-dependent chirality can potentially be utilized to design 2D materials and their van der
Waals heterostructures with tailored NLO responses, such as gyrotropic order by design.’® As the
experimental apparatus improves, chirality has potential to be switched in sifu through rotation or
atomic replacement, granting an additional degree of freedom in optoelectronic devices.

To understand the microscopic origin of the NLO responses of Janus monolayer SMoSe,
we calculated several k-resolved physical quantities including absorption, shift vector, and shift
current, as shown in Figure 4. The Figure 4a-d displays the optical absorption strength for x-
polarized light, 15,134, - Figure 4a-c show absorption divided by photon energy, 1.5, 2.0, and 2.5
eV, respectively, whereas Figure 4d shows absorption for all energy values. Close to the
calculated bandgap (1.47 eV), absorption is exclusively at and around the high symmetry points
in the Brillouin zone, namely K and K’. As the incident photon energy increases, the absorption
in reciprocal space disperses out from the high symmetry k-points, centered around the valleys K
and K’, but the absorption remains minimal around the I'-point, which can also be seen in Figure
4d. Figure 4e displays the shift vector, which approaches 10 A around the high symmetry points,

: : . af (k
greater than the lattice parameter. The shift vector is given by R%2 (k) = — % + A% (k) —

A% (k) , where ¢fl . (K) is the phase factor of the interband Berry connection 7y, (k) =

[T (K) e nm @ and A, (k) = i(n|Vy|n) is the intraband Berry connection. The interband

Berry connection is given by ry,,,, = i(n|Vy|m). As discussed elsewhere,?! the shift vector can
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be calculated from the optical absorption and shift current by R,

divergences at the optical zero points during summation. Figure 4f displays the k-resolved shift
current strength for monolayer Janus MoSSe, which shows the strongest positive value around
the high symmetry k-points and a strong negative value around the optical zero points. The shift
current result looks qualitatively similar to the shift vector (except the removed divergences).
The results also demonstrate a direction shift in points nearby the K and K’ points, where a
positive shift current is almost halfway encircled by a negative shift current in a symmetrical
fashion, with the location of the positive and negative currents flipping with valley index (K vs
K’). Thus, shift current in Janus MoSSe is a valley-dependent phenomenon displaying the
symmetries of the material, as seen in Figure 4e-f. The valley dependence arises from the
presence of time-reversal symmetry, ensuring identical magnitude but opposite sign of the Berry
curvature at the K and K’ valleys, while the sum of shift vector in the first Brillouin zone
vanishes. This valley dependent nonlinear photocurrent can be probed by breaking time-reversal
symmetry, such as by applying magnetic field or under circularly polarized light, resulting in the
circular photocurrent seen in Figure 2c that arises from the nonzero Berry curvature dipole.

Inversion symmetry breaking guarantees finite even-order nonlinear optical responses of
materials in their corresponding tensor elements; however, the strength of the corresponding
responses depends on several factors. Using shift current susceptibility tensor 0%°¢(0; w, —w) as
an example,

e3
Uabb (0; w, _(‘)) = _Z_fiz_[[dk] Z fnmel'rlr)l(k) Tr?mrrgn(s(wmn - (1))

nmo



where fym = f — fin and f is the Fermi-Dirac distribution and [dk] = ak

= ol and d = number of

dimensions. So, materials with large transition matrix element r;2,7;2, (or, strong interband

dipole moment), large shift vector Rﬁ’,’,’t (k), as well as large joint density of states can potentially
have strong nonlinear shift current responses. However, shift vector can have positive and
negative signs at different regions of Brillouin zone, hence strong cancellation needs to be

abc ;

avoided. Furthermore, circular (injection) current n%°¢ is described for light propagating in the z-

direction by

ime3
1050, -0) = gz [ [AK] Y fum i Un (D3 o = )
nmo
where QZ,,,(k) = i[r,ﬁn,rnym] = —i[r,ﬁl’n,r,{‘m] is the local Berry curvature between bands m and

n, and hA%,, = vom — Uay is the group velocity difference in bands m and n. Thus, materials
with strong Berry curvature, large group velocity difference, and high joint density of states may
potentially have large circular photocurrent. Similar to the case of shift current, for circular
photocurrent the Berry curvature and the group velocity difference can have different signs in
different regions of Brillouin zone, thus strong cancellation also needs to be avoided.

