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Abstract: Rapid progress in nonlinear plasmonic metasurfaces enabled many novel optical
characteristics for metasurfaces, with potential applications in frequency metrology [Zimmermann
et al. Opt. Lett. 29:310 (2004)], timing characterization [Singh et al. Laser Photonics Rev.
14:1 (2020)] and quantum information [Kues et al. Nature. 546:622 (2017)]. However,
the spectrum of nonlinear optical response was typically determined from the linear optical
resonance. In this work, a wavelength-multiplexed nonlinear plasmon-MoS2 hybrid metasurface
with suppression phenomenon was proposed, where multiple nonlinear signals could to be
simultaneously processed and optionally tuned. A clear physical picture to depict the nonlinear
plasmonic bound states in the continuum (BICs) was presented, from the perspective of both
classical and quantum approaches. Particularly, beyond the ordinary plasmon-polariton effect, we
numerically demonstrated a giant BIC-inspired second-order nonlinear susceptibility 10−5 m/V of
MoS2 in the infrared band. The novelty in our study lies in the presence of a quantum oscillator
that can be adopted to both suppress and enhance the nonlinear quasi BICs. This selectable
nonlinear BIC-based suppression and enhancement effect can optionally block undesired modes,
resulting in narrower linewidth as well as smaller quantum decay rates, which is also promising
in slow-light-associated technologies.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nonlinear metasurface is a promising research orientation for diversifying the optical signal
processing functions [1,2]. Generally, a nonlinear device exhibits constant nonlinear susceptibility
in the frequency range far away from the resonance conditions of the material. Metasurfaces
may break this limitation utilizing its design flexibility at the nanoscale level, so as to obtain
ultra-high nonlinear susceptibilities in several desired wavelength windows, within a compact
physical structure. To achieve this goal, new mechanisms are required to significantly enhance
the nonlinear conversion efficiencies, with the help of high nonlinear materials positioned close
to a specially designed metasurface.
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In recent years, there were several discussions [3–16] on plamson-assisted hybrid metamaterials
with and without BICs. On one hand, introducing two-dimensional materials into plasmonics
would broaden the sort of materials, which explores more opportunities for plasmonic devices.
On the other hand, plasmonic polaritons exhibit huge local field enhancement, which is of great
help to the enhancement of optical nonlinearities [17,18]. However, little attention was paid on
the direct modulation of nonlinear optical spectrum. Since the nonlinear optical resonance was
typically decided by the linear optical response, new theories are to be explored for more novel
functionalities such as individually cancelling particular noise in the nonlinear optical spectrum.

Transition metal dichalcogenides (TMDs), as one of the most popular nonlinear optical
materials, possess large nonlinear susceptibility due to the strong exciton resonance as well
as spatial inversion symmetry breaking, which are the prerequisites for high nonlinear optical
conversion efficiency. Specifically, the cheaper price, easier availability, substantial band gap
and high carrier mobility invites many electro-optic applications of MoS2. Combining MoS2
with other bulk optical systems such as metal nanostructures is an intelligent choice to customize
a specific optical environment for manipulating optical response. Although surface plasmon
was used for intensifying light-matter interaction and enhancing optical nonlinearity, the strong
inherent radiation loss and dispersive properties of metallic plasmons severely limit the quality
(Q) factors of optical resonances. An elegant solution to suppress the radiation losses and increase
Q factors is provided by the notion of BICs. BICs were originally proposed in quantum mechanics
as localized eigenstates of single particle whose energy is embedded in the continuous eigenvalue
state solutions. Recently, BICs have attracted decent interest in the field of photonics [19]. An
ideal BIC occurs at a given value of the continuous parameter, where one of the radiation channels
disappears entirely and the Q factor becomes infinite with vanishing resonance linewidth. In
engineering practice, limited by structural size and material inherent loss, BIC modes would
collapse to leaky modes with a finite lifetime known as quasi-BICs (supercavity modes).

Inspired by the ideas above, here we propose a plasmon-MoS2 hybrid nonlinear metasurface
with multiple radiation channels induced by selectable suppressed and enhanced plasmon-
polariton resonance and BICs, which enables optional high nonlinear conversion efficiency at
several wavelength windows. Here we explore the enhanced nonlinear optical channels in the
communication band, because that a stronger enhancement of saturated absorption was observed
at the communication band than the visible region [20].

