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Second-order nonlinear optical effects in monolayer transition-metal dichalcogenides (ML TMDCs) have
attracted significant attention; these are almost exclusively associated with their in-plane second-order nonlinear
susceptibility arising from the intrinsically broken in-plane inversion symmetry. However, a key challenge is the
induction and manipulation of out-of-plane symmetry breaking that governs out-of-plane polarized second-order
nonlinear processes such as second-harmonic generation in ML TMDCs. Using first-principle density functional
theory, we show that applying an electrostatic field perpendicular to the monolayer plane can induce out-of-plane
second-order nonlinear susceptibility (χzxx = χzyy) in the visible wavelength range in the four most representative
TMDCs (MoS2, MoSe2, WS2, WSe2), with magnitude comparable to their intrinsic in-plane components (χyyy).
The susceptibility peak values (χ∗

zxx , χ∗
yyy), with incident energy around half of the C exciton energy in each ma-

terial, exhibit a linear dependence on the applied field strength E . This behavior originates from the joint effects
of field-induced asymmetric out-of-plane charge density distribution and structural deformation. Although the
asymmetric charge distribution predominantly governs this effect, the structural deformation also contributes
to the overall response in all four ML TMDCs. To accurately describe and predict the induced out-of-plane
nonlinear susceptibility in ML TMDCs under varied E , we introduce a structural deformation descriptor τ

which exhibits a linear correlation with χ∗
zxx to measure the magnitude of the electric-field-induced out-of-plane

dipole moment. Our study provides an easy-to-implement approach for generating and tuning the out-of-plane
second-order optical nonlinearity in ML TMDCs and hence opens a different avenue for investigating active
control of their second-order nonlinear optical processes.

DOI: 10.1103/PhysRevB.109.075417

I. INTRODUCTION

Monolayer transition-metal dichalcogenides (ML
TMDCs), consisting of a transition-metal atomic layer
sandwiched between two chalcogen atomic layers, have
emerged as a promising class of materials for advanced
photonics, optoelectronics, and electronics [1–6]. These
two-dimensional materials can exhibit highly efficient
light-matter interactions through their integration with
external photonic structures or their intrinsic polaritonic
resonances, giving rise to exceptional linear and nonlinear
optical properties [7–10]. Among them, ML MoS2, MoSe2,
WS2, and WSe2 are direct-band-gap semiconductors, serving
as versatile platforms for second-harmonic generation (SHG),
an important nonlinear optical phenomenon that converts two
photons of equal frequency into a single photon with double
the input photon frequency [11,12]. The extraordinary
SHG response arises from the absence of in-plane
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centrosymmetry in these ML TMDCs; their bulk counterparts
are centrosymmetric and exhibit no SHG response.

The SHG response of materials in different directions
is strongly influenced by their intrinsic crystalline symme-
try, characterized by a third-rank susceptibility tensor χ(2).
ML TMDCs belong to the noncentrosymmetric point group
D3h(6m2), which implies that χ(2) has only one nonzero com-
ponent, denoted χyyy (where the monolayer lies in the x − y
plane, and z is the out-of-plane direction). Consequently, these
materials can only convert incident pump light into in-plane
polarized SHG radiation, which limits their potential applica-
tions [13,14]. The ability to control SHG response in different
directions has proven to be crucial in several fields, including
second-harmonic microscopy imaging and the generation of
some novel lasers [15–17]. Related structures, such as Janus
ML TMDCs with an intrinsic out-of-plane electric dipole,
exhibit both in-plane and out-of-plane components with a
magnitude ratio of 10 : 1 under a 1080 nm pump [18,19].
However, these Janus monolayers cannot be easily obtained
by cleavage (like the TMDCs) and their direct synthesis is
currently beyond most widely used techniques. Therefore,
we explore different approaches for breaking the out-of-plane
symmetry in ML TMDCs and achieving SHG tuning. Such
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advances will be the key to expanding the potential of these
materials for photonics and optoelectronics [20,21].

