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ABSTRACT: Breaking reciprocity in nonlinear optics offers a unique approach for directional
control of information processing. Here, we report for the first time a chiral 3R-MoS, metasurface
that enables nonreciprocal-like chiral second-harmonic generation (SHG) via nonreciprocal
circularly polarized (CP) absorption. The metasurface supports Mie resonances due to the high
refractive index of 3R-MoS,. With CP incidence around the resonant wavelength on the top
surface, right-handed circular polarization (o,) absorption is significantly stronger than left-
handed circular polarization (6_), leading to chiral SHG with a circular dichroism (SHG-CD) of

62%. Reversing the incidence direction inverts the absorption contrast, yielding an SHG-CD of —71%. Physically, such an optical
response originates from both the intrinsic C;, symmetry of 3R-MoS, and the structural chirality of the metasurface. Leveraging this
property, we further demonstrate four optical logic operations, AND, OR, A ANDNOT B, and A ORNOT B, revealing the
metasurface as a multifunctional, polarization-dependent platform for optical logic.

KEYWORDS: nonreciprocal second-harmonic generation, chiral metasurfaces, nonlinear emission of transition-metal dichalcogenides,

nonlinear metasurfaces, transition-metal dichalcogenide metasurfaces

ptical nonreciprocity enables asymmetric light trans-

mission when its sources and detectors are ex-
changed.' ™ Although most materials are reciprocal and thus
support bidirectional propagation,” many photonic compo-
nents rely on unidirectional transport,” which is specifically
useful in optical information processing. Generally, non-
reciprocity can be achieved through three mechanisms:®
magneto-optical media with asymmetric electromagnetic
tensors,””'” time-varying refractive-index modulation that
shifts the frequency and momentum of light,”'>'* and
nonlinear interactions in geometrical or compositional
asymmetric structures'>'® that produce direction-dependent
local fields.”'” In optical media with absorption, asymmetric
electromagnetic tensors can give rise to nonreciprocal
absorption.'* "> Recent studies have shown that some chiral
organic thin films*"** exhibit nonreciprocal circularly polarized
(CP) absorption,””** in which the handedness of the
preferentially transmitted CP component is nearly inverted
when light enters from the opposite side of the film.”>* In this
Letter, we explore nonreciprocal CP absorption in nano-
structured transition-metal dichalcogenides and demonstrate
its effect on nonlinear emission.

Monolayer or rhombohedral (3R) transition-metal dichalco-
genides (TMDs) intrinsically lack inversion symmetry, which
is an essential property for nonlinear photonics and
optoelectronic applications.”” > Their significant second-
order susceptibility |y’l enables efficient second-harmonic
generation (SHG).”"”* Normally, the strategies for modulating
the SHG response in TMDs fall into two categories.””> One
approach is to engineer the symmetry of the material through
van der Waals stacking,34_37 defect engineering,38 strain
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fields,” or electric-magnetic control.** The other approach
modifies the electromagnetic environment, thereby enhancing
resonant light—matter interactions and nonlinear response.
Metasurfaces provide an efficient platform for locally tailoring
the electromagnetic field, including its amplitude, polarization,
and phase at the subwavelength scale.' ™" Accordingly,
integrating TMDs with metasurfaces™ >® can significantly
boost SHG via plasmonic or Mie resonances. Besides, the high
refractive index of TMDs (n > 4)>* enables their incorporation
directly into dielectric nanostructures, leveraging Mie
modes”> ™’ or quasi-bound states in the continuum’>**~%!
to tailor nonlinear emission. In previous studies, the rule for
introducing nanostructures has primarily been to enhance the
fundamental-frequency absorption of TMDs, thereby boosting
their nonlinear optical responses. Now we consider that chiral
structures may exhibit nonreciprocal CP absorption, which
may further induce a nonreciprocal-like chiral nonlinear
emission and also enrich the scope of chiral optics.””~* To
the best of our knowledge, such an effect has not yet been
reported so far.