The remainder of the paper is organized as follows: In the next section, the configurations
and material parameters of the proposed metasurfaces are described. Additionally, an intuitive
interpretation for the difference between the BIC-based resonances and the ordinary plasmon-
polariton resonances is demonstrated, which helps to judge the quasi-BIC modes. In Sec. 3.1, we
verify the formation of quasi BIC in our proposed system, via the improved eigenmode analysis
for dispersive materials. In Sec. 3.2, we explain the quasi BIC from the perspective of both the
classical and quantum mechanisms. In Sec. 3.3, we further compute the enhancement of second
harmonic generation (SHG) in our proposed system, utilizing the homogenization approach.
Finally, the main conclusions are outlined in Sec. 4.

2. Principle of quasi-BIC resonance enhancement

To create large optical resonance with high sensitivity, a designated metasurface array composed
of plasmon-polariton resonators is required. Schematic and operating principle of the proposed
nonlinear metasurface are illustrated in Fig. 1. The period of unit cell Px = Py = 500 nm,
the lateral size of gold strips Lx = 400 nm, with the longitudinal size Ly1 = Ly2 = L = 120
nm (without symmetry breaking transversely) and the width w = 50 nm [Fig. 1(b)]. Here the
thickness of monolayer MoS2 is taken as hMoS2 = 0.7 nm [Fig. 1(c)], with the permittivity found
in recent works [21,22]. The model of gold permittivity is suggested in reference [23], with the
thickness hgold = 100 nm [Fig. 1(c)]. A typical planar array of split metal frames is placed on



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 5386

the monolayer MoS2 [Fig. 1(a)] for exciting singularity-associated light-trapping resonances
with two approaches of symmetry breaking [transverse and longitudinal cutoff by ∆L in Fig. 1(d)
and ∆h in Fig. 1(e), respectively]. The hybrid structure comprised of metal and MoS2 is excited
by a normally incident plane wave polarized transversely to the array symmetry axis. In the first
case, as shown in Fig. 1(f), when ∆L = 60 nm, a reflection dip appears in the infrared region (red
solid curve), compared with the symmetric structures (black dashed curve).

Fig. 1. (a) Schematics of a nonlinear plasmon-assisted MoS2 metasurfaces with multiple
radiation channels orienting towards nonlinear multiplexing. (b) Top view of a unit cell of
the targeted metasurface, where the period in x and y direction are Px and Py, the length of
side are Lx, Ly1 and Ly2, respectively, and w is the width of the metal strips. (c) Front view
of a unit cell, where hgold and hMoS2 are the thickness of the gold strips and MoS2 layer,
respectively. (d,e) Approaches for breaking symmetry in plane and out of plane, respectively.
(f) A reflection spectrum of the metasurface. The red line and black dashed line represent the
reflection with in-plane symmetry breaking by △L = 60 nm (Ly1 = 60 nm, Ly2 = 180 nm)
and without the symmetry breaking, respectively. fq−BIC and fPP indicate the light-trapping
mode fueled by BIC and a plasmon-polariton resonance mode, respectively.

The resonance responses of the hybrid meta atoms in this work are studied in the near-infrared
wavelength region, which is essential for communication and molecular spectroscopy. The strong
near-field enhancement brought by plasmon-polariton resonances can lead to great enhancement
of optical nonlinearity, thus realizing multiple high-efficiency nonlinear conversion channels
within a compact structure. Due to the inherent limitation of low quality factor imposed by strong
metallic dissipation and resistive loss, there is an acute need to gain a deeper insight into the
physics and implementation methods of BIC-based linear/nonlinear resonance responses.

First of all, starting from an intuitive interpretation for the difference between the BIC-based
resonance mode fq−BIC and the ordinary plasmon-polariton resonance mode fPP, the current
distributions inside gold strips are plotted for fPP (Fig. 2) and fq−BIC (Fig. 3), respectively. The
current density J in gold strips is obtained via the constitute relation J = ∇ × H − ∂D/∂t (details
for the simulations are elucidated in Appendix A in Supplement 1). The normal incident light with
x-direction polarization excites the (a) in-plane and (b) out-of-plane asymmetric metasurfaces,
generating in-phase current oscillations at fPP (Fig. 2) and opposite-phase current oscillations at
fq−BIC (Fig. 3), respectively.

At the plasmon-polariton resonance mode fPP, as shown in Fig. 2, via in-phase collective
current oscillations in gold strips, the eigenmodes of the system have strong dipolar momentum
and exhibit as bright or radiative modes [24], which is the most common way to generate large
resonance responses. Due to the strong linear polarization at fPP, the corresponding nonlinear
conversion efficiency induced by fPP can also be greatly enhanced.