Various approaches have been proposed to manipulate
SHG response, including anisotropic strain [22,23], multi-
layer twisting [24–26], and electrical control [27–31]. Among
these approaches, the electrically tunable SHG has been ex-
tensively studied since 1967, where an electric field was
applied to a nonlinear medium to increase the SHG inten-
sity [32]. Electric field induced second-harmonic generation
(EFISH) has been employed in applications in several ma-
terials [33–35]. Among two-dimensional (2D) materials and
their related structures, the easily fabricated five-atomic-layer-
thick In2Se3 is a good candidate for EFISH [36,37]. Another
example is bilayer graphene, where the out-of-plane symme-
try and mid-infrared SHG can be effectively tuned [29,38–
40]. In the case of 2D TMDCs, the focus has mainly been
on inducing and controlling the in-plane-polarized SHG in
bilayers [27,28,41,42]. Meanwhile, the optical properties of
2D TMDCs are strongly influenced by their excitonic states,
with A, B, and C excitons at increasing energy levels [43–45].
Achieving resonant SHG entails tuning the incident photon
energy to the excitonic transitions. For example, the SHG
response of bilayer MoS2 showed a 60-fold enhancement
when the second-harmonic emission energy coincided with
the C-exciton resonance (2.5–3.0 eV) [27].

We are aware of only one study, in 2015, that demonstrated
tunability of the SHG intensity at the A-exciton resonance in
a TMDC (WSe2 at ≈0.83 eV). The intensity was shown to
vary by more than an order of magnitude at low temperature
and nearly a factor of four at room temperature through elec-
trostatic doping in a field-effect transistor [31]. However, this
report primarily focused on the overall SHG intensity, rather
than contributions from the individual components of χ(2).
The limited research on monolayers is associated with the
widely accepted notion that perpendicular electric fields have
minimal impact on the electronic behavior of ML TMDCs,
as supported by theoretical and experimental studies [46–48].
Nevertheless, the SHG response is highly sensitive to symme-
try breaking; what causes this sensitivity and the differences
between ML TMDCs warrants further investigation.

Here, we present a comprehensive exploration of the induc-
tion of out-of-plane SHG susceptibility in four ML TMDCs
using perpendicular electrostatic fields with strength E rang-
ing from 0 to 7 V/nm based upon first-principles calculations.
Our findings are in agreement with previous experimental ob-
servations (peak positions and shapes in Fig. 2. in the absence
of an electric field in ML TMDCs). We specifically focus
on the influence of the electric field on the components of
χ(2) around the prominent peak (χ∗, which falls within the
incident energy range of 1.2 to 1.6 eV), at approximately half
the C exciton energy in each material. The peak in the out-
of-plane second-order susceptibility χ∗

zxx increases linearly
with the electric field E , reaching 1.3 × 104 pm2/V at the
largest value of E investigated in this study. The magnitude of
χ∗

zxx can be attributed to a combination of charge redistribu-
tion and structural deformation induced by the electric field;
the charge redistribution effect is larger than that associated
with structural deformation. We introduce a structure-related
descriptor τ , which captures this effect and can be used
to predict the E dependence of χ∗

zxx in ML TMDCs. Our

results provide a solid foundation for future experimental
studies and add strong support to the notion that ML TMDCs
have significant promise for electrically switchable nonlinear
devices.

II. METHODS

We first obtain the optimized crystal structures of ML
TMDCs and self-consistent wave functions using ground-state
density functional theory (DFT) with the projected augmented
wave (PAW) formalism implemented in VASP [49–51]. The
electron exchange-correlation interaction is described using
the Perdew-Burke-Ernzerhof (PBE) scheme, which is known
to underestimate the band gap [52,53]. To overcome this
problem and maintain computational efficiency, we employ a
scissor correction to correct the band gap according to experi-
mental measurements [54,55] [see details in the Supplemental
Material (SM), Sec. I [56]].