In this Letter, we demonstrate a chiral 3R-MoS, metasurface
that exhibits nonreciprocal CP absorption, leading to strongly
nonreciprocal-like chiral second-harmonic generation (SHG).
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Figure 1. (a) Schematic of the nonreciprocal chiroptical effect of the 3R-MoS, metasurface. Here only o, excitation is shown. (b) The upper panel
shows the unit cell of the 3R-MoS, metasurface on the ITO-deposited SiO, substrate, which has the geometrical parameters L, = L, = L; = 200 nm,
W, = W, = W5 = 80 nm, and the periodicity P, = P, = 380 nm. The thickness of the 3R-MoS, metasurface is 110 nm. The lower panel shows the
schematic of the atomic structure of 3R-MoS,. (c) and (d) The simulated transmission, reflection and absorption spectra of the 3R-MoS,
metasurface under CP (o, or ¢_) light illumination along the k_ or k, direction. The blue-gray shaded region highlights the excitation wavelength
range from 780 to 810 nm. (e) and (f) are, respectively, the simulated electric field distribution and magnetic field across the unit cell under o, and
o_ illumination (4 = 800 nm) along the k_ direction. (g) and (h) The simulated transmission and reflection spectra of the 3R-MoS, metasurface
under CP (o, or ¢_) light illumination along the k_ or k, direction around the wavelength of 400 nm. The blue-gray shaded region highlights the
excitation ranging from 390 to 405 nm. (i) and (j) Simulated LDOS of the 3R-MoS, metasurface with dipole excitation (4 = 400 nm) of 6, and o_,

respectively. Both are viewed in the k_ direction.

For the normal incident excitation from the top side, the
metasurface absorbs right-handed circular polarization (o)
light more strongly than left-handed circular polarization (c_)
light, resulting in chiral SHG with an SHG circular dichroism
(SHG-CD) of 62%. When the excitation direction is reversed,
the absorption contrast inverts accordingly; i.e., ¢, absorption
is suppressed with respect to o_, yielding chiral SHG with
SHG-CD around —71%. Across the 780—810 nm excitation
wavelength range, the average absolute value of SHG-CD
reaches about 68%, confirming the robust broadband feature.
Leveraging this direction- and polarization-sensitive SHG
response, we further show that the metasurface can implement
optical logic operations: linearly polarized beams enable AND

and OR functions through threshold selection, while CP input
beams realize A ANDNOT B and A ORNOT B functions.
We first present the design principle and then apply finite-
difference time-domain (FDTD) simulations to investigate the
nonreciprocal chiroptical response of a 3R-MoS, metasurface.
Figure la illustrates a chiral 3R-MoS, metasurface consisting of
a Z-shaped nanohole array supporting Mie resonances due to
the high refractive index of 3R-MoS,. We define the k_
direction as the normal incidence from the top to the bottom
of the metasurface, with k, denoting the opposite direction.
The Mie resonance modes at the fundamental frequency
depend on chirality pronouncedly, and their responses differ
for k_ and k, excitation, resulting in nonreciprocal CP
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absorption and consequently nonreciprocal-like chiral SHG.
For CP illumination from the k_ direction, absorption of o,
light significantly exceeds that of ¢_ light due to the chirality of
the metasurface, resulting in stronger SHG under o, excitation.
Additionally, owing to the intrinsic C;, symmetry of 3R-MoS,,
the SHG exhibits pronounced polarization selectivity: under o,
(0_) excitation from the k_ direction, the SHG propagating
along k, direction is dominated by the 6, (6_) component,
while the opposite SHG propagation direction favors the
complementary polarization. These features collectively reveal
the chiral nature of the SHG. In contrast, for CP illumination
from k,, o, absorption is suppressed relative to ¢_ absorption,
leading to weaker SHG under o, excitation. The distinct chiral
SHG responses for opposite excitation directions confirm the
emergence of nonreciprocal-like chiral SHG in the 3R-MoS,
metasurface.

