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We theoretically investigate boosting second-harmonic gen-
eration (SHG) of monolayer van der Waals crystals by
employing flatband modes hosted by photonic moiré super-
lattices. Such a system with high quality factor and a
monolayer crystal accommodated on the top of it, provides a
unique opportunity to enhance and manipulate SHG emis-
sion. We show that employing a doubly resonant diagram
on such a moiré superlattice system not only boosts the
SHG, but also tunes the directional emission of the second-
harmonic wave. Moreover, we demonstrate that a structured
beam illumination could further boost SHG, with the phase
structure retrieved through a two-beam second-harmonic
interference configuration. These results suggest the flat-
band modes in moiré superlattice as a promising platform
for boosting SHG with monolayer van der Waals crystals,
offering new possibilities for developing compact nonlinear
photonic devices.
© 2022 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement
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Moiré fringes or moiré patterns emerge when superposing two
slightly different periodical patterns. The moiré superlattices
host exotic electronic states in condensed-matter systems, lead-
ing to many salient physical phenomena, such as magic-angle
graphene [1], moiré excitons [2], fractional Chern insulator [3],
etc. By employing the correspondence between electronic waves
and light waves, a surge of effort has been devoted recently to
exploring moiré physics in optics [4–13], showing promising
breakthroughs both fundamentally and practically. The flatbands
hosted by moiré superlattices is a remarkable feature that can be
achieved by tuning the twisting angles (“magic angles” [12]),
as well as by scanning the separations between the bilayer pho-
tonic slabs (“magic distances” [14]). The flatbands has been
reported in mismatched hexagonal-lattice metacrystals [10],
twisted bilayer honeycomb photonic crystals [7,12], and mis-
matched bilayer 1D photonic crystal slabs [14]. These flatbands

are related to localized modes in moiré superlattices, and there-
fore are of great interest for enhancing light–matter interactions,
such as lasing and optical nonlinear processes.

In nonlinear optics, second-harmonic generation (SHG) is a
widespread method for coherently manipulating the wavelength
of light, key for applications such as light-source generation,
imaging, and sensing [15]. Recently, SHG with monolayer van
der Waals crystals has received a lot of interest, since these
2D material monolayers offer remarkable optical features such
as room-temperature stable excitons [16], optical chiral respon-
sivity [17–20], and large and tunable nonlinear susceptibility
[21–27]. However, due to their sub-nanometer thickness, mono-
layer van der Waals crystals unavoidably exhibit low SHG
efficiency. There is a high demand for boosting the SHG of 2D
material monolayers. Several pioneer works have demonstrated
enhanced SHG with plasmonic resonant structures [18,28–30],
optical waveguides [31], dielectric metasurfaces [32,33], pho-
tonic crystals [34–36], nanowires [37], topological photonic
crystals [38–40], etc.

This work concerns a theoretical study of boosting the SHG
of monolayer van der Waals crystals with flatband modes in a
moiré superlattice. We show that merely with a single isolated
cell of the moiré superlattice, the flatband mode exhibits high
quality factor, and thus could significantly boost the SHG of
monolayer van der Waals crystals. Notably, we have consid-
ered a flatband mode relatively stable against a change of the
thickness of the slabs. This feature makes it possible to tailor
a doubly resonant diagram for further enhancing the SHG, as
well as tuning the directional emission of the second-harmonic
wave (SHW). The SHG enhancement is found to be dependent
on the incident angle of the fundamental wave (FW), due to the
complex far-field features of the flatband mode. Moreover, it is
shown that structured beam illumination with the phase struc-
ture obtained from two-beam second-harmonic interference can
further boost the SHG. These results open new possibilities for
SHG with monolayer van der Waals crystals based on photonic
moiré superlattices.

We consider a mismatched bilayer silicon photonic system,
with each layer being a 1D photonic crystal slab as shown in
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Fig. 1. (a) Moiré superlattice via stacked bilayer photonic crystal
slabs. (b) Band structure of the moiré superlattice with h= 0.3a0.
Here, km = 2π/aM . (c) Field distribution of the FB 2 mode at kx = 0
with h= 0.3a0.