In contrast, at the BIC-based resonance mode fq−BIC, as illustrated in Fig. 3, the current
oscillations in gold strips are in opposite directions. For an infinitely periodic arrangement of
unit cells, the opposite-phase oscillating currents could be cancelled by pairs, without affecting

https://doi.org/10.6084/m9.figshare.13626029
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Fig. 2. Distribution of current density in (a) in-plane and (b) out-of-plane symmetry-broken
hybrid unit cells at the plasmon-polariton resonance mode fPP. Parameters of the meta atom
are (a) Ly1 = 60 nm, Ly2 = 180 nm, w = 50 nm, and hgold = 100 nm (b) Ly1 = Ly2 = 120
nm, w = 50 nm, hgold1 = 120 nm, and hgold2 = 20 nm. The incident power Pin = 1 W.

Fig. 3. Distribution of current density in (a) in-plane and (b) out-of-plane symmetry-broken
hybrid unit cells at the light-capturing mode fq−BIC for the same structure described in Fig.
2.

the radiation in the far-field [25]. Therefore the opposite-phase current oscillations produce
eigenmodes with low dipolar momentum and little coupling interaction with the external field.
The difference between the current density J1 and J2 at fq−BIC leads to the radiation towards
the free space, exhibiting as a dark mode – a discrete eigenmode that manifests as a sharp
resonances with clear background spectrum. The transition from in-phase to out-of-phase current
oscillations at fq−BIC emanates from the singular nature of BIC. By breaking the non-radiating
nature of the ordinary oscillations, an abrupt energy accumulated in the current oscillations can be
emitted into the free space, with high Q factor and plain surroundings. In addition, by managing
the asymmetry degree of the unit cells, the resonance frequency and the quality factor of the
BIC-based resonance mode can be tuned, which will be presented in the following discussions.

3. Method of solution and discussion of results

3.1. Formation of quasi bound states in the continuum

The opposite-phase current oscillations illustrated in the last section is an intuitive indicator of
BIC-based resonance mode, which is associated with the singularity of BICs. Besides, via an
improved eigenmode analysis, in this part, we further prove the existence of BICs in our proposed
structures without symmetry breaking (∆L = ∆h = 0).

Due to the large imaginary dielectric permittivity of gold (ε′′gold), here we manage to attenuate
the influence of intrinsic metallic losses. Thus, with the reduced imaginary permittivity of the
system ε′′, we could have a clear look at the Q factors and eigenfrequencies in the band structure,
which is the typical approach to verify the existence of BICs.

Figure 4 presents the calculated Q factors with different ε′′ [the first Brillouin zone of the
square lattice is plotted on the upper right of Fig. 4(a)]. When the imaginary part of ε′′ is reduced
to (a) 10−5ε′′gold (b) 10−3ε′′gold and (c) 10−1ε′′gold, the corresponding Q factors would be greater
than (a) 106 (b) 105 and (c) 103 for band 2 (marked with carmine curve), protected by Γ point.
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The inset figures at the bottom of (a)-(c) show all the possible eigenmodes around 1.6µm in the
MΓ direction. For band 1 and band 3, corresponding Q factors are less than 10, whereas band
2 exhibits the representative performance of quasi BICs – calculated Q factor rises up rapidly
to an extremely large value at the symmetry point Γ. Note that, when the imaginary part of
permittivity is set to be 0, the quasi-BIC becomes genuine BIC, and thus at the BIC point, the
radiative Q factor will diverge to infinity due to the absence of loss. In other words, the total
Q value is limited by the losses in the system. Since practical applications are limited to the
quasi-BIC regime, in the following discussions, we will use the actual permittivities of metals to
study the linear and nonlinear optical responses of the proposed metasurfaces.

Fig. 4. Q factors and band structures (insets) of symmetric nanostructures (∆L = ∆h = 0
nm) with decreased metallic losses, with the imaginary part of permittivity ε′′ is reduced
to (a) 10−5ε′′gold (b) 10−3ε′′gold and (c) 10−1ε′′gold , respectively. The quasi BICs we studied
appears at the Γ point of the first Brillouin zone, with the Q factors exceeding (a) 106 (b)
105 and (c) 103, respectively.