In such a 3R-MoS, metasurface, the resonant wavelength is
designed at 800 nm by selecting L, = L, = L; = 200 nm, W, =
W, = W3 = 80 nm, and the periodicity P, = P, = 380 nm
(Figure 1b). Figure lc,d presents the calculated reflection,
transmission, and absorption spectra of the 3R-MoS, metasur-
face under illumination from the k_ and k, directions,
respectively. It follows that when light illuminates the
metasurface along k_ direction with wavelength 800 nm, o,
light has a higher reflectance (R) and a lower transmittance
(T) than o_ light, as shown in the upper panel of Figure lc.
The optical absorption (A) is defined as A =1 — R — T, as
illustrated in the lower panel of Figure 1c. One may find that
the metasurface exhibits higher absorption in o, excitation than
that in o_ excitation around resonant wavelength (800 nm). In
contrast, when the light excites the metasurface along k,
direction, o_ possesses a higher reflectance than o,, while o,
exhibits greater transmittance than ¢_, as demonstrated in the
upper panel of Figure 1d. Meanwhile, the metasurface exhibits
a lower absorption for o, excitation than ¢_ excitation around
resonant wavelength (800 nm), as indicated in the lower panel
of Figure 1d.

To explore the physical mechanism of the difference in
absorption, we simulate the electric and magnetic field
distributions at the wavelength of 800 nm in the x—y plane
and y—z plane for both 6, and o_ excitations along the k_
direction, as illustrated in Figures le and 1f, respectively. This
confirms that it is a Mie resonance mode,’®®” where both the
electric and magnetic field intensities are higher in o,
excitation, resulting in differences in the CP-dependent
absorption spectra. The resonant modes of the fabricated
3R-MoS, metasurfaces have also been investigated (more
details in Supporting Information SI).

The SHG response from the 3R-MoS, metasurface depends
on the handedness of the incident CP light and the excitation
direction. When the incidence is in the k_ direction, the
intensity of SHG is higher for o, excitation than ¢_ excitation,
independent of the propagation direction of the SHG signals.
When the excitation propagates in k,, the SHG intensity is
higher for o_ excitation than that for o, excitation, which is
also independent of the propagation direction of the SHG
signals. Furthermore, we can obtain the polarization of the
SHG signals by analyzing the second-order nonlinear dipole
response. It is known that 3R-MoS, possesses C,, symmetry.*®
The intrinsic nonlinear susceptibility tensor y® of 3R-MoS,
has four nonzero, identical terms,®”’" ¥ = y = Xy =
~Xyx = —Xyy = X, where the x-direction is defined as the
armchair direction. It follows that the second-order nonlinear

dipole response® can be written as P, = egy(E2 — E}),and P, =
—2€yE,E,. We can transform the x—y linear polarization basis
into the circular polarization basis. In the circular polarization

basis, P_ = \/580)(Ei and P, = ﬁsog(Ef. Here
p= (P—) P+)T = (Rc - iPy; Rc + iPy)T/\/i;
T . N\
E=(E_E) = (E —iE,E +iE) /J2
It is noteworthy that the fundamental wave is incident in the
k_ direction, and the circular polarization states of the SHG
signals propagating along the reflection and transmission

directions are not identical. The SHG electric fields in the
reflection and transmission directions can be expressed as’'

P o< N2y (EL) 1)
P, o N2 y(EL) @)

This means that when a specific CP light is incident along the
k_ or k, direction, the SHG signals possess distinct polarization
characteristics in the reflection and transmission directions. For
the reflected SHG, the copolarized component is stronger than
the cross-polarized one. For the transmitted SHG, the cross-
polarized component is stronger than the copolarized one.

Based on the C;, symmetry of 3R-MoS,, the circular
polarization components of the SHG can be preliminarily
determined. However, the SHG emission is also influenced by
the chiral Purcell effect’””"* in the 3R-MoS, metasurface. We
first simulate transmission and reflection spectra of the 3R-
MoS, metasurface under CP light illumination around SHG
frequency (to see Figure 1g and 1h around the wavelength of
400 nm). Then by defining p, (or p_) as the local density of
states (LDOS) on the metasurface with o, (or ¢_) dipole
excitation and p, as the LDOS in the vacuum, we can calculate
the normalized circularly polarized LDOS,””” ie., p,/p, (or
p_/po)- Figure 1i and 1j shows the simulated LDOS of the 3R-
MoS, metasurface with o, and o_ dipole excitation at the
wavelength of 400 nm, respectively, as viewed along the k_
direction. When viewed along the k, direction, the LDOS has
the same distribution but exchanged CP excitation type. The
LDOS is stronger under o, dipole excitation. This suggests that
the 3R-MoS, metasurface promote a higher spontaneous
emission rate for o, dipoles, thereby yielding a higher Purcell
factor for o, SHG emission.