In our DFT calculation, we apply an external electric field
through imposition of an electric potential gradient perpendic-
ular to the monolayer plane. However, this potential variation
can lead to an inconsistency in the charge density of mono-
layer structures when different out-of-plane vacuum spacings
are added to prevent interactions between the planes. This
inconsistency arises from electrons spilling into the vacuum
region leading to inaccuracies in the second-order suscepti-
bility tensor (χ(2)) calculation [57,58]. We address this issue
by limiting the applied electric field to 7 V/nm for a vacuum
spacing of 1.5 nm, as described in the SM, Sec. II [56].

III. ELECTRIC-FIELD EFFECTS ON ATOMIC
AND ELECTRONIC STRUCTURES

The calculated values of lattice vectors a and b with
equal magnitudes denoted as a depicted in Fig. 1(a) for each
monolayer are presented in Table S1 of the SM [56], along-
side experimental values for comparison. Theoretical and
experimental lattice constants exhibit a close agreement, with
materials featuring the same chalcogen X displaying similar
lattice constants, differing by less than 0.01 nm. In Fig. 1(b),
the symbols d1 and d2 denote the bond lengths between the
metal atom M and the two chalcogen atoms X1 and X2, re-
spectively. In the presence of a perpendicular electric field, the
field direction will be from X1 to X2. These bond lengths are
initially equivalent in the pristine layer but vary as the perpen-
dicular electric-field strength E increases. Figure S4 of the SM
illustrates the dependence of a, d1, and d2 on E for different
materials [56]. Notably, the change in a across all monolayers
is below 0.25%, while d varies by less than 0.17%. These
findings align with previous experimental studies indicating
that a perpendicular electric field has a limited impact on the
crystal structures of ML TMDCs [46–48]. Additionally, it is
worth noting that MoSe2 exhibits the highest rate of electric
response for both a and d , while WS2 exhibits the lowest,
suggesting different structural response capabilities to E .

To clearly see the impact of E on charge redistribution, we
show the change of out-of-plane charge density �ρ for ML
MoS2 upon application of an electric field E = 7 V/nm in
Fig. 1(b) as an example. The polarization is clearly reflected
within this monolayer; electrons tend to migrate towards
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FIG. 1. Crystal structure of four ML TMDCs (MX2, M ∈{Mo, W}, X ∈{S, Se}) viewed (a) normal and (b) parallel to the TMDCs
monolayer plane. In panel (a), we define the unit cell according to lattice vectors a, b and, in panel (b), the two inequivalent chalcogen atoms
Xi and bond lengths di are labeled for a case in which a perpendicular electrostatic field is applied. Panel (b) also shows the valence charge
density difference �ρ between MoS2 with (E = 7 V/nm) and without (E = 0) an electric field. Red and blue indicate electron accumulation
and depletion, respectively. (c) Left: band structure comparison between ML WSe2 at E = 0 (black) and 7 V/nm (red). c1 and c2 are the energy
distribution on the lower two conduction bands, and v1 and v2 label the highest two valence bands. �c(k) and �v(k) measures the energy
splitting between the c and v bands (see Sec. II in the SM and Figs. S1–S3 for a discussion of an artifact in the band structure associated with
the large vacuum regions employed [56]). (c) Right: changes in the energy splitting between c1 and c2 upon application of an electric field
(top) and that between v1 and v2 when E is at 0 and 7 V/nm (bottom).

regions with lower electrostatic potential. This leads to charge
depletion around X2 and charge accumulation around X1. This
behavior can be compared with Figs. S2 and S3 of the SM
[56], which depict the planar-averaged electrostatic potential
energy (PE ). This observation provides an explanation for the
reduction of bond length d1 relative to d2 when an electric
field is applied; more electrons are attracted to the vicinity of
X1, resulting in a tighter bond between chalcogen X1 and M.