As van der Waals stacking can be precisely controlled in experiment, we also
investigated bilayer vdW heterostructures made of MoS, and MoSSe with five different stacking
configurations, including AA, AA’, AB, A’B, and AB’. The point group of all five MoSSe-MoS>
heterostructures is Csy. The configurations for MoSSe-MoS:; heterostructure are shown in Figure
S3 and the naming nomenclature and relations between the configurations for bilayer MoS, are
detailed in Table S1 in Supporting Information. In principle, it is possible to introduce another
variation by swapping the S and Se atoms and forming two different bilayer vdW

heterostructures with the same stacking configuration but a distinct chirality. Here we focus on

10



the SMoS-SMoSe heterostructure in this work, as this heterostructure can be achieved in
experiment by replacing the S atoms on the top MoS; layers by Se that are adjacent to the bottom
MoS; layer.

Figure 5 shows the calculated SHG susceptibility %® and shift current susceptibility ¢
for the above five stacking configurations of MoS>-MoSSe vdW heterostructure, where we can
clearly see the similarities and differences. AA and AB exhibit similar NLO response, while the
primed configurations (AA’, AB’, and A’B) are noticeably different from the unprimed ones
(AA and AB). A’B and AB’ also show very similar response. Finally, the magnitude of the SHG
response in AB’ is generally smaller than those in the other four stacking configurations. MoS;-

MoSSe vdW heterostructures with AA and AB stacking have strong sheet SHG (~7x10° pm?/V),

for the element )(3(,?,5

in a wide energy range from 1.5 eV to 3 eV. Additionally, both A’B and

AB’ exhibit a x&) around 3.0-4.0x10° pm¥V in the 2-3 eV range. The MoS>-MoSSe vdW
heterostructure reveals enhancement of the SHG magnitude in several places compared to

monolayer. Such enhancement is likely related to interference effect and interlayer coupling

between the layers (see Figure S4 in the Supporting Information for more details). For example,

for AB stacking, the | )(,(CZ) | was enhanced by a factor of ~2 at the peak located at 1.22 eV, | )((2)

Xz VXX
was increased by a factor of 1.5-2 in the range of 1.5-3.0 eV, and | ;(§2| was strengthened by a

factor of 11 at 2.2 eV. Regarding the shift current, both AA and A’B stacking have very strong

out-of-plane shift current az(,zc,)c of ~25 nm pA/V?around 2.75-3.0 eV. These strong out-of-plane
responses in chiral MoS>-MoSSe vdW heterostructures suggest the great potential of vdW

heterostructuring for ultrathin NLO and optoelectronic device applications, e.g. bulk

photovoltaics based on the out-of-plane nonlinear shift current without forming p-n junction.

11



In summary, our results demonstrate that Janus 2D materials and their vdW
heterostructures break the mirror symmetry of their parent 1H-MX; structure, thus induce the
chirality. Moreover, they hold strong out-of-plane NLO responses such as SHG and shift current,
which expands the material candidates for shift current photovoltaics. The large magnitude of
SHG response indicates the potential of Janus MoSSe for electro-optics since the zero-field SHG
tensor is directly proportional to the zero-field electro-optic tensor.’” Additionally, replacing
sulfur with selenium (or vice versa) in a Janus 2D TMD switches the chirality and thus the
direction of photocurrent. Furthermore, the SHG and shift current are expected to present in
other Janus 2D materials with lower symmetry. In addition, they offer great platforms to
investigate other NLO responses such as the Pockels effect and four-wave mixing. Additionally,
vdW heterostructures can significantly expand beyond the MoSSe bilayer or heterostructure

through multilayer combinatorial stacking.