Here we use an improved eigenmode analysis which involves with the stationary solver with
an initial solution (details are demonstrated in Appendix B in Supplement 1), because that
the tranditional eigenmode analysis in COMSOL Multiphysics cannot give the accurate eigen
solution for our proposed structure (the dispersive permittivity of the system is not clear under an
unknown eigenfrequency).

3.2. Quantum and classical explanation of quasi BIC in plasmon-MoS2 metasurfaces

Besides the typical eigenmode analysis, in this part, we further prove BICs from the perspective
of quantum and classical optics, respectively.

Firstly, beginning with the famous Fano-Anderson Hamilton which addresses the existence
of BICs, we make a quantum analogue for our proposed structure and prove the formation of
BICs. As described in Fig. 5, the light-trapping meta-atom made of gold strips is analogous to a
discrete level with state |a⟩, and the surroundings made up of free space, monolayer MoS2, and
substrate below are analogized by a common continuum with state |k⟩. All the decay channels
can be analogized as the coupling interaction between the discrete state and the continuum.

The model in Fig. 5 is described by the Hamiltonian

H = ℏωa |a⟩⟨a| +
∫

ℏω(k)|k⟩⟨k|dk + ℏ
∫

[v(k)|a⟩⟨k| + v∗(k)|k⟩⟨a|]dk (1)

where H1 = ℏωa |a⟩⟨a| and H2 =
∫
ℏω(k)|k⟩⟨k|dk are the Hamiltonian of the non-interacting

discrete (localized) state |a⟩ and continuous states |k⟩, respectively, and V = ℏ
∫
[v(k)|a⟩⟨k| +

v∗(k)|k⟩⟨a|]dk is the interacting part. Representing the wave function of the system as |ϕ⟩ =
a(t)|a⟩ +

∫
b(k, t)|k⟩dk, the coupled-mode equations of the system go as follows, with the

https://doi.org/10.6084/m9.figshare.13626029
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Fig. 5. Proposed Fano-Anderson-like model [24,26–28] to describe the system involving
with a single localized state coupled to a surrounding continuum. The upper meta-atom
made of gold strips is analogized as a defect mode with single discrete level (discrete state
|a⟩), the surrounding medium made up of MoS2, air and substrate is analogized as a common
continuum (continuous state |k⟩), and the coupling interaction is the quantum analogue for
energy decay [coupling coefficient υ(k)]. The Hamiltonian of the non-interacting discrete
and continuous sates, and the interacting part is described by H1, H2 and V , respectively.

amplitude expansion coefficient a(t) for state |a⟩, and b(k, t) for |k⟩, respectively,

iȧ(t) = ωaa(t) +
∫

v(k)b(k, t)dk (2)

iḃ(k, t) = ω(k)b(k, t) + v∗(k)a(t) (3)

where the overdot stands for the derivative in time. At the eigenstates of the system, H |ϕE⟩ =

ℏΩ|ϕE⟩, a(t) = ãe−iΩt, b(k, t) = b̃(k)e−iΩt, by introducing the density of states ρ(ω) = ∂k/∂ω,
and substituting a(t), b(k, t) into Eq. (2) and (3), we obtain:

Ωã = ωaã +
∫
ρ(ω)v(ω)b̃(ω)dω (4)

Ωb̃(ω) = ωb̃(ω) + v∗(ω)ã (5)

Using the equations above, the link between the amplitude of discrete mode and continuous
mode can be written as

ã =

∫
ρ(ω)v(ω)b̃(ω)dω
Ω − ωa

(6)

The above result corresponds to the following physics: (i) when the eigenfrequency of the
system Ω coincides with the localized energy of the discrete mode ωa, the amplitude of the
discrete state ã becomes infinitely large; (ii) for realistic cases where the amplitude ã is limited,
the coupling coefficient between the discrete state and continuous state v(ω) would be close to
zero, implying that the localized state interacts negligibly with the continuum and exhibits the
destructive interference effect [26–28].