In experiments, the chiral 3R-MoS, metasurface is fabricated
as follows. We first place a mechanically exfoliated 3R-MoS,
layer (110 nm in thickness) onto an ITO/SiO, substrate via
dry transfer. Then, the metasurface structures are fabricated on
the 3R-MoS, film by a dual-beam focused ion beam (FIB)
milling system. An optical microscope image of the 3R-MoS,
metasurface is shown in the upper panel of Figure 2a, with the
sample size as 9.5 um. The scanning electron micrograph of
the 3R-MoS, metasurface is illustrated in the lower panel of
Figure 2a, with magnified structural details illustrated in the
inset. With the incident CP light illuminating the 3R-MoS,
metasurface along the k_ direction, the experimentally
measured reflection and transmission spectra of the MoS,
metasurface are illustrated in the upper panel of Figure 2b. The
absorption spectra are illustrated in the lower panel of Figure
2b. The absorption of the 3R-MoS, metasurface in o, light
excitation is higher than that with o_ light excitation at the
wavelength of 800 nm. When the 3R-MoS, metasurface is
illuminated in the k, direction, the measured reflection and
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Figure 2. (a) Optical microscope image (upper panel) of the 3R-
MoS, metasurface, where the scale bar is 1 gm. The scanning electron
micrographs (lower panel) of the 3R-MoS, metasurface, where the
scale bar is 380 nm. The inset in the lower panel shows a magnified
view of the 3R-MoS, metasurface, where the scale bar stands for 380
nm. (b) and (c) The measured reflection, transmission, and
absorption spectra of the 3R-MoS, metasurface under CP (o, or
o_) light illumination along the k_ and k, direction, respectively.

transmission spectra for CP light illumination are shown in the
upper panel of Figure 2¢. The absorption spectra are presented
in the lower panel of Figure 2c. The absorption of the 3R-
MoS, metasurface in o, excitation is lower than that in o_
excitation at a wavelength of 800 nm. These observations are
reasonably consistent with the simulations shown in Figure 1c
and 1d, although there exist some deviations originating mainly
from fabrication imperfections, systematic errors of the
experimental setup, and the substrate effect. Specifically, all
the numerical simulations in Figure 1 are for the 3R-MoS,
metasurface without any substrate, whereas in the experiments,
the ITO/SiO, substrate clearly enhances the structural
asymmetry along the z direction, which may alter the
transmittance and reflectance of o_ and o, in the k_ and k,
directions. For circularly polarized incidence, the absorption
difference between o_ and o, becomes larger in the k_
direction and smaller in the k, direction.

Considering that the 3R-MoS, metasurface possesses
different absorption at illumination of CP light in the k_ and
k, directions, we now focus on nonreciprocal-like chiral SHG
by measuring the SHG spectra. Figures 3a and 3b illustrate the
optical setup for measuring the SHG signals of the 3R-MoS,
metasurface. A femtosecond pulsed laser (800 nm) is applied
to excite the sample. The beam passes through a polarizer and
a quarter-wave plate in sequence and then excites the
metasurface in k_ or k, directions, respectively. The SHG
propagating in the k, direction is collected by a spectrometer
after passing through a 405 nm short-pass filter, a quarter-wave
plate, and a linear polarizer in sequence. Figure 3c shows the
SHG intensity collected in k, direction by exciting the 3R-
MoS, metasurface in k_ direction, where a quadratic
relationship with the pump laser power is presented in the
inset of Figure 3c. Then, we measure the CP-resolved SHG
spectra, as illustrated in the upper panel of Figure 3d, where
0,/0, represents the o, resolved SHG spectra excited by the
o, incidence, and o_/o, stands for the o, resolved SHG
spectra excited by the o_ incidence. With o, excitation on the
metasurface, the o, component of SHG intensity is higher than
the 6_ component. With o_ excitation, the 6_ component of
SHG intensity is higher than the o, component instead. The