Electric fields also affect the band structures, as seen in
Figs. 1(c), S5, and S6 [56]. In the absence of an electric field,
all four monolayers are direct-band-gap semiconductors (at
the K point). After scissor correction to the experimental op-
tical band gap, ML WS2 and MoSe2 have the largest (1.9 eV)
and smallest (1.58 eV) gaps, respectively. While lattice con-
stants are more sensitive to X than M (see Fig. S4 of the SM
[56]), the band gap is influenced by both M and (more so) X.
When E is increased to 7 V/nm, the band structure undergoes
small changes in those localized states near the Fermi level
(see SM Sec. II) and all band gaps are slightly reduced (by up
to 0.025 eV) [56]. Moreover, as illustrated in Fig. 1(c), electric
fields also induce band splitting in the vicinity of the � point
near the Fermi level. Focusing on the split of the bottom two
conduction bands (c1, c2) and the top two valence bands (v1,
v2) in ML WSe2, as an example (see Fig. S6 of the SM for
others [56]), we see a more significant electric field induced
splitting in the bottom two conduction bands than in the top
two valence bands. The difference in band splitting between
E = 7 V/nm and E = 0 can be up to 80 meV. Electric-field

effects in monolayers are smaller than in their corresponding
bilayers [47].

IV. THE SECOND-ORDER SUSCEPTIBILITY χ(2)

We first examine the correspondence between our cal-
culated χ(2) and the experimental SHG response. The
experimental SHG signals are commonly measured using a re-
flection configuration with incident pumped light. Figure 2(a)
shows a schematic of the ML TMDC experiment considered
here, where a linearly polarized pump light with polarization
angle α is incident on the sample at an angle θ with respect
to the ML normal. The parallel and perpendicular polariza-
tion components of the incident pump field Eω are denoted
Eω

p = Eω cos α and Eω
s = Eω sin α, respectively. Initially, we

consider the case of normal incidence (θ = 0); i.e., the three
components of the incident pump electric field are Eω

x′ , Eω
y′ ,

Eω
z′ .

⎡
⎢⎢⎣

Eω
x′

Eω
y′

Eω
z′

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

Eω cos α

Eω sin α

0

⎤
⎥⎥⎦, (1)

where the in-plane components Eω
x′ = Eω

p and Eω
y′ = Eω

s and
the out-of-plane component Eω

z′ = 0. Apart from these two
angles, φ denotes the azimuthal angle between the crystal
(x − y − z) and laboratory (x′ − y′ − z′) frames. All DFT re-
sults are in the crystal frame (conversion to the laboratory

075417-3



ZHIZI GUAN et al. PHYSICAL REVIEW B 109, 075417 (2024)

FIG. 2. (a) Top: schematic illustrating the geometry for measuring SHG on ML TMDCs. Middle and bottom: detailed depiction of the
polarization (α) and azimuthal (φ) angles [the directions in the bottom figure are as per Fig. 1(a)]. (b) Comparison between the DFT results
and experiment results (Exp1 [59] and Exp2 [60]) as an example for ML MoS2. The shaded region indicates the peak referred to as χ∗;
corresponding to half the C exciton energy. (c) Polar plot depicting the SHG radiation components from ML MoS2 as a function of the crystal
azimuthal angle φ. The sixfold pattern is the DFT data according to the proposed Eq. (5) as compared with the experimental data Exp3 [61].

frame is appropriate for experimental predictions). The ML
TMDCs armchair and zigzag directions coincide with the x
and y directions.

