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Ultrafast all-optical switching in nonlinear
3R-MoS2 van der Waals metasurfaces
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Second-order nonlinear optical processes are fundamental to photonics, spectroscopy, and
information technologies, with material platforms playing a pivotal role in advancing these
applications. Here, we demonstrate the exceptional nonlinear optical properties of the van der Waals
crystal 3R-MoS2, a rhombohedral polymorph exhibiting high second-order optical susceptibility (χ(2))
and remarkable second-harmonic generation (SHG) capabilities. By designing high quality factor
resonances in 3R-MoS2metasurfaces supportingquasi-bound states in the continuum (qBIC), we first
demonstrate SHG efficiency enhancement exceeding 102. Additionally, by using degenerate pump-
probe spectroscopy, we harness the C3v system’s symmetry to realize ultrafast SHG polarization
switching with near-unity modulation depth. The operation speeds are limited only by the excitation
pulse duration, allowing its characterization via the nonlinear autocorrelation function. These findings
establish 3R-MoS2 as a transformative platform for nanoscale nonlinear optics, offering large
conversion efficiencies and ultrafast response times for advanced pulse measurement devices,
integrated photonics, and quantum technologies.

The class of van der Waals (vdW) materials, particularly in the form of
atomically thin two-dimensional (2D) layers, has emerged as a versatile
platform for nanoscale optical devices1. Their exceptional linear and
nonlinear optical properties, combined with substrate affinity and engi-
neering of layers stacking order, make them highly attractive for appli-
cations in integrated photonics2. Among nonlinear processes, second-
order effects such as second harmonic generation (SHG) have been
extensively used in 2D materials for structural and optical
characterization3,4, frequency conversion5, and all-optical modulation6.
More recently, the optical properties of multilayered films of transition
metal dichalcogenides (TMDCs) have sparked interest in the nanopho-
tonics community owing to their high refractive indexes7, large optical
anisotropy8 and deterministic manipulation of material layers9. These
properties opened extensive studies on the use of TMDCs as building
blocks of optically resonant nanostructures10–12. Several structures, such as
waveguides13, optical resonators14, and metasurfaces15–17 have been rea-
lized directly from exfoliated TMDCs multilayers. Moreover, the reali-
zation of lasing regime18, strong light-matter coupling16,17, and
spontaneous parametric down-conversion (SPDC)19 in photonically
engineered multilayered vdW materials hold promise for transforming
the design principles of nanophotonic architectures.

However, the common 2H phase of multilayer TMDCs is inversion
symmetric20, canceling second order nonlinear responses and limiting
opportunities for more practical photonic devices based on vdWmaterials.
At the same time, the overall SHGefficiencies inmonolayerTMDCs remain
low, due to their atomic thickness and the limited interaction time with the
excitation field21,22, posing a limit to practical applications. Early studies on
SHG in TMDC polymorphs revealed the rhombohedral 3R phase as a
promising platform for nonlinear optics23, due to its exceptionally large
second-order nonlinear susceptibility (χ(2) > 400 pm/V)20, significantly
exceeding that of the 2H phase24. This layer-independent nonlinearity has
positioned 3R-TMDCs at a focal point for nonlinear optics25 and rising
candidates for nanophotonic applications based on vdW materials26.
Mechanically exfoliated 3R-TMDCs exhibit exceptionally high SHG effi-
ciencies, up to 0.03%via periodic poling19, rivalling or surpassing established
nonlinear materials27, while recent advances in layer engineering, such as
twist phase matching, have demonstrated enhanced SHG efficiencies by
exploiting interlayer rotational alignment in 2D materials28,29, highlighting
the unique potential of vdW heterostructures for tailored nonlinear optical
responses. Moreover, the high refractive index of 3R-TMDCs enables effi-
cient SHwaveguiding on lower-index substrates30, and the process of SPDC
has been demonstrated in 3R-TMDCs, enabling entangled photon pair
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generation for quantumoptics applications19,31,32.While exfoliation remains
a valuable tool for proof-of-concept demonstrations, recent advances in
large-area nanofabrication and growth techniques33 offer promising path-
ways for scalable production ofmetasurfaces compatible with vdWmaterial
integration, positioning 3R-TMDCs as a versatile and scalable platform for
nonlinear photonics.