Besides the quantum explanation as illustrated above, the quasi BICs of our proposed
metasurfaces can also be explained via the classical optics analysis. In order to investigate
classical optical correspondence of the system, the dispersion maps of reflectance with respect
to the asymmetric parameters (∆L and ∆h) are plotted as shown in Fig. 6(a,c). We observe
the Fano resonance dip of reflection around the optical communication wavelength, which
originates from the physics of BICs as a result of distortion of the in-plane (a) and out-of-plane
(c) symmetry-protected BIC. The reflection dip occurs at the eigenfrequencies of the system,
and it vanishes when the geometry becomes symmetric in both cases. In the context of in-plane
asymmetric metasurfaces [Fig. 6(a)], the quasi-BIC resonance has a small frequency displacement
to the short-wavelength band with increasing asymmetric parameter ∆L. As ∆L increases, the
bandwidth broadens, leading to lower Q factors (which we will clarify in detail later in this
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subsection). In the case of out-of-plane asymmetric metasurfaces [Fig. 6(c)], when ∆h increases,
the quasi-BIC trapped mode resonance is shifted towards the long-wavelength band, which can
be utilized for tuning the optical resonance frequencies.

Fig. 6. (a,c) Dispersion map of reflection for (a) in-plane and (c) out-of-plane symmetry-
broken metausurfaces with respect to the asymmetric parameters ∆L and ∆h, respectively.
Parameters are (a) Ly1 = (120−∆L) nm, Ly2 = (120+∆L) nm, w = 50 nm, and hgold = 100
nm (c) Ly1 = Ly2 = 120 nm, w = 50 nm, hgold1 = (100 + ∆h) nm, and hgold2 = (100 − ∆h)
nm. (b,d) Complex eigenfrequencies at Γ point in band structure for (b) in-plane and (d)
out-of-plane symmetry-broken meta atoms. Each point represents the eigenmode of the
hybrid meta-atom, calculated for different asymmetric parameters (b) ∆L and (d) ∆h, plotted
with real part on the vertical axis and imaginary part on the horizontal.

The reflection maps in Fig. 6 also show the differences between plasmon-polariton resonances
and quasi-BIC resonances. In symmetric systems when ∆L = 0 (∆h = 0), the former one
(ordinary plasmon-polariton resonance) always exists in visible spectrum range, while the latter
one (quasi-BIC-based trapped mode resonance) disappears within the infrared wavelength region.
By introducing the asymmetric factor (∆L, ∆h) either in plane or out of plane, a light-trapping
mode resonance can be formed in the infrared spectrum wavelength with a clean background.

In addition, different from a true BIC achieved in ideal lossless and infinite structures (closed
system) with real eigenmode frequency and vanishing resonance width, in lossy metals (open
systems), BICs collapse into quasi-BICs with complex eigenfrequencies. The eigenmode analysis
(for details see Appendix B in Supplement 1) we applied for calculating eigenfrequencies stems
from the eigen equation (Maxwell’s equation in discrete Fourier space): ∇× (∇×E) − k2

0εrE = 0,
where the field E is in the time-harmonic representation, E(r, t) = Re(E(r)e−iωt), which includes
a complex parameter ω in the phase - the real part represents the eigenfrequency and the
imaginary part is responsible for losses. It can be seen in Fig. 6(b, d) that the eigenfrequencies
for in-plane and out-of-plane asymmetric metasurfaces have various complex eigenfrequencies
with different asymmetric parameters ∆L (∆h) = 20, 40, 60 nm. The real parts and imaginary
parts of the eigenmode frequencies are responsible for the resonance positions (trapped mode
frequency fq−BIC) and linewidths (damping) of corresponding reflectance maps, respectively. The
Q factor of the system can be derived from the eigenmode frequencies, approximate to the ratio
between real part and imaginary part of eigenfrequencies [20]. There is a variation of Q factors
when the unit-cell asymmetry changes - specifically, the Q factor of in-plane (out-of-plane)
symmetry-broken meta-atoms decreases when the asymmetric parameter ∆L (∆h) gets larger.

In the context of in-plane symmetry-broken meta-atoms, the real part of eigenfrequency
gets larger when ∆L increases [Fig. 6(b)], corresponding to the results in Fig. 6(a) - the
optical resonance shifts to the short-wavelength band with increasing asymmetric parameter
∆L. In addition, the imaginary part of eigenfrequency also gets larger with increasing ∆L,
which corresponds to broader bandwidth with larger ∆L illustrated in Fig. 6(a). The Q factors
are about 54, 33, 24 for ∆L = 20, 40, 60 nm, respectively, calculated from Fig. 6(b). Under
the circumstance when the symmetry of meta-atom is broken out of plane, the real part of
eigenfrequency decreases when ∆h increases [Fig. 6(d)], which corresponds to the result in