differences of these polarization components originate from
both the C;, symmetry of 3R-MoS, and the structural chirality
of the metasurface. Meanwhile, the sum of the SHG intensities
measured in the 6,/6_ and the ¢,/0, is greater than the sum of
the SHG intensities measured in the ¢_/o_ and the ¢_/ o,
suggesting that ¢, can generate a more vigorous SHG intensity
than o_. In addition, compared with bare 3R-MoS, film
(Supporting Information S2), with o, excitation in the k_
direction, the SHG intensity from the metasurface is
approximately twice that of the bare film, whereas with o_
excitation, the SHG intensity of the metasurface is comparable
to that of the bare film. This feature mainly originates from the
chirality-dependent Mie resonance designed at the fundamen-
tal frequency. In principle, the chiral SHG efficiency can be
further improved in an optimized chiral metasurface, where
both the Mie resonance at the fundamental frequency and the
Purcell effect at the frequency of SHG are elaborately designed
to enhance the SHG efliciency further.

Furthermore, we measure the SHG spectra under linearly
polarized excitation in the k_ direction, as illustrated in the
lower panel of Figure 3d, where the x-polarized direction is
defined as the x-axis shown in Figure 1b. The x-polarized light
yields higher SHG intensity than the y-polarized light. We
attribute this effect to the stronger electric field excited in the
3R-MoS, metasurface by x-polarized incidence, which
enhances absorption of x-polarized light, thereby increasing
the SHG intensity (Supporting Information S3). Since the
chiral nanostructure can modulate both the polarization of
incident light and the polarization of emitted SHG, we further
measured the Stokes parameters’®’” of the emitted SHG with
circularly and linearly polarized excitation, as illustrated in
Figure 3e. With CP excitation, the emitted SHG is
predominantly elliptically polarized, whereas with linear
polarized excitation, the SHG remains linearly polarized.

Next, we excite the 3R-MoS, metasurface with k, excitation
and collect the transmitted SHG signal propagating along the
same k, direction (as shown in Figures 3f-3h). Due to the
nonreciprocal CP absorption of 3R-MoS, metasurface, the CP-
resolved SHG spectra demonstrate a different response, as
illustrated in the upper panel of Figure 3g. The sum of the
SHG intensity measured in 6,/6_ and 0,/0, configurations is
lower than the sum of the SHG intensity measured in 6_/o_
and o_/o, configurations, suggesting that o_ incidence can
generate a more vigorous SHG intensity than ¢, incidence. In
contrast, for the linearly polarized excitation SHG spectrum, x-
polarized incidence generates higher SHG intensity than y-
polarized incidence. We also measured the CP-resolved SHG
spectra corresponding to the SHG signals propagating in the
k_ direction (Supporting Information S4).

Subsequently, our work on the circular dichroism (CD) and
linear dichroism (LD) of the SHG from 3R-MoS, metasurface

. 78,79 Loy jo-t+1, -1 1
is defined as CD = 2 x Zfo-_otlot

6—/6— zr—/rr+) and
In‘+/rr— + I{r+/r$+ + Irr—/{r— + In‘—/rr+

o+/o+ Tepresents the o, component

LD =2 X ﬂ, where [,
L+1,
of SHG in o, excitation, I, /,_ represents the 6_ component of
SHG in o, excitation, I, ,,, represents the o, component of
SHG in o_ excitation, I,_,,_ represents the 6_ component of
SHG in o_ excitation; and I, and I, denote the SHG intensities
in x- and y-polarized excitation, respectively. Along the k_
direction, for CP excitation around 800 nm, the SHG-CD is
positive, with a CD of approximately 62% at A = 400 nm when
the SHG is collected in the k, direction (see the upper panel of
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Figure 3. (a) and (b) Schematics of the experimental setup for SHG signal measurements in the k, direction under k_ and k, excitation,
respectively. Here, “Pol” denotes a linear polarizer, “QWP” denotes a quarter-wave plate, “405 nm SP” denotes a 405 nm short-pass filter, and “MS”
denotes the metasurface. (c) and (f) The measured SHG spectrum of the 3R-MoS, metasurface under k_ or k, excitation at the wavelength of 800
nm. The inset shows the power—power curve of the SHG. (d) and (g) The measured CP-resolved SHG spectra (upper panel) and the SHG
spectra under linearly polarized excitation (lower panel) of the 3R-MoS, metasurface under k_ or k, excitation at the wavelength of 800 nm. Here,
0,(w)/o_(2w) means the o_-polarized SHG intensity at the second-harmonic frequency under o,-polarized fundamental-frequency excitation.
Other cases are similar. (e) and (h) The measured Stokes parameters of the SHG signals under CP and linearly polarized excitations at the
wavelength of 800 nm. (i) For k_ and k, excitations at the wavelength of 800 nm, the CD and LD spectra of the measured SHG from the 3R-MoS,
metasurface. (j) and (k) The measured polarization-resolved SHG of a bare 3R-MoS, flake and the 3R-MoS, metasurface as a function of the
rotation angle ¢ of the pump polarization with respect to the x-axis, respectively. Both are under k_ excitation at the wavelength of 800 nm. The