Methods

First-principles electronic structure calculations. First-principles calculations were carried out
by using density functional theory (DFT)3% 3! as implemented in the Vienna ab initio Simulation
Package (VASP)*® with the projector-augmented wave (PAW) method,” the exchange-
correlation energy functional in the Perdew-Burke-Ernzerhof form,*? and the plane-wave basis
with an energy cutoff of 400 eV. A vacuum layer of ~20 A was added between layers to
minimize artificial image interaction between layers due to the periodic boundary condition. All
the structures were fully relaxed with maximum residual force <0.005 eV/A. For the initial

relaxation and static calculation, Monkhorst-Pack k-point sampling was a 10x10x1 grid.

12



First-principles nonlinear optical calculations. NLO susceptibility tensors, including SHG,
shift current, and circular photocurrent, were calculated using an in-house developed first-
principles NLO package® interfaced with VASP. For the NLO calculations, we used a dense k-
point sampling of 70x70x1, 120 electronic bands, and total 1000 frequency grids in the energy
range of [0 eV, 6 eV]. As the present NLO calculations are based on the sum-over-states
approach in the first Brillouin zone, the convergence tests were performed with respect to
number of electronic bands and the k-point sampling. The results are shown in Figure S5 and S6,
which indicate that a k-point mesh of 70x70x1 and 120 electronic bands are enough to reach the
convergence. The fundamental frequency w in the denominator of susceptibility tensor includes
a small imaginary smearing factor §: w —» w + i with §=0.05 eV in this work. We have
checked the NLO tensor elements with respect to the underlying point group symmetry.

Furthermore, since the thickness of 2D materials is not well-defined, sheet susceptibility tensors

are used: YN0 = L0 x ¢, where xiL% is the NLO susceptibility tensor calculated by using

the lattice constant ¢ along the out of plane direction.
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Figure Captions

(a) ) 4
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Figure 1. Janus monolayer MoSSe structure. (a) c-axis view, and (b) a-axis view. The purple atoms are
molybdenum (Mo), yellow atoms are sulfur (S), and green atoms are selenium (Se). (c) Electronic band
structure of monolayer Janus MoSSe. The Fermi energy was set to the valence band maximum, which is

located at K.
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Figure 2. Nonlinear optical responses in Janus MoSSe monolayer. (a) Alignment of the electric field
carried by the incoming linearly polarized light with respect to crystal lattice with the outgoing SHG
polarization being parallel to the electric field. (b) SHG polarization anisotropy plot for ®=2.4 eV,
indicating Cs, character. Red curve indicates SHG response with parallel configuration (i.e. P(2w) |l

E(w)), and blue curve indicates SHG response with perpendicular configuration (i.e. P(2w) L E(w)). (c)
(2)

Circular photocurrent 77¢(1219)c' (d) Magnitude of second harmonic generation | )(‘(j,)c |. (e) Shift current ;..
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Figure 3. Out-of-plane shift current switching upon S and Se flipping. (a, b) Janus SMoSe and SeMoS

with S and Se flipped on the top and bottom atomic layer. (c) Shift current susceptibility tensor element
g; and O'Z(,ZC; The dark blue curves indicate shift current for Janus SMoSe monolayer in (a). The red
curves indicated shift current for Janus SeMoS in (b). The result clearly demonstrates the current reversal

upon S/Se switching in the Janus structure.

(a) =15eV Aev (b) w=20eV A¥ev  (¢) w=25eV Aev
100 100 100
r- -\ 80
60
¢ 2

40
20

\ot - .

(d) (e Rue (k) O Im[rgrdw(k) ] A®

e o (K)
10 10
5 5
0 ) 0
-5 -5
-10 i -10
-15 - . -15

20 -10 -20

Figure 4. k-point resolved optical properties of monolayer Janus MoSSe under x-polarized light. (a-c) k-
resolved frequency-dependent absorption at 1.5 eV, 2 eV, and 2.5 eV, respectively. (d) k-resolved dipole
transition strength. (e) k-resolved shift vector. (f) k-resolved shift current strength.
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Figure 5. SHG magnitude (left column) and shift current (right column) of the five stacking
configurations of the MoS,-SMoSe heterostructure, (a-b) AA, (c-d) AB, (e-f) AA’, (g-h) A’B, and (i-))
AB’.
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