https://doi.org/10.6084/m9.figshare.13626029
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Fig. 6(c) - the optical resonance has a displacement to the long-wavelength band with larger
∆h. Moreover, the imaginary part increases when ∆h increases, which also agrees with Fig.
6(c) - the bandwidth broadens with increasing asymmetric degree. In this case, the Q factors
are approximately 36, 29, 22 for ∆h = 20, 40, 60 nm, respectively, calculated from Fig. 6(d).
Normally due to the large damping rates (γ ∼ 1013 − 1014 Hz) of metals [24], the propagating
plasmons in infrared band decay very quickly. Nevertheless, the BIC-inspired Fano resonances
shown in Fig. 6(a,c) could clearly increase the lifetime of plasmon oscillations (magnitude
of picosecond), with the imaginary part of eigenfrequency being around 1012 Hz magnitude.
Therefore, with enhanced lifetime of plasmons, the BIC-based Fano resonances would give rise
to an accumulation of field intensity at metal surfaces (hot spots), which could be adopted for
further enhancing the nonlinear optical processes.

3.3. Enhanced nonlinear optical channels in communication band

The enhancement of optical nonlinearity mainly comes from two sources: The first source is
the near-field localization inspired by plasmons [29]. The absorption strongly depends on the
near field intensity under saturation. Under the saturated level, the stronger the linear field
(absorption), the stronger the nonlinear one (second-order susceptibility). It can be seen in Fig.
7(a,e) that, by introducing an asymmetric element either in plane or out of plane, an appreciable
absorption occurs in the infrared band. Moreover, the bandwidth of absorbance broadens with
increasing asymmetric parameters, which corresponds to the analysis of Q factors in Sec. 3.2
– larger asymmetric degree makes Q factor decreases whereas damping increases, and thus
widening the bandwidth of the optical response.

Fig. 7. (a,e) Evolution of the absorbance spectra with respect to (a) in-plane and (e)
out-of-plane asymmetric parameter ∆L and ∆h, respectively. Parameters are the same as the
structure described in Fig. 5. The bandwidth broadens with increasing asymmetric parameter.
(b,f) Dispersion map of absorbance vs (b) in-plane and (f) out-of-plane antisymmetric
parameter ∆L and ∆h. (c, d, g, h) Cross section of electric field mode profile distribution at
(c,g) z = 0 nm and (d,h) x = 200 nm for the two generic metasurfaces at fq−BIC. [(c,d) - in
plane; (g,h) - out of plane symmetry breaking] Enhancement of E field can be up to 108 at
hot spots as displayed in the colorbar.

In addition to the field localization, another factor which improves the nonlinear optical process
in infrared band is the Fano resonance brought by in-plane or out-of-plane symmetry breaking
in geometry. In accordance with the reflectance map presented above, the dispersion maps
of absorbance of in-plane and out-of-plane symmetry-broken metasurfaces are given in Fig.
7(b) and Fig. 7(f), respectively. In contrast to the reflectance spectrum which exhibits dips



Research Article Vol. 29, No. 4 / 15 February 2021 / Optics Express 5392

at resonances, the absorbance spectrum displays peaks, with a frequency shift under the same
geometrical parameter ∆L (∆h). The frequency shift between absorbance peaks and reflectance
dips would introduce another Fano response in the transmission spectrum, which enhances the
localized field furthermore.

On account of the above factors, the E field at the resonance mode fq−BIC can be enhanced by
up to 108 orders of magnitude as compared to the incident field E0, which is also indicated in
Fig. 7(c,d,g,h). Inside the metal strips, the field is negligible, due to the field shielding effect of
metal. However, at the interface between metal and dielectric (air/MoS2), there is ultra intensive
localized near field driven by field confinement of plasmons and BIC-based Fano responses. With
such a strong localization of the electromagnetic field at the hot spots, the nonlinear response of
frequency converting materials (monolayer MoS2 in our case) positioned near hot spots can be
greatly enhanced.

With intrinsically broken crystal inversion symmetry and large second-order nonlinear re-
sponses, monolayers of transition-metal dichalcogenides such as MoS2 have shown great promise
for future nonlinear light sources [30–32]. With the field enhancement effect stated above, the
second harmonic generation efficiency of MoS2 can be boosted furthermore, via placing on hot
spots. To measure the enhancement of the optical nonlinearity of frequency-conversion systems,
an important physical quantity - nonlinear susceptibility tensor, is taken into account [33,34]. We
firstly describe the electric field of the generated second harmonic light E(2ω) in terms of the
second-order susceptibility χ(2) and input light E(ω):