Fig. 1. The unit cell size is a1 for the top slab (Slab 1) and
a2 for the bottom slab (Slab 2). The width of the dielectric
strip is set to be wj = gw aj (j = 1, 2), with gw fixed at 0.4.
The size of the moiré superlattice is aM = Na1 = (N − 1) a2 for
the commensurate configuration. Without losing generality, the
integer N is fixed to be 14 here. The thickness of both photonic
slabs is set as h = gh a0, with a0 = (a1 + a2)/2. By tuning h, the
interlayer coupling of the bilayer system changes accordingly,
leading to flatbands at different eigenfrequencies. Figure 1(b)
shows the band structure of the superlattice with h= 0.3a0, where
the three lowest flatbands are marked. Here, we focus on the FB
2 mode that resides mostly in the top slab [Fig. 1(c)], and is
more tightly confined compared with FB 1 and FB 3 modes (see
details in Sect. 1 of Supplement 1). Due to the flatband nature,
the FB 2 mode can be hosted in a single isolated cell of the
moiré superlattice, showing high quality factor Q up to 70,000
[see Fig. S3(a) in Supplement 1 ], and thus offers the possibility
of enhancing the SHG of monolayer van de Waals crystals.

Here, a WS2 monolayer (thickness∼ 0.618 nm) is considered
to be placed on the top of Slab 1, as shown in the inset of
Fig. 2(a). The armchair crystal direction of WS2 is aligned along
the z axis (parallel to the silicon strip), the same as the polariza-
tion direction of the FW. Consequently, the effective nonlinear
susceptibility of the WS2 monolayer is χ(2)zzz [20,41], giving rise
to second-order polarizability as
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where Ez
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)︂
denotes the electric field of the FW and ε0 is

the vacuum permittivity. This configuration leads to a second-
harmonic emission with the same polarization as the FW. The
nonlinear susceptibility of the WS2 monolayer χ(2)zzz is set as
100 pm/V in the full-wave simulation. Additionally, we consider
the SHG for converting a∼1560 nm FW to a∼780 nm SHW. The
refractive index of the WS2 monolayer is set as 3.48+ 0.08i at
∼1560 nm and 3.85+ 0.20i at∼780 nm [42]. The refractive index
for the silicon is set as 3.47 at ∼1560 nm [43] and 3.7+ 0.006i at
∼780 nm [44]. After placing the WS2 monolayer, the absorptive
WS2 monolayer decreases the quality factor Q of the flatband
mode [Fig. 2(a)]. Nonetheless, the flatband mode keeps the
localization feature [see Fig. S3(c) in Supplement 1].

Fig. 2. (a) Quality factor Q of the FB 2 mode, with WS2 mono-
layer accommodated on top of the moiré superlattice. The line is
a guide for the eye. (b) Enhancement of SHG with slab thickness
h= 0.5a0. (c) Far-field distribution of the SHW |Efar(θ)| with inci-
dent angle of the FW at 9° (h= 0.5a0). (d) Far-field emission patterns
of the SHW |Efar(θ)| with the excitation light incident at an angle of
9° (doubly resonant diagram with h= 0.365a0).

For SHG, we considered a quasi-plane beam for exciting the
WS2 monolayer [see Fig. S4(a) in Supplement 1 ], with the
width of the incident angle of 2° and intensity of 0.1 GW/cm2.
At the normal incidence with the same quasi-plane FW, a
free-standing WS2 monolayer gives a constant SHG efficiency
P2ω/Pω = 0.445 × 10−10 within the spectral range of interest.
Here the full-wave simulation is done with undepleted pump
approximation. In the moiré superlattice configuration (slab
thickness h= 0.5a0 and aM = 4.8 µm), we scanned the incident
angle of the quasi-plane FW from −29° to 29° at a step of 2°
in the xy plane, and monitored the total power of the SHW in
the far-field domain within [−30°, 30°]. The SHG efficiency is
calculated with the power of the FW at normal incidence, and
the enhancement of SHG [Fig. 2(b)] is obtained by dividing the
SHG efficiency of a free-standing WS2 monolayer. The enhance-
ment is dependent on the incident angle and the wavelength of
the excitation light. At resonant excitation with 1561.8 nm FW,
the SHG is significantly enhanced at several incident angles.
This incident angle dependence is related to the complex far-
field pattern of the flatband mode [see Fig. S3(b) in Supplement
1 ]. The maximum enhancement factor is around 600 within the
scan range, indicating that the SHG efficiency is enhanced up to
2.67 × 10−8. The near-field distribution of the SHW can be found
in Fig. S4(b) in Supplement 1. Besides, the far-field emission
pattern shown in Fig. 2(c) indicates the emission directionality
of the SHW, which originates from the interaction between the
nonlinear polarization of WS2 and the moiré superlattice.