A key strategy to further enhance the nonlinear optical response of
dielectricmaterials, beyond relying solely on their intrinsic properties, is the
engineering of multipolar optical resonances through nanostructuring into
single nanoparticles or metasurfaces10,34. This approach increases the local
electromagnetic field amplitude and interaction time, leading to significant
enhancements in both linear and nonlinear optical properties35. In parti-
cular, nanophotonic engineering has been successfully applied to exfoliated
3R-TMDCs, resulting in SHG enhancements in individual nanodisks36,
periodic arrays37, and guided modes in two-dimensional metasurfaces38.
While providing ways to increase material nonlinearities, these nanopho-
tonic approaches lacks tunability as they are restricted to geometrical
resonances introduced in the material layer. A novel approach leverages
symmetry-broken metasurfaces based on quasi-bound states in the con-
tinuum (qBICs)39 which provide a widely tunable and highly efficient fra-
mework for enhancing nonlinear optical interactions. By supporting high
quality (Q) factor resonances with wide spectral tunability, qBIC meta-
surfaces enable strong field confinement and selective SHG enhancement at
resonance, making them an ideal platform for nonlinear photonics
applications40,41. Furthermore, the symmetry properties of 3R-TMDCs
shape their nonlinear response.While the in-plane crystal symmetry of 3R-
MoS2 (C3v) is analogous to that of monolayers (D3h), the absence of a
horizontal mirror plane (σh) allows for an out-of-plane SHG component.
Ultrafast SHG control has been previously demonstrated in D3h

monolayers6, yet all-opticalmodulation inC3v systems remains unexplored.
Despite significant advancements inTMDC-basednanophotonics for light-
matter interaction applications, the role of qBICs in enabling ultrafast
optical control of nonlinear responses in 3R-TMDCmetasurfaces remains
largely unaddressed.

In this work, we combine the intrinsically large second-order response
of 3R-MoS2 with the rational design of qBIC dielectric metasurfaces with
high-Q factors (Q > 100), substantially boosting the nonlinear optical
conversion efficiency. First-principles modeling of the metasurface non-
linear properties closely aligns with experimental results, confirming
enhancement factors exceeding 103 and that the qBIC-driven SHG
enhancement is largely independent of the crystal orientation. In addition,
by leveraging the C3v symmetry of 3R-MoS2 we characterize ultrafast laser
pulses, as a function of time and frequency. Employing degenerate pump-
probe spectroscopy, we demonstrate ultrafast all optical modulation and
polarization switching of the SH output and perform nonlinear auto-
correlation measurements of pulse durations. Together, these findings
bridge the gap between high-speed modulation and high nonlinear con-
version efficiency, advancing practical implementations of integrated vdW
photonics, including ultrafast optical switches, compact frequency con-
verters, and advanced pulse measurement technologies.

Results
SHG optical selection rules in 3R-TMDCs
The rhombohedral 3R and hexagonal 2H phases of TMDCs differ sig-
nificantly in their stacking arrangements, which profoundly impact their
symmetry andnonlinear optical properties. In themore common2Hphase,
adjacent atomic layers are rotated by 180 degrees relative to each other,
resulting in an inversion-symmetric structure that cancels second-order
nonlinear optical responses20. In contrast, the 3R phase features an ABC-
stacking arrangement, where all atomic layers are oriented in the same
direction, breaking inversion symmetry even in multilayered samples
(Fig. 1a). The SHG in TMDCs monolayers is determined by the D3h point
group which allows the non vanishing components of the χ(2) nonlinear
tensor42: χð2Þyyy ¼ �χð2Þyxx ¼ �χð2Þxxy ¼ �χð2Þxyx , where y corresponds to the
armchair (AC) direction and x to the zig-zag (ZZ) direction (Fig. 1b).
Consequently, the out-of-plane nonlinear polarization at the SH frequency
vanishes, Pz(2ω) = 0. In multilayered 3R-TMDCs, however, the rhombo-
hedral stacking of the bulk 3R-phase removes the horizontal mirror plane

Fig. 1 | Crystalline symmetry and SHG optical selection rules in 3R-MoS2
metasurfaces. a Crystalline structure of 3R-MoS2, showing the vertical stacking of
threeMoS2monolayers in an ABC rhombohedral arrangement. Molybdenum (Mo)
atoms are depicted in blue, sulfur (S) atoms in yellow. b In-plane D3h crystal sym-
metry of a single MoS2 layer, with the zigzag (ZZ) and armchair (AC) crystal-
lographic directions indicated by black arrows. c Polar plot of the SHG intensity, I2ω,
for a bulk 3R-MoS2 crystal, measured by rotating both the excitation and collection
linear polarization angle. The solid line represents a fit to a � cos2ð3θÞ function,
confirming the six-fold symmetry of the crystal and the preferential nonlinear
emission along the AC axis, oriented approximately at 0 degrees. d Schematic