The SHG polarization components are expressed as

Pd (2ω) =
∑
e, f

ε0χdefE
ω
e Eω

f , (2)

where d, e, f run over x′, y′, z′ in the laboratory frame, ε0

is the vacuum permittivity, and we focus on the susceptibil-
ity tensor components χdef here. The tensor χ(2) symmetry
depends on the crystal symmetry; the electric field affects
this symmetry (i.e., the electric field breaks inversion and
out-of-plane symmetry). In the absence of an electric field
the ML TMDCs have D3h symmetry group, which implies a
single, nonzero, independent component, i.e., −χyyy = χyxx =
χxyx = χxxy (see Fig. S7 of the SM [56]). The E changes the
crystal symmetry from D3h to C3v , giving rise to four more in-
dependent components χxxz = χyyz, χxzx = χyzy, χzxx = χzyy,
and χzzz. Because the incident energy is fixed, χxxz = χxzx and
χyyz = χyzy. Hence, the χ(2) for ML TMDCs, subjected to an
electric field E only contains four independent components.
The coordinates may be written in terms of φ as

χdef = TdaTebTf cχabc, (3)

where T(φ) is a rotation operator

T (φ) =

⎡
⎢⎢⎣

cos φ sin φ 0

− sin φ cos φ 0

0 0 1

⎤
⎥⎥⎦, (4)

and the polarization is

Px′y′z′ (2ω) = ε0Eω2

⎛
⎜⎜⎝

χyyy sin (2 α + 3 φ)

χyyy cos (2 α + 3 φ)

χzxx

⎞
⎟⎟⎠. (5)

Equation (5) shows that, at normal incidence, the in-plane
polarization Px′ and Py′ depend on χyyy and the polarization
and azimuthal angles. On the other hand, the out-of-plane
polarization is determined by χzxx and is independent of
angle. Therefore, for the assessment of out-of-plane and
in-plane SHG, we need only focus upon two χ(2) compo-
nents, χzxx and χyyy. In practical experimental designs, the
detection of second-harmonic radiation is performed in the
parallel (E2ω

p ) and perpendicular (E2ω
s ) directions (relative

to the polarization of the pump field) and the correspond-
ing detected intensities are denoted Ip and Is. It follows
that Ip ∝ (E2ω

p )2 and Is ∝ (E2ω
s )2. However, at normal inci-

dence, E2ω is directly proportional to the in-plane polarization
components, i.e., E2ω

p ∝ Px′ (2ω) and E2ω
s ∝ Py′ (2ω). Con-

sequently, no out-of-plane SHG can be detected in such
experiments.

To detect out-of-plane polarization, we employ oblique
incidence, i.e., θ �= 0. Under this condition, Eq. (1) becomes

⎡
⎢⎢⎣

Eω
x′

Eω
y′

Eω
z′

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

Eω cos α cos θ

Eω sin α

Eω cos α sin θ

⎤
⎥⎥⎦. (6)

Applying the same methodology, we see that E2ω is di-
rectly proportional to the polarization components involving
θ : E2ω

p ∝ −Px′ cos θ + Pz′ sin θ , and E2ω
s ∝ Py′ . To simplify
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FIG. 3. (a)–(d) Out-of-plane χzxx and (e)–(h) in-plane χyyy SHG susceptibility magnitude versus incident photon frequency ω for several
electric fields E from 0 to 7 V/nm in the energy range close to half the C exciton energy in different monolayers.

these results and facilitate experimental postprocessing, one
may select a specific linear polarization direction α = 0.
Consequently, the SHG intensities in the two directions be-
come

Ip ∝ [χzxx sin (θ ) + χyyy sin (3φ) cos (θ )]2,

Is ∝ χyyy
2[cos (6φ) + 1]

2
. (7)

Equation (7) demonstrates that, under oblique incidence, the
two χ(2) components χzxx and χyyy govern the SHG intensity.
Thus, we focus on the magnitude of the out-of-plane (χzxx)
and in-plane (χyyy) SHG susceptibilities.

Figure 2(b) shows the magnitude of χyyy for ML MoS2

in the absence of an electric field compared with extant ex-
perimental results [59–61]. Here, χzxx = 0 since there is no
electric field induced out-of-plane symmetry breaking. The
MoS2 experimental spectrum exhibits a prominent peak at
ω ≈ 0.85 eV (slightly higher energy than half of the band
gap). This peak arises from band splitting at the K point,
albeit with reduced intensities because our current DFT calcu-
lations do not include excitonic effects. Previous experiments
have demonstrated that the peaks, located near half the A
and B exciton energies, are enhanced by excitonic resonances
[27,31,59,62].