dots are the measured data, and the lines are the fittings.

Figure 3i) and a CD of approximately 58% at A = 400 nm
when the SHG is collected in the k_ direction (Supporting
Information S4). With linearly polarized excitation, the SHG-
LD is positive, with an LD reaching about 119% at 4 = 400 nm
(see the lower panel of Figure 3i). While along the k, direction,
for CP excitation at 800 nm, the SHG-CD becomes negative,
and the SHG-CD is —71% at 4 = 400 nm when the SHG is
collected in the k, direction (see the upper panel of Figure 3i),
and a CD of —61% when the SHG (4 = 400 nm) is collected in
the k_ direction (Supporting Information S4). With a linearly
polarized excitation, the SHG-LD remains positive, with an LD

reaching about 116% at 4 = 400 nm (see the lower panel of
Figure 3i). When the incident direction of CP is switched from
k_ to k,, the sign of SHG-CD reverses, confirming that the 3R-
MoS, metasurface exhibits the nonreciprocal-like chiral SHG
under CP excitation. Such a feature arises from the
nonreciprocal CP absorption at the fundamental frequency,
together with the intrinsic C;, symmetry of 3R-MoS,.
Specifically, in the k_ direction, the o, resonance mode is
stronger, leading to stronger o, absorption and thus stronger
SHG under o, excitation, which yields a positive CD. In the k,
direction, the o_ resonance mode is stronger, leading to
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Figure 4. (a) and (c) Measured SHG intensity spectra of the 3R-MoS, metasurface excited by CP (o, or ¢_) light along the k_ or k, direction at
different wavelengths. (b) and (d) The measured SHG intensity spectra of the 3R-MoS, metasurface excited by linearly polarized light along the k_
or k, direction at different wavelengths. () and (g) The CD spectra of the measured SHG from the 3R-MoS, metasurface under the CP excitation
in the k_ or k, direction. (f) and (h) The LD spectra of the measured SHG from the 3R-MoS, metasurface under the linearly polarized excitation in

the k_ or k, direction.
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Figure S. (a) Schematic illustration of the AND logic gate and the OR logic gate by using a single metasurface. (b) The experimental output SHG
spectra of the 3R-MoS, metasurface under the excitation of two linearly polarized lights with 4 = 800 nm. Here, x-pol/y-pol represents the collected
output SHG intensity when IN1 is x-polarized and IN2 is y-polarized. (c) Truth tables for the AND and OR logic gates. (d) Schematic illustration
of the IN1 ANDNOT IN2 logic gate and IN1 ORNOT IN2 logic gate. (e) The experimental output SHG spectra of the 3R-MoS, metasurface
under the excitation of two CP lights with A = 800 nm. Here, 6,/6_ represents the collected output SHG intensity when IN1 is 6, and IN2 is 6_.
(f) Truth table of the IN1 ANDNOT IN2 logic gate and IN1 ORNOT IN2 logic gate.

stronger o_ absorption and stronger SHG under o_ excitation,
resulting in a negative CD. In contrast, the constantly positive
SHG-LD indicates that the SHG response remains reciprocal
in the linearly polarized excitation.