illustration of a symmetry-broken 3R-MoS2 metasurface supporting quasi-bound
states in the continuum for resonant SHG enhancement, along with the SHG optical
selection rules for a degenerate pump-probe excitation scheme. To achieve SHG
optical switching, two fundamental pulses, orthogonally polarized along the AC
(ωAC) andZZ (ωZZ) axes, excite the sample at normal incidence.When the time delay
(Δt) between the pulses exceeds their duration, SH emission is polarized along the
AC axis (2ωAC).When both pulses overlap in time, the SH signal is instead polarized
along theZZ axis (2ωZZ). For clarity, we have neglected the additional components of
the SHG outputs to better illustrate the switching mechanism.
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symmetry (σh) and reduces the symmetry fromD3h to the C3v point group,
similar to GaAs or LiNbO. This leads to additional independent nonzero
elements of the χ(2) tensor: χð2Þzzz; χð2Þxzx ¼ χð2Þyzy; χð2Þxxz ¼ χð2Þyyz; χð2Þzxx ¼ χð2Þzyy ,
introducing a nonzero contribution from Pz(2ω).

Under normal incidence excitation normal component of the field
vanishes,Ez=0, and the SHGselection rules of the unstructured layer of 3R-
TMDCs reduce to the monolayer case6, with the SH signal exhibiting
characteristic six-fold rotational symmetry (Fig. 1c). In the case of meta-
surfaces considered in this work all components of the total electric field
induced inside the nanoresonators are generally non-zero.However, further
symmetry analysis and numerical simulations (see Methods and SI) reveal
that nonlinear tensor corresponding to the D3h point group is sufficient to
describe SHG process in metasurfaces under excitation by a normally
incident plane wave. This is mostly due to much higher nonlinear sus-
ceptibility of theD3h group compared to other elements of theC3vnonlinear
tensor in 3R-TMDCs36, which provide only negligible contribution to the
overall SHG signal. The nonlinear polarization at the second harmonic
frequency then can be simplified as follows:

P2ω
ZZ / 2 EAC EZZ ; ð1Þ

P2ω
AC / E2

AC � E2
ZZ : ð2Þ

where EAC and EZZ represent the excitation electric field amplitudes along
theACandZZdirection, respectively (see alsoMethods).Note thatwhenwe
excite themetasurfacewith aplanewavepolarized either along theACorZZ
direction, both P2ω

x and P2ω
y components are nonzero. However, they both

emit SH light polarized along the AC direction, resulting in I2ωAC≠0 and
I2ωZZ ¼ 0. To generate SHemission polarized along theZZ axis (I2ωZZ≠0), both
fundamental field components (EAC ≠ 0, EZZ≠ 0)must be present. Such all-
optical modulation of the 3R-MoS2 SHG signal polarization can be realized
by combining two orthogonally polarized laser pulses at normal incidence6.
This principle is schematically illustrated in Fig. 1d, where two collinear
pulses at the fundamental frequency (ω) interact within a nanostructured
3R-MoS2 qBIC metasurface at normal incidence. Initially, the resulting SH
signal (2ω) is polarized along theACdirection. However, at zero time delay,
when the two fields overlap, the SH polarization acquires a nonzero ZZ-
polarized component. This all-optical SHG modulation mechanism,
governed by the interplay between fundamental field symmetry and
nonlinear polarization, enables ultrafast polarization switching of the SH
signal in 3R-MoS2 metasurfaces on a timescale limited only by the
fundamental pulse temporal width.

Design principles for SHG enhancement in qBIC metasurfaces
By leveraging the strong electric fields and precise resonance control pro-
vided by qBIC states in optical metasurfaces, enhancement of nonlinear
conversion efficiencies can be achieved43. The symmetry-broken qBIC
metasurface unit cell design used in our work is illustrated in Fig. 2a. Each
unit cell consists of two nanorods, where the length difference (ΔL) intro-
duces a symmetry-breaking condition that facilitates the generation of a
bright qBIC resonance39. The symmetry-breakingmechanism allows for the
realization of qBIC resonances with highQ factors by simply tuning the ΔL
value40, limited solely by fabrication and material quality. In addition, the
qBIC wavelength can be precisely controlled by rescaling all unit cell
parameters by a scaling factor (S)44, enabling an additional parameter to
fine-tune the resonance spectral position for tailored nonlinear and quan-
tum optical applications.