The most prominent peak in our DFT results appears be-
tween 1.3 and 1.5 eV, corresponding to half the energy of
the well-known C transition in ML TMDCs [43,63]. We label
this peak χ∗ [shaded in blue in Fig. 2(b)], since it exhibits
the highest sensitivity to an electric field—the main focus
of this investigation. However, note that discrepancies in the

susceptibility intensity can even arise among different experi-
ments, particularly for 2D materials, because of issues related
to the definition of the layer thickness and broadening in
the DFT calculations [64]. Figure 2(c) shows a comparison
between the DFT in-plane χyyy as a function of the azimuthal
angle φ at ω = 1.53 eV with the experimental values. As
expected, we observe the same sixfold rotational symmetry
pattern according to Eq. (5) when varying φ alone. Our calcu-
lations provide deep insights into fundamental mechanisms,
susceptibility peak positions and shapes, facilitating a com-
prehensive analysis of the effects induced by electric fields on
χ∗.

V. ELECTRIC-FIELD EFFECTS ON OUT-OF-PLANE
AND IN-PLANE SECOND-HARMONIC GENERATION

SUSCEPTIBILITY

Figure 3 presents the out-of-plane and in-plane SHG sus-
ceptibilities χ∗

zxx(ω) and χ∗
yyy(ω) for four ML TMDCs for

electric fields 0 � E � 7 V/nm. The χ∗ peak intensity ex-
hibits vary with E , along with a redshift with increasing field
strength. This redshift may be attributed to changes in the
band gap and increased band splitting with increasing electric-
field strength. MoS2 and MoSe2 show additional peaks in
spectrum when the incident photon energy aligns with the
band gap. However, the sensitivity of these peaks to E , in
terms of both position and intensity, is relatively small (see
Fig. S8 of the SM [56]).

Figure 3 aligns with our initial expectation that an out-of-
plane electric field will modify the symmetry group of ML
TMDCs, thereby introducing additional nonzero components

075417-5



ZHIZI GUAN et al. PHYSICAL REVIEW B 109, 075417 (2024)

FIG. 4. The variation of the (a) out-of-plane χ∗
zxx and (b) in-plane

χ∗
yyy susceptibility with electric-field strength along with (c) their

ratio. The symbols are DFT data and the lines are second-order
polynomial fits (see Table S2 of the SM for fitting parameters [56]).

to the χ(2) tensor. Both peaks in a specific material exhibit
almost the same position. With increasing E , the out-of-plane
χzxx peaks significantly broaden, the in-plane χzxx peaks do
not. Interestingly, the out-of-plane χzxx peaks heights increase
with increasing E , while the in-plane χzxx peak heights de-
crease. This may be seen more clearly in Figs. 4(a) and 4(b),
where we plot the peak heights χ∗

zxx and χ∗
yyy versus the

electric-field strength. χ∗
zxx increases nearly linearly with E ,

providing an effective description of the electric field induced
out-of-plane symmetry-breaking process (see Fig. S10 of the
SM [56]). Among the monolayers, MoSe2 (WS2) shows the
strongest (weakest) effects of the electric field, consistent with
the effect of E on the structure (see Sec. III).

Experimentally, it is more convenient to measure the ratio
between χ∗

zxx and χ∗
yyy by calculating the ratio of Ip to Is, as

per Eq. (7). Figure 4(c) shows χ∗
zxx/χ

∗
yyy versus the electric-

field strength. This ratio also varies (nearly) linearly with E ;
the effect of the electric field is strongest for WSe2 (15% at
7 V/nm) and weakest for WS2 (3% at 7 V/nm). This ratio
can be compared with experimental reports on Janus mono-
layer MoSSe, which show an intrinsic out-of-plane dipole
due to different chalcogen species. Their experimental result
demonstrates that intensity of the out-of-plane component of
χ(2) is 10% of the in-plane component of χ(2) at a 1080 nm
pump [18]. Our results demonstrate that a similar magnitude
out-of-plane component of χ(2) by application of an electric
field in these easy to produce TMDCs (compared with the
Janus structure).