We also measure polarization-resolved SHG with the
incident light propagating in the k_ direction. Figure 3j and
3k shows the measured SHG intensities of a bare 3R-MoS,
flake (red dots) and the 3R-MoS, metasurface (blue dots) as a
function of the rotation angle ¢ of the pumping polarization
with respect to the x-axis, respectively. The data indicate that
for the bare 3R-MoS, flake, the polarization-resolved SHG
intensity possesses a 6-fold symmetric pattern. For the 3R-

MoS, metasurface, the measured SHG intensities show a clear
anisotropy, where the intensity petals a few degrees above zero
and a few degrees surpassing 180° have the strongest value,
whereas the petals pointing to 120° and 300° are the weakest.
These observations suggest that the SHG intensity of the 3R-
MoS, metasurface exhibits anisotropy depending on the
symmetry of the building block of the metasurface.
Achieving broadband nonlinear responses is highly desirable
for nonlinear photonic devices. Our designed chiral metasur-
face, leveraging Mie resonances, is expected to exhibit
nonlinear polarization responses across a broad spectral
range. We experimentally verify the operating wavelength
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range of the metasurface by sweeping the excitation wave-
length and measuring the SHG intensity for o,, 6_ and linearly
polarized excitations in the k_ and k, directions, respectively.
For the excitation in the k_ direction, the results are shown in
Figures 4a and 4b. The SHG intensity in o, excitation
consistently exceeds that in o_ excitation, and the SHG
intensity of x-polarized excitation consistently surpasses that of
y-polarized excitation within the regime of 780—810 nm. For
excitation along the k, direction, the generated SHG spectra
for different polarizations and pump wavelengths are shown in
Figure 4c and 4d. The SHG intensity in o_ excitation
consistently exceeds that in o, excitation, and the SHG
intensity in x-polarized excitation consistently surpasses that of
y-polarized excitation in the range of 780—810 nm.

As demonstrated in Figure 4e and 4f, the CD and LD
spectra of SHG reveal that the 3R-MoS, metasurface exhibits
positive CD values exceeding 40% and positive LD values
consistently exceeding 90% when the incidence is in the k_
direction. The CD and LD spectra of SHG shown in Figures
4g and 4h reveal that the 3R-MoS, metasurface exhibits a
negative CD with an absolute value consistently exceeding
50%, and a positive LD consistently exceeding 100% when the
incidence is in the k, direction. For k_ and k, excitations, the
average absolute SHG-CD is about 68% across the 780—810
nm spectral range. These results confirm that nonreciprocal-
like chiral SHG has been achieved with the 3R-MoS,
metasurface, and both SHG-CD and SHG-LD can be
effectively modulated within the range of 780—810 nm.

Based on the SHG responses in the 3R-MoS, metasurface,
we can construct four polarization-dependent logic gates.
Figure 5a illustrates the schematic of AND and OR logic gates,
where IN1 represents the input beam in the k_ direction, IN2
represents the input beam in the k, direction, and OUT
represents the SHG generated by the 3R-MoS, metasurface in
the k, direction. Figure Sb shows the measured SHG spectra
for different linearly polarized excitations at 800 nm. When
both input beams are x-polarized, the output SHG intensity is
the strongest. When IN1 is x-polarized, whereas IN2 is y-
polarized, or in the other way, ie., IN1 is y-polarized and IN2
is x-polarized, the output SHG possesses the second strongest
intensity. However, once both incidences are y-polarized, the
output SHG intensity is the weakest. In practice, we can set a
threshold in SHG measurements. Once the SHG intensity is
below the threshold, the scenario is recorded as “0”; otherwise,
it is recorded as 1. In our case, when the threshold is set to
5000 (about 75%), the system behaves as an AND gate; when
the threshold is set to 3000 (about 45%), it becomes an OR
gate. The truth table for these two logic gates is presented in
Figure Sc.