We engineer the qBIC resonance in a fabricated 3R-MoS2metasurface
to be centered at 1500 nm, ensuring that the generatedSHsignalwavelength
remains above the optical absorption region of intrinsic exciton resonances,
below 700 nm12. The unit cell is tuned to an arbitrary value of S = 1.10 with
the corresponding geometric parameters: lengthL=597 nm, asymmetryΔL
= 79 nm, periodicity py = px = 763 nm, width w = 202 nm, and height h =
218 nm. Figure 2b shows the numerical simulations for the optical trans-
mission of a qBIC metasurface in a 218-nm-thick 3R-MoS2 film, where the

excitation light is linearly polarized either parallel or perpendicular to the
long axis of the nanorods, corresponding to the x- and y-axis, respectively.
When the excitation is polarized parallel to the nanorods, the genuine qBIC
mode at 1500 nm is excited (Fig. 2c), while for excitation perpendicular to
the nanorods the resonance vanishes. This effect is related to the large
anisotropy of the unit cell’s symmetry, which plays a predominant role in
maximizing the nonlinear optical response of designed 3R-MoS2
metasurfaces.

Finally, we model the nonlinear response with numerical simulations
(see Methods for more details), computing the SHG emission for both a
qBICmetasurface and a reference 3R-MoS2 film of identical thickness. The
solid black line in Fig. 2d represents the numerically computed optical
transmission spectrum of the metasurface supporting a qBIC mode at
1500 nm, depicted for a linearly polarized excitation at the fundamental
frequency,with the electricfield aligned along thenanorods.Under this type
of excitation, a SH signal is generated (indicated by blue circular markers in
Fig. 2d). Here, the computed SH power,W2ω, is normalized to the power of
the excitation at the fundamental frequency,Wω. For comparison, the graph
also depicts SHG spectra from the qBIC metasurface under non-resonant
excitation (gray circular markers) as well as from a bulk 3R-MoS2 film of
identical thickness (diamond markers). At the qBIC resonance, the meta-
surface achieves an SHG efficiency enhancement of ~103 compared to the
bulk film. This enhancement arises from the strong local field confinement

Fig. 2 | 3R-MoS2 metasurface design for qBIC-driven second-order nonlinear
enhancement. a Schematic illustration of the unit cell of the symmetry-broken qBIC
metasurface, independent on the crystal axis orientation. The symmetry-breaking
condition, introduced by a length difference (ΔL), gives rise to the radiative qBIC
state. b Simulated optical transmission spectra of a 3R-MoS2 qBIC metasurface for
linearly polarized excitation parallel (E∥x) or perpendicular (E∥y) to the long axis of
the nanorords. c Spatial distribution of the simulated electric field (E) normalized to
the incident field (E0), for excitation polarized parallel to the nanorods, along the x-
axis, and calculated over a plane at half-height of the resonators. d SHG powerW2ω,
normalized to the fundamental excitation power Wω, for a bulk crystal (diamond
markers) and a qBIC metasurface (circular markers), excited either parallel or
perpendicular to the nanorods, both with a thickness of 218 nm. The qBIC meta-
surface is tuned for a wavelength around 1500 nm: the black solid line depicts its
optical transmission and is spectrally correlated with the SHG enhancement.
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associated with the qBIC mode. In contrast, under non-resonant (ortho-
gonal) excitation, the SHG efficiency falls below that of the bulk film. This
decrease is attributed to interference effects between the resonant fields
within the nanostructured sample, which effectively suppress the SHG
output.

SHG enhancement in 3R-MoS2 qBIC metasurfaces
The designed qBIC metasurfaces are fabricated from exfoliated 3R-MoS2
layers with 218 nm thickness following a standard top-down nanofabri-
cation process16. An optical micrograph of a fabricatedmetasurfaces array
(Fig. 3a) shows well-defined nanostructured regions, where the excess
material is removed via chemical etching. Scanning electron microscopy
confirms the high uniformity and quality of the final metasurfaces (Fig.
3b). To tune the qBICmode around 1500 nm, we fabricated metasurfaces
with different scaling factors, S, from the same exfoliated sample. The
white light optical transmission of the fabricated array reveals the sys-
tematic shift of the qBIC resonance wavelength as a function of the S
values (Fig. 3c), while retaining a high Q factor of over 120 (Supple-
mentary Fig. S1). The impact of the qBIC resonance on nonlinear optical
conversion is demonstrated in wavelength-dependent SHG measure-
ments from a metasurface sample (S = 1.12), where the SHG intensity
exhibits a strong enhancement around 775 nm, aligning with the funda-
mental qBIC mode at 1550 nm (Fig. 3d).