E(2ω) = ς χ(2) : E(ω)E(ω) (7)

where ω is the input signal frequency, 2ω is the second harmonic frequency and ς denotes a
proportionality coefficient that contains local field factors determined by the local dielectric
environment. For single layer MoS2 with D3h point group symmetry, the second-harmonic
susceptibility tensor has only one nonvanishing element: χ(2)MoS2 ≡ χ

(2)
xxx = −χ

(2)
xyy = −χ

(2)
yyx = −χ

(2)
yxy

, thus calculating one element of susceptibility tensor χ(2)xxx is adequate for analyzing second
harmonic generation (SHG) efficiency [35,36]. Utilizing the homogenization method, the
effective nonlinear response of the monolayer MoS2 can be derived from the spatial overlap
integral between fields within the structure by probing light at fundamental modes with specific
polarization combinations averaged over the monolayer MoS2 [34,37–40]:

χ(2)
eff ,xxx =

1
V

∫
V χ

(2)
xxx(r)Ex(r)Ex(r)dr3

1
V

∫
V Ex(r)dr3 · 1

V

∫
V Ex(r)dr3

(8)

where Ex is the x component of the near field excited in MoS2, and V is the volume of monolayer
MoS2. Thus the enhancement of second-order susceptibility in MoS2 can be represented as

η =

∫
V

VEx(r)Ex(r)dr3/

[︃∫
V

Ex(r)dr3
]︃2

(9)

Calculations of χ(2) enhancement in MoS2 are summarized in Fig. 8(a) and (b), for the in-plane
and out-of-plane asymmetric metasurfaces, respectively. One important result inferred from the
presented data is that, a remarkable enhancement of second-order nonlinearity occurs within the
plasmon resonance region. In particular, the maximum SHG efficiency enhancement can be up to
125 and 81, corresponding to in-plane, and out-of-plane asymmetric structures, respectively. With
increasing asymmetric parameters ∆L and ∆h, the peak values of χ(2) enhancement decrease,
for these two generic metasurfaces, respectively. Since χ(2) around fPP can also be enhanced
by orders of magnitude through the field localization effect, the nonlinear susceptibilities of the
metasurfaces can be improved at different wavelength channels, which provides a promising
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Fig. 8. (a, b) Wavelength dependence of the enhancement of second-order susceptibility in
MoS2 determined for the (a) in-plane, and (b) out-of-plane asymmetric plasmon structures
on top of MoS2, with various asymmetric parameters ∆L and ∆h, respectively. (c) Schematic
model of the proposed plasmon-MoS2 system, with the SHG process. The two-way arrows
mark all the coupling interactions in the system, which includes the interaction of the plane
wave source with plasmon, plasmon with molecule, and fundamental plasmon mode with
second-order plasmon mode. |a1⟩ and |a2⟩ denote the fundamental and second-order modes
of plasmons, respectively, |k⟩ and |0⟩ denote the excited state and ground state of MoS2
molecules, respectively. εp in Hdrive is a coefficient proportional to the amplitude of driving
plane wave.

route for high-efficiency wavelength-multiplexed nonlinear optical signal processing that could
be integrated on a nanoscale structure.

Moreover, it can also be observed that differs from the absorbance spectra in Fig. 7(a,e),
the spectra of SHG nonlinearity enhancement show a Fano-like behavior – exhibiting both
enhancement and suppression phenomena for the SHG process, which was also observed in the
experiments [41]. The suppresion phenomenon can be simply interpreted by the fact that the
transparency fuelled by BIC-based Fano resonance does not permit excitation on conversion
state, essentially due to destructive interference effect in the linear response. To give a rigid
mathematical explanation, a quantum model is set up as follows, for the SHG process in our
system.

Described in Fig. 8(c), we present an analogic quantum model for the SHG process. An
incident wave with pump frequency ω couples to the fundamental plasmon mode |a1⟩ with
oscillations e−iωt, and creates a second-order mode |a2⟩ with frequency 2ω oscillating with
e−i2ωt. MoS2 molecules are positioned at the hot spots, leading to strong coupling interaction
with plasmons. Here since we only consider the SHG-associated effect, the coupling between
molecule and fundamental plasmon mode |a1⟩ is ignored (namely v1 = 0) in the following
discussions.