Since the FB 2 mode keeps a high Q while scanning the thick-
ness of the moiré superlattice [Fig. 2(a)], this feature enables us
to design a doubly resonant diagram for further boosting SHG.
To achieve resonances at both the fundamental and harmonic
waves, we have checked the eigenmodes with eigenfrequencies
near twice that of the FW. Particularly, we focused on the eigen-
modes with a strong directional far-field lobe along the y axis.
With these considerations, we found that the case with a slab
thickness of 0.365a0 (aM = 5.2 µm) fulfills the doubly resonant
condition when the wavelength of the FW is 1560.1 nm. The
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Fig. 3. Far-field emission pattern in (a) the focused beam configu-
ration and (b) the structured beam configuration. Here, h= 0.365a0.
(c) Two-beam second-harmonic interference diagram for phase
retrieval. (d) Retrieved phase φ0(θ) for the whole scan range. The
inset shows a fitting curve (θref = 9◦ and θ = −9◦) using Eq. (3) in
the phase retrieval process.

quality factor for the SHW resonant eigenmode is 16.5, and its
far-field patterns can be found in Fig. S5(a) in Supplement 1.
We did a full-wave simulation to get the SHG efficiency ver-
sus the incident angle, with other settings the same as above.
The maximum enhancement is larger than 3000 [see Fig. S5(b)
in Supplement 1 ], and is higher than that with a thickness of
0.5a0, although the quality factor of the flatband mode is lower
than that with 0.5a0 shown in Fig. 2(a). In addition to this pro-
nounced enhancement, the doubly resonant diagram leads to a
more directional emission of the SHW shown in Fig. 2(d), indi-
cating the possibility of controlling the directional emission of
the SHW. This result has been further confirmed with another
doubly resonant diagram (see Fig. S6 in Supplement 1 ).

To excite the flatband mode in a finite-size moiré superlattice
(here for a single isolated cell), a spatially confined beam could
be more efficient than a plane wave. To investigate the focus
configuration for enhancing SHG, we considered a doubly res-
onant diagram with h = 0.365a0. The focused beam is built by
superposing plane waves with θinc in the range [−30°, 30°], and
with the same total power as the quasi-plane wave. Again, all
other settings are kept the same as above. We obtained a SHG
enhancement of 344 with the focused beam excitation, which
is not high compared with that obtained with quasi-plane-wave
excitation (∼3000). Therefore, simply sending a focused beam
to the moiré superlattice does not necessarily improve the SHG
efficiency. The reason lies in the fact that different plane waves
may lead to destructive excitation of the flatband mode, due to
the complex far-field pattern of the flatband mode [Fig. S3(b)
in Supplement 1 ]. Besides, the far-field emission pattern of the
SHW [Fig. 3(a)] exhibits less directionality as compared with
that excited with the quasi-plane wave [Fig. 2(d)].

To circumvent this issue, we propose a two-beam second-
harmonic interference configuration [Fig. 3(c)] for generating a
structured incident beam. The structured beam leads to construc-
tive excitation of the flatband mode with multiple plane waves
incident from different angles. In this case, we kept the total
power of the structured beam the same as that of the focused
beam, and obtained a SHG enhancement of 5.4 × 105, much
higher than the enhancement in the focused beam case. The

far-field emission pattern of the SHW is shown in Fig. 3(b),
indicating that the directional emission is recovered compared
with the focused beam case.