The polarization dependence of the SHG response provides further
insights into the role of the system’s symmetry in the nonlinear process.
Figure 3e shows a comparison of the SHG power obtained from the
numerical model (left) and the collected SHG intensity in experiments
(right), shown for both bulk 3R-MoS2 and a qBICmetasurface (S = 1.10) of

the same thickness, and with nanorods aligned along the AC axis. The SHG
signal is analyzed as a function of the polarization angle of the incident
excitation pulse at 1500 nm, with a fixed linear polarizer in the collection
path aligned along AC. The bulk response reveals the expected maximal
emission from the AC crystallographic axes with a 4-fold symmetry45. On
the other hand, the modified SHG emission pattern due to symmetry-
breaking in qBIC metasurfaces shows a predominant emission along the
long axis of the nanorods, where the qBIC field is maximized. The observed
SHG polar pattern is in excellent agreement with the nonlinear model, as
shown in Supplementary Note II.

To further investigate the influence of the crystal orientation on the
SHG enhancement, we compare two fabricated metasurfaces where the
nanorods are aligned either along the AC or ZZ directions, with resonances
centered around 1500 nm (Fig. 3f, g). The insets in Fig. 3f, g confirm the
presence of the qBIC mode through the corresponding transmission dip at
1500 nm. The SHG spectra were then acquired for fundamental excitation
polarized along both crystallographic axes, withnopolarization optics in the
collection path. In the sample with nanorods oriented along the AC axis
(Fig. 3f) we observe a three-orders-of-magnitude SHG enhancement when
switching the excitation field polarization from E∥ZZ to E∥AC. Similarly,
for the sample with nanorods aligned along the ZZ axis (Fig. 3g), a com-
parable SHG enhancement is observed for E∥ZZ, when the qBIC mode is
efficiently excited. Despite the variation in the crystal alignment of the
metasurface and polarization of the incident light, the emitted SHG signal
remains directed along the AC axis, consistent with the selection rules
previouslydescribed (Eqs. (1) and (2)).These observationsdemonstrate that
the SHG enhancement above 103 is driven by the qBIC resonant fields,
dictated by the orientation of the nanorods with respect to the polarization

a b c d

e
f g

S=1.02 S=1.12 

ZZ
AC

ZZ
AC

qBIC MS
3R (Bulk)

x 150

Sim. Exp.

Fig. 3 | Second-order nonlinear optical response of 3R-MoS2 metasurfaces.
a Bright-field optical image of a fabricated qBICmetasurface from an exfoliated 3R-
MoS2 crystal. b Tilted scanning electron microscope (SEM) image of a 3R-MoS2
qBIC metasurface on a glass substrate. c Normalized white-light transmission
spectra of 3R-MoS2 qBIC metasurfaces (thickness 218 nm) for varying scaling fac-
tors (S) from 1.02 to 1.12, showing a redshift of the qBIC resonance with increasing
unit cell size. d SHG intensity as a function of the fundamental excitation wave-
length, scanned around the qBIC resonance for ametasurface (S= 1.12, in purple the
metasurface optical transmission spectrum). e Polar plot of the SHG intensity as a
function of the excitation beam polarization angle, shown for a 3R-MoS2 qBIC
metasurface (MS, S = 1.10 and 218 nm thickness) compared to a bulk reference

sample with the same height. Left: normalized SHG signal obtained from the the
nonlinear tensor model (see Methods and Supplementary Note II). Right: experi-
mental SHG signal from aqBICmetasurface (as in (f)) and a reference bulk 3R-MoS2
multiplied 150 times. The signal is collected by rotating the excitation beam
polarization, with a fixed linear polarizer in the collection path along AC. SHG
spectra for excitation polarized parallel or perpendicular to the unit cell nanorods,
formetasurfaces aligned along theAC (f) andZZ (g) crystal directions, both showing
strong SHG enhancement at the qBIC resonance centered at 1500 nm. Inset: optical
transmission of each metasurface, showing the well-resolved qBIC resonance at
~1500 nm.
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of the incident electric field, while remaining largely independent of the
crystallographic orientation of the metasurface.