To analyze the origin of the effects induced by the perpen-
dicular electric field, we must separate the dominant physical
effects of that field; (i) electric field induced deformation of
the monolayer structure and (ii) electric field induced charge
redistribution. The structural deformation can be described
through variations in the bond lengths or atomic layer sepa-
rations in the ML TMDCs. A gradient in either of these along
the monolayer normal breaks the out-of-plane symmetry of
the monolayer which, in turn, yields an out-of-plane SHG.
We note that applying anisotropic external strains has been
shown to be an efficient means of tuning SHG [22,65–72]. The
out-of-plane potential difference associated with an electric
field also breaks the out-of-plane symmetry; regions of low
electric potential attract more electrons while regions of high
electric potential become electron depleted [see Fig. 1(b)].
Here we consider and separate these two factors that can

FIG. 5. Panels (a) and (b) show χzxx and χyyy versus the incident
photon frequency for ML MoS2. The solid lines represent the data
without and with (7 V/nm) an electric field, respectively. The dashed
blue line is based on the structure relaxed at E = 7 V/nm but with no
electric field. This shows the relative importance of structure change
and charge redistribution.

induce SHG via a perpendicular electric field. While we focus
on ML MoS2 here, results for the other monolayers are shown
in Fig. S9 of the SM [56].

To separate these two effects, we proceed as follows:
First, we obtain the relaxed ML atomic structures at E = 0
and 7 V/nm and determine χ for both. Second, we take the
relaxed structure at E = 7 V/nm and, without further atomic
relaxation, calculate χ(2) without an electric field, E = 0.
This χ(2) is the second-order susceptibility of the (strained)
7 V/nm structure without the effect of electric field induced
charge redistribution. The effect of charge redistribution can
then be determined by comparing this result with that for a
finite electric field, E = 7 V/nm. Figure 5(a) shows that the
deformation-induced χ∗

zxx component accounts for 12.08%
of the absolute peak induced by the 7 V/nm electric field
in ML MoS2 (this is comparable to the effect induced by
E = 1 V/nm). For ML MoSe2, WS2, and WSe2, the effect
of the deformation (from the 7 V/nm field) accounts for
12.55%, 5.15%, and 11.98%, respectively. On the other hand,
the deformation associated with the 7 V/nm field has very
little effect on χ∗

yyy; only inducing a slight redshift compared
with the undeformed monolayer—see Fig. 5(b). Hence, the
primary contribution to the electric field induced second-order
susceptibility is associated with charge redistribution. The
pure deformation effect can, in practice, be neglected for
the in-plane χ∗

yyy, but makes a substantial contribution to
χ∗

zxx. This suggests that the structural deformation component
may serve as a reliable descriptor for the out-of-plane χ∗

zxx,
enabling a unified description across different ML TMDCs.

To quantify the degree of out-of-plane symmetry break-
ing and establish its relationship with χ∗

zxx, we introduce a
structural descriptor τ . We define τ based on the schematic
plot shown in Fig. 6(a), which depicts two scenarios: E =
0 (opaque atoms) and 7 V/nm (translucent atoms). In this
analysis, we consider a virtual “center chalcogen atom” that
represents the mean position of the chalcogen atoms in two
opposite chalcogen layers (while keeping the metal atom sta-
tionary). In the structure with no electric field, this center
chalcogen atom is coplanar with the metal atoms. However,
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FIG. 6. (a) A schematic plot for defining τ using a virtual “center
chalcogen atom” positioned at the out-of-plane structural center of
the top and bottom chalcogen planes. The opaque and translucent
chalcogen atoms represent relaxed atom positions under E = 0 and
7 V/nm, respectively. The shift distance associated with the electric
field is labeled τ . (b) The variation of τ with the applied out-of-plane
electric-field strength E for all four TMDCs (fitting parameters can
be found in Table S2 of the SM [56]). (c) The variation of the out-of-
plane χ∗

zxx with the structural descriptor τ .