With a CP incidence of 800 nm on the 3R-MoS,
metasurface, two different logic gates, IN1 ANDNOT IN2
and IN1 ORNOT IN2, can be constructed, as schematically
shown in Figure Sd. Figure Se represents the measured SHG
spectra with different CP excitations. When IN1 is in o, and
IN2 is in 0_, the intensity of the output SHG is the strongest.
When the two inputs are both in o,, or both in o_, the output
SHG intensity is the second strongest. If IN1 is o_ while IN2 is
0., the output SHG intensity becomes the weakest. Meanwhile,
we set a threshold for SHG intensity: below the threshold, the
scenario is recorded as “0”; above the threshold, the scenario is
recorded as “1”. In our experiments, if we set the threshold to
4000 (about 85%), the system works as an IN1 ANDNOT
IN2 gate; if we set the threshold to 3200 (about 65%), it works

as an IN1 ORNOT IN2 gate instead. The truth table for these
two logic gates is presented in Figure S5f. Therefore, we
demonstrate here that based on the SHG response, this 3R-
MoS, metasurface may serve as four types of logic gates: AND,
OR, A ANDNOT B, and A ORNOT B, by changing the
incident polarization and turning the threshold values.

It is interesting to note that the performance of the
polarization-dependent photonic logic gates could be further
improved by resolving the SHG helicity, which may
significantly enhance the on/off ratio. In addition, since the
metasurface can modulate the polarization of emitted SHG,
the intensity contrast between different logical states can be
modified by introducing additional polarization analyzers.
These approaches can advance the applications of photonic
logic gates (Supporting Information SS).

In summary, we have demonstrated nonreciprocal-like chiral
SHG in a chiral 3R-MoS, metasurface. This effect arises from
nonreciprocal CP absorption, leading to a direction-dependent
nonlinear optical response. Under resonant CP excitation in
the k_ direction, the SHG-CD reaches 62%, whereas excitation
in the k, direction yields an SHG-CD of approximately —719%.
Across the 780—810 nm spectral range, the average absolute
SHG-CD remains at ~68%, indicating a robust broadband
response. The observed nonreciprocal-like chiral SHG arises
from both the structural chirality of the metasurface and the
intrinsic C;, symmetry of 3R-MoS,. Moreover, the 3R-MoS,
metasurface enables four types of photonic logic operations via
the SHG responses: AND/OR gates under linearly polarized
excitation, and A ANDNOT B or A ORNOT B gates under
CP excitation. These results establish 3R-MoS, metasurfaces as
a compact and multifunctional platform for integrated
nonlinear photonics and photonic logic, enabled by the strong
intrinsic nonlinearities and high refractive index of rhombohe-
dral transition-metal dichalcogenides.

B SIMULATION

All simulations are carried out using the FDTD method. In the
simulation, periodic boundary conditions in the x- and y-
directions and perfectly matched layer (PML) boundary
conditions in the z-direction are applied. Plane-wave sources
with wavelengths in the range 375—840 nm are placed 1 ym
from the structure. In the main text, we assume MoS, to be
isotropic, while in Supporting Information S6, we further
consider the anisotropy of MoS,.

B SAMPLE PREPARATION

The 3R-MoS, film with a thickness of 110 nm is transferred
onto the ITO/SiO, substrate using a dry transfer method. The
metasurface is fabricated by etching the 3R-MoS, film using
the dual-beam FIB system (Helios, Nanolab 600i).

B MICROSCOPY

The 3R-MoS, metasurface is observed with an optical
microscope (Nikon, ECLIPSE 80i). Scanning electron micro-
graphs of the 3R-MoS, metasurface are obtained with a field-
emission scanning electron microscope (Zeiss, ULTRASS).

B POLARIZATION-RESOLVED SHG MEASUREMENTS

Polarization-resolved SHG data are observed on a confocal
micro-Raman system (Princeton Instruments, Trenton, NJ).
The excitation pulses come from a Ti:sapphire mode-locked
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laser with a pulse repetition rate of 80 MHz and, particularly, is

centered at a wavelength of 800 nm.
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(i) Scattering cross sections of the 3R-MoS, metasur-
face; (ii) the SHG intensity comparison between the
chiral 3R-MoS, metasurface and a bare film; (iii) the
simulated transmission, reflection, and absorption
spectra, as well as the electric field and magnetic field
distributions of the 3R-MoS, metasurface under linearly
polarized excitation; (iv) measuring the CP-resolved
SHG of the chiral 3R-MoS, metasurface propagating in
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under CP excitations; and (vi) the simulated trans-
mission, reflection, and absorption spectra of the 3R-
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anisotropy of MoS, (PDF)
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