Ultrafast all-optical SHG polarization switching
We combine the SHG enhancement with the optical selection rules of 3R-
MoS2 to demonstrate qBIC metasurfaces for ultrafast control of the SH
signal. Thedegenerate pump-probe setupused for theultrafast spectroscopy
experiments is depicted in Fig. 4a. The excitation source generates linearly
polarized pulses, which are split into two optical paths. One of these paths
includes a half-wave plate to control the polarization angle of the second
beam. The pulses are focused onto the sample using a low numerical
aperture (NA)objective and collectedwith ahigh-NAobjective in a confocal
geometry to maximize signal collection efficiency. The generated SH signal
is then analyzed using a CCD detector (see Methods for further details).

Figure 4b illustrates the optical selection rules governing 3R-MoS2
SHG emission for different polarization configurations of the two pulses.
When the pump and probe pulses are orthogonally polarized along the ZZ
and AC directions (Fig. 4c), the SHG emission undergoes polarization
switching. Specifically, when the two pulses coincide temporally, the SHG
signal shows a maximum along the ZZ polarization direction, effectively
switching from the AC direction. This is shown in Fig. 4d for a 3R-MoS2
qBICmetasurface (S=1.10) oriented along theACdirection, andwith qBIC
resonance centered at 1500 nm. The maximized SHG signal detected along
ZZ at zero-time delay confirms the effective ultrafast polarization switching
mechanism. Furthermore, the time-dependent SHG peak can be used as an
autocorrelation measurement between the two pulses, effectively giving the
measurement of their duration.We fitted the data with a Gaussian function
(dashed line in Fig. 4d) and extracted a full-width at half-maximum
(FWHM) of ~430 fs. This corresponds to an autocorrelation function of the
optical parametric oscillator (OPO) pulses of ≈280 fs, in good agreement

with the temporal dispersion induced by the optical components on the
200 fs pulses emitted at the OPO source output.

Next, we excited the metasurface with two parallel pulses along AC.
The resulting SHG spectrum (Fig. 4e and Supplementary Fig. 3), measured
as a function of the time delay between the two pulses, reveals the con-
ventional interferometric autocorrelation. The interference between the two
pulses strongly modulates the SHG signal, reaching near-unity modulation
depth on a timescale of ~5 fs (Fig. 4f), corresponding to the optical cycle at
fundamental wavelength of 1500 nm. We note the presence of a residual
signal detected along the ZZ direction, I2ωZZ≠0, in contrast with the selection
rules described in Eqs. (1) and (2), while in a reference unpatterned 3R-
MoS2 sample (Supplementary Fig. 4) we detect negligible I2ωZZ signal, as
expected. The source of this polarization could be derived from the intrinsic
modification of the nonlinear tensor and increased surface-to-volume ratio
in the case of nanostructured metasurfaces, compared to planar thin films,
or smallmisalignment in the angle between the crystal axis and the nanorod
geometry.

Discussion
In conclusion, we have demonstrated large SHG efficiency enhancement in
the vdWnonlinearmaterial 3R-MoS2 by rationally designing high-Q factor
resonances leveraging qBICmetasurfaces. In addition, the C3v symmetry of
3R-MoS2 allows to achieve ultrafast all-optical switching and near unity
modulation of the SHG signal, combining high efficiencies and pulse-
limited operational bandwidths. With this approach, we characterize the
temporal properties of ultrafast laser pulses via nonlinear autocorrelation
measurements, leveraging the efficient SHG response of the metasurface to
retrieve the pulse duration and temporal profile. These results establish 3R-
MoS2 as a highly promising material for efficient nonlinear nanophotonic
platforms and demonstrate its integration into advanced, compact, and

Fig. 4 | Ultrafast all-optical SHG switching and modulation in 3R-MoS2 qBIC
metasurfaces. a Schematic of the ultrafast spectroscopy setup. The linearly polarized
excitation laser is split into two arms, with one passing through a delay line and the
other through a half-wave plate (HWP) to control the polarization of the second
pulse. The pulses are then focused onto the sample in a confocal geometry, and the
SHG signal is detected using a spectrometer (not shown) and a CCD camera after
filtering (SP: shortpass filter, LP: linear polarizer). b In-plane structure of a 3R-MoS2
monolayer crystal, indicating the armchair (AC) (horizontal arrows) or zigzag (ZZ)
(vertical arrow) directions. c Table of optical selection rules for excitation with two
linearly polarized optical pulses, E1(ω) and E2(ω), and the resulting polarization
direction if the SHG signal, P(2ω), at zero-time delay. The SHG is directed along the