when an electric field is applied, the center chalcogen atom
is displaced from the metal plane toward the chalcogen plane
where electrons preferentially accumulate [see Fig. 6(a)]; τ

measures this shift in the out-of-plane direction. In this sense,
τ is a measure of the electric field induced, out-of-plane dipole
moment (heuristically assuming the charges on the metal and
chalcogens are constant).

As E increases from 0 to 7 V/nm, τ increases in direct pro-
portion [see Fig. 6(b)]. This trend is similar to the variation of
χ∗

zxx with electric field [Fig. 4(a)]. Since both τ and χ∗
zxx scale

linearly with E , τ scales linearly with χ∗
zxx. Interestingly, since

the slopes of τ and χ∗
zxx versus E vary between the monolayers

in nearly the same manner, a single line describes the relation-
ship between τ and χ∗

zxx for all four ML TMDCs. The resulting
relationship can be expressed as χ∗

zxx = 4.942 × 108τ . The
introduction of τ as a structural descriptor characterizing out-
of-plane SHG in TMDCs has promise for high-throughput
computation and machine-learning methodologies for ma-
terial discovery. By incorporating τ as a computationally
efficient screening parameter, DFT calculations can efficiently
narrow the search space for and rapidly identify materials

that exhibit enhanced second-harmonic generation responses
without the need for extensive calculations to determine χ(2).
This accelerated discovery approach is an enabler for novel
SHG materials with potential for advanced optoelectronic and
photonics applications.

VI. CONCLUSIONS

Our study presents a comprehensive investigation of the
application of perpendicular electric fields for enhancing SHG
in ML TMDCs. We demonstrate that an electric field induces
out-of-plane SHG response in TMDCs and is an effective tun-
ing mechanism for both out-of-plane (χzxx) and in-plane (χyyy)
SHG susceptibilities. While the influence of E on the atomic
and electronic structures of monolayers has been largely over-
looked, we demonstrate its significant role in shaping the
asymmetric distribution of electrons and band splitting, which
in turn affects SHG. By varying E from 0 to 7 V/nm, we
observe a linear increase in χzxx accompanied by a reduction
in χyyy within the energy range of approximately half of the
C exciton (the peak value is denoted χ∗). Notably, the out-
of-plane susceptibility χ∗

zxx is up to 15% the value of the
in-plane susceptibility χ∗

yyy in the ML WSe2 for fields up to
E = 7 V/nm. This is comparable to that previously reported
for Janus monolayer MoSSe.

We introduce an innovative approach to disentangle the
contributions arising from charge redistribution and structural
deformation. Although charge redistribution was shown to
dominate deformation in determining the effect of the electric
field on the out-of-plane susceptibility, our findings demon-
strate the significance of deformation. To further enhance our
understanding and predict the behavior of χzxx under different
E , we propose a readily measurable structural descriptor τ ,
which is related to the out-of-plane polarization. We demon-
strate that not only is χ∗

zxx directly proportional to τ , but the
same relationship applies to all four TMDCs examined here.
We expect an external electric field can likewise be used to
tune the out-of-plane second-order susceptibility in other 2D
semiconductors; e.g., this effect should be easily observed in
monolayers of greater thickness—such as phosphorene and
In2Se3. Overall, our study provides valuable insights into the
generation and tunability of out-of-plane second-order nonlin-
ear optical nonlinearity in ML TMDCs, opening up different
avenues for exploring active control of their second-order
optical processes and potential utilization in optoelectronic
and photonic devices.
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