Beginning with our analysis from the Hamiltonian which signifies all the dynamic processes
within the system, the Hamiltonian of the system can be represented as the sum of the five terms:
Hdrive (the interaction of the incident pump with the fundamental plasmon mode |a1⟩), HSHG (the
SHG process involving with modes |a1⟩ and |a2⟩), Hplasmon (the energy of plasmons), Hcouple
(the interaction of the second harmonic generated plasmons with MoS2 molecule), and HMoS2
(the energy of MoS2 molecules). Applying the Heisenberg equation and replacing |a⟩ with
corresponding complex amplitude a as performed in Sec. 3.2, the equations of motion (EOM) in
time domain can be attained as follows:

ȧ1 = (−iω1 − γ1)a1 − i2χ(2)a∗1a2 + εpe−iωt (10)

ȧ2 = (−iω2 − γ2)a2 − iχ(2)a2
1 − iv2ρ0k (11)

̇ρ0k = (−iωk0 − γk0)ρ0k + iv2a2(ρkk − ρ00) (12)

ρ̇kk = −γkkρkk + iv2a∗2ρ0k − ia2ρ
∗
0k (13)
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where the decay rates of plasmons γ1,2 and molecules γkk are introduced, corresponding to the
imaginary element of complex eigenmodes. The typical damping rates for molecules γkk are
approximate to 1012 Hz, and around 1012 Hz for plasmons in our case [42–46]. For steady-state
eigenmodes, switching the time-domain EOM to the frequency domain, via taking the forms
a1(t) = ã1e−iωt, a2(t) = ã2e−i2ωt, ρ0k(t) = ρ̃0ke−i2ωt, ρkk(t) = ρ̃kk, the frequency-domain EOM
are

[i(ω2 − 2ω) + γ2]ã2 + iχ(2)ã2
1 = −iv2 ρ̃0k (14)

[i(ωk0 − 2ω) + γk0]ρ̃0k = iv2ã2(ρ̃kk − ρ̃00) (15)

eliminating the irrelevant variable ρ̃0k in the above equations, we can find the relationship between
the SH generated mode and the fundamental mode, that is

ã2 =
iχ(2)

v2
2(ρ̃kk−ρ̃00)

i(ωk0−2ω)+γk0
− [i(ω2 − 2ω) + γ2]

ã2
1 (16)

Turning our attention to the denominator of the ã2 vs. ã1 relationship equation, the first term
v2

2(ρ̃kk − ρ̃00)/γk0 could reach an ultra large value on resonance ωk0 = 2ω. The underlying
reason is that when excited on resonance, the molecule exhibits extremely narrow linewidth
as compared to the unexcited states, making γk0 extremely small. Thus, the ultra largeness
of v2

2(ρ̃kk − ρ̃00)/γk0 dominates the denominator of this relationship equation, resulting in the
suppression phenomenon in the SHG process presented in Fig. 8(c). Importantly, the suppression
effect on optical nonlinearity can be used for prohibiting undesired conversion process at certain
wavelength region, thus bringing in a narrower linewidth.

4. Conclusion

In summary, we have proposed a multiplexing-oriented plasmon-assisted MoS2 metasurface with
the nonlinear signals could individually tuned. The novelty in our study starts from introducing
of a quantum oscillator that can be adopted to both suppressand enhance the nonlinear quasi BICs.
Via in-plane and out-of plane symmetry breaking in the meta atom, a BIC-based radiating modes
can be excited in optical communication band with high Q factors. The out-of-plane asymmetric
structure presents frequency tunability as compared to the in-plane asymmetry case, by shifting
asymmetric parameters. In addition, we have also demonstrated the difference between the
BIC-based resonance and the ordinary plasmon-polariton resonance, from the perspective of
both classical and quantum mechanisms. Moreover, utilizing the well-known homogenization
approach, we further computed the SHG enhancement of MoS2 metasurfaces driven by the
quasi-BIC mode, and demonstrated that the enhancement of second-order nonlinear susceptibility
can be up to 2 orders of magnitude, which is promising for bringing in extra SHG channels for
wavelength-multiplexed nonlinear applications.

We also analyzed the Fano-like phenomenon for optical nonlinearity. A suppression of
nonlinear response occurs for in-plane and out-of-plane metasurfaces proposed in this study,
driven by the destructive interference effect. Also, a quantum model was proposed to explain the
reason of suppression. In the end of this work, we gave a suggested fabrication procedure for the
asymmetric structures we proposed, which may facilitate relevant experimental verifications of
our proposal. Finally, extension of our ideas to topological photonics and ultrafast laser optics
may be promising for realizing highly integrated optical networks [47,48].
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