ZZ direction only in case of perpendicular polarization between the excitation
pulses. d SHG intensity from a qBIC metasurface (S = 1.10) with linear polarization
detection along the ZZ direction, I2ωZZ , as a function of the time delay between two
excitation pulses, one polarized along AC and the other along ZZ (schematic inset).
The data is comparedwith excitation with only one pulse alongAC (black solid line).
The dashed black line represents a Gaussian fit to the data. e SHG intensity from a
qBIC metasurface, aligned along the AC direction, as a function of the time delay
between two excitation pulses polarized along AC (schematic inset). The SHG signal
is recorded for linearly polarized detection along AC (I2ωAC , in yellow) and along ZZ
detection (I2ωZZ , in blue). f SHG signal exhibiting a period of ~5 fs, originating from the
interference of the two collinear beams along AC.
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scalable photonic architectures, enabling key functionalities such as on-chip
frequency conversion, optical modulation, and ultrafast pulse diagnostics.
Given recent demonstrations of SPDC in 3R-TMDCs, the integration of
such materials with high-Q symmetry-broken metasurfaces may open new
avenues to compact, tunable sources of entangled photon pairs. More
broadly, our work underscores the emerging potential of vdW-based non-
linear photonics, opening new avenues for next-generation technologies in
optical information processing, quantum optics, and ultrafast photonics.
The demonstrated design paradigm, designing symmetry-broken high-Q
resonances within active χ(2) materials, may be extended to other material
systems, paving the way for polarization-sensitive and switchable nonlinear
optics across a wide range of spectral domains.

Methods
3R-MoS2 χ

(2) nonlinear tensor
The second-harmonic polarization components for 3R-MoS2, belonging to
a 3m crystal class, generally are given by:

Pxð2ωÞ
Pyð2ωÞ
Pzð2ωÞ

2
64

3
75 ¼ 2ε0

0 0 0 0 χ2 �χ1
�χ1 χ1 0 χ2 0 0

χ3 χ3 χ4 0 0 0

2
64

3
75

ExðωÞ2
EyðωÞ2

EzðωÞ2
2EyðωÞEzðωÞ
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6666666664
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where we used the following notation: χ1 � χð2Þyyy ¼ �χð2Þyxx ¼
�χð2Þxxy ¼ �χð2Þxyx , χ2 ¼ χð2Þxzx ¼ χð2Þyzy ¼ χð2Þxxz ¼ χð2Þyyz , χ3 � χð2Þzxx ¼ χð2Þzyy ,

χ4 � χð2Þzzz . For the considered structures these equations can be simplified
due to following reasons. When the long side of the metasurface bricks is
oriented along y direction the qBIC state is excited with a normally incident
y-polarized plane wave. Then (i) the dominant component of the total
electric field inside the particles is the y component, while two other com-
ponents are of the order of magnitude less and/or distributed in the lesser
volume of the nonlinear material; (ii) χ2,3,4 nonlinear tensor elements are
much smaller than χ1

36; (iii) emissivity of some of the induced nonlinear
polarization currents is rather weak due to their specific spatial distribution
poorly overlapping with the emitted plane wave. Applying these con-
siderations shows that all terms associated with χ2,3,4 elements result in
substantially smaller contributions to the SHG signal compared with the
contribution from the χ1 one (D3h point group), and therefore they can be
neglected. Finally, by orienting ZZ and AC crystal axes along x and y
directions, respectively, one obtains Eqs. (1) and (2) in the main text.

P2ω
ZZ / 2 EAC EZZ ; ð4Þ

P2ω
AC / E2

AC � E2
ZZ : ð5Þ

The similar consideration applies also in general for arbitrary orientation of
the metasurface with respect to the crystal axis, as well as for arbitrary
polarization of the incident field.

Simulations
Linear numerical simulations were conducted in Lumerical software suite
(Ansys), we employed the complex refractive index data of 2H-MoS2 from
ref. 11, as comprehensive measurements for 3R-MoS2 across the
700–1600 nm range are currently unavailable. This choice is justified by the
close similarity between the linear optical properties of the2Hand3Rphases
under non-resonant conditions, as reported in ref. 27. The nonlinear
numerical simulations were conducted using the commercial software
packageCOMSOLMultiphysics 6.1.A single unit cell of a periodic structure
on an SiO2 substrate was used as the computational model. To calculate the