To get the phases for structured beam illumination, we
numerically implemented a phase retrieval procedure based on
two-beam second-harmonic interference schematically shown
in Fig. 3(c). This phase retrieval process can also be imple-
mented experimentally with an interferometer or with a spatial
light modulator placed at the Fourier plane of the moiré super-
lattice. In the two-beam configuration, the first plane wave at
an angle θref is used as a reference beam, the phase of which
keeps unchanged. On the contrary, the phase of the plane wave
at angle θ is scanned equidistantly as {0, 2π/9, . . . , 16π/9}.
Simultaneously, the intensity of the SHW emitted to the far field
is monitored within the angle range of [−30°, 30°]. Theoret-
ically, the SHW intensity is proportional to the superposition
probability of the nonlinear two-photon amplitudes at the WS2

monolayer, expressed as

I2ω ∝

|︁|︁|︁|︁ Aref · Aref + Ascan(θ)ejϕscan · Ascan(θ)ejϕscan

+2Aref · Ascan(θ)ejϕscan

|︁|︁|︁|︁2. (2)

Here, Aref denotes the complex amplitude of the flatband mode
that is excited by the reference wave while Ascan(θ) denotes the
complex amplitude excited by the scanning wave. Phase φscan is
the modulating phase loaded on the scan wave. Equation (2) can
be rewritten as

I2ω ∝ B0 + B1 cos(φscan + φ0(θ))

+ B2 cos(2φscan + 2φ0(θ)),
(3)

where φ0(θ) is the phase difference between the two
complex amplitudes Aref and Ascan(θ), B0 = |Aref |

4 + |Ascan |
4 +

4|Aref |
2 |Ascan |

2, B1 = 4|Aref |
3 |Ascan |+4|Aref | |Ascan |

3, and B2 =

2|Aref |
2 |Ascan |

2. By employing Eq. (3) for fitting the two-beam
second-harmonic interference results, one can get the phase
φ0(θ) for each scan beam. An example fitting result is shown
in the inset of Fig. 3(d), together with the full-wave simulation
data points. The overall retrieved phases at different scan angles
are shown in Fig. 3(d). With the retrieved phases φ0(θ), −φ0(θ)
are loaded on the multiple incident plane waves at different
angles θ within [−30°, 30°], generating a structured beam inci-
dent on the isolated cell of the superlattice. This structured beam
then constructively excites the highly confined flatband mode,
responsible for the enhanced SHG and the directional emission
of the SHW shown in Fig. 3(b).

We note that the separation between the two photonic slabs
may affect the quality factor Q of the flatband mode, and a
detailed exploration can be found in Fig. S7 in Supplement 1.
Generally, by significantly changing the separation, the appear-
ance and disappearance of the flatbands will be observed in
moiré superlattices [12,14], indicating the separation and the
thickness of the photonic slabs can be jointly tuned for obtain-
ing the flatband modes. Moreover, the 2D monolayer can also be
located at different interfaces of the moiré superlattice, as long
as there is sufficient overlap between the 2D monolayer and the
flatband mode. The change of the location of the 2D monolayer
could lead to a change of the second-harmonic emission, since
the optical path of the emitted SHW has also changed. Certainly,
the moiré superlattices could be constructed by using other kinds
of slightly mismatched 1D or 2D periodical photonic structures
[7,10,12,14]. By tuning the structural parameters such as the
thickness, the separation, and the rotation angles, the flatbands
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can be obtained, offering flexible choices for different practi-
cal situations. Our work on SHG may provide a first attempt to
exploit these intriguing modes to empower nonlinear optics.

In conclusion, we have theoretically demonstrated that the
flatband hosted by a moiré superlattice can be a valuable resource
for boosting SHG with monolayer van der Waals crystals. The
quality factor of the flatband mode is limited by the absorption
coefficient of the WS2 monolayer but still leads to enhanced
SHG by a factor >600 with plane-wave excitation. Besides, a
doubly resonant diagram is investigated which not only further
boosts SHG but also controls the directionality of the second
harmonic emission. Moreover, a two-beam second-harmonic
interference is proposed for generating a structured beam for
exciting the moiré superlattice, such that the SHG is enhanced
up to 5.4 × 105 times. Our results show the promising potential
of moiré flatbands for boosting SHG, opening new possibilities
for exploring moiré photonics in nonlinear optics.
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