transmission spectra shown in Fig. 2b, the structure was excited normally
with a plane wave of appropriate polarization. Excitation and detection
ports were positioned at the top and bottom boundaries of the model,
respectively. Floquet periodic boundary conditions were applied to the
adjacent side faces to account for the periodicity of the structure. For the
SHG calculations, the simulation process was divided into two stages. In the
first stage, the structure’s response at the fundamental frequency was
computed, and the resulting field distribution was obtained. In the second
stage, the nonlinear polarization at the second harmonic frequency was
introduced,whichwasderived from thefields obtained in thefirst stage. The
final power, corresponding to the generation spectra displayed in Fig. 2e,
was determined by integrating the Poynting vector summed over the top
and bottom surface of the periodic model. To investigate the angular
dependence of the polarized signal shown in Fig. 3e, the polar angle ϕ of the
incident field was varied according to EAC ¼ E0 sinðϕÞ and
EZZ ¼ E0 cosðϕÞ, where E0 is the amplitude of the electric field. Addition-
ally, to model the collection of linearly polarized light, only one component
of the nonlinear polarization was considered in the analysis (see also Sup-
plementary Note II).

Sample fabrication
Commercial 3R-MoS2 single crystals (HQ Graphene) are exfoliated onto
glass substrates. Suitable films are selected using optical microscopy,
prioritizing thosewith large size, uniform thickness, andwell-defined crystal
axes. The height of the films is measured using a profilometer (Bruker
Dektak XT). The sample is then encapsulated with a flake-thickness-
dependent SiO2 layer viamagnetron sputtering (AngstromNEXDEP)using
a SiO2 target. Sputtering is carriedout at a chamberpressure of 2mTorrwith
an Ar flow rate of 20 sccm, a deposition rate of 0.25Å/s, and a substrate
rotation speed of 10 rpm to ensure uniformity. The thickness is monitored
using a quartz crystal microbalance calibrated against a reference sample
measured by spectroscopic ellipsometry. Next, a PMMA 950k layer is spin-
coated and baked on a hotplate at 175 ∘C for 3min, followed by the appli-
cation of a discharge layer (Espacer 300Z). The metasurface design is pat-
ternedusing electron-beam lithography (Raith eLinePlus).The ebeamresist
is developed in an 80% ethanol solution diluted with water for 20 s, and the
development process is stopped using iso-propanol. A molecular adhesion
layer, (3-Mercaptopropyl)trimethoxysilane (MPTMS), is then applied by
immersing the sample in a 6% solution ofMPTMS in ethanol for 30 s. After
rinsing in ethanol and blow-drying with nitrogen, the sample is baked on a
hotplate at 90 ∘Cfor15min to complete the surface functionalization.Agold
hardmask is then deposited via electron-beam evaporation, followed by
resist removal using acetone. Subsequently, the SiO2 layer is etched using
reactive-ion etching in an Oxford Instruments PlasmaPro 100 ICP-RIE
system with 30 sccmAr and 20 sccmCHF3 at 20mTorr chamber pressure.
The RF power is set to 30Wwith no ICPpower. The gold hardmask is then
removed using a standard Au etchant (Sigma-Aldrich). Finally, the flake is
etched using SF6 chemistry in the same ICP-RIE system, with 5 sccm SF6,
6mTorr chamber pressure, 80 W RF power, and 100 W ICP power. The
selectivity between MoS2 and SiO2 was calibrated on test samples using a
profilometer (Bruker Dektak XT).

Optical spectroscopy
Optical spectroscopy measurements were performed by mounting the
sample in an inverted microscope (Nikon Eclipse). White-light
optical transmission spectra of the metasurfaces were acquired using
a thermal white-light source (Thorlabs SLS203F). The light was lin-
early polarized and controlled with a halfwaveplate, and then focused
onto the sample through a 10× objective (NA = 0.25). The trans-
mitted light was collected using a high-NA Nikon Plan Fluor 40×
objective (NA = 0.60) before being analyzed by an AlGaAs infrared
spectrometer. For SHG measurements, an optical parametric oscil-
lator (Chameleon Compact OPO-Vis) driven by a Ti:Sapphire laser
source (Coherent Chameleon Ultra II) was used, providing a nominal
pulse duration of 200 fs. The linearly polarized laser beams are
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focused onto the sample using the same configuration discussed
before. The generated SHG signal was collected through the same
high-NA objective. In case of polarization resolved measurements, a
combination of a linear polarizer and a waveplate was used to analyze
the polarization state of the emitted SHG emission, and the SHG
spectrum was recorded using a visible spectrometer.

Data availability
The data that support the findings of this study are available at https://doi.
org/10.5281/zenodo.15681526.
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