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Abstract
Increasing attention is being paid to chiral metasurfaces due to their ability to selectively
manipulate right-hand circularly polarized light or left-hand circularly polarized light. The thin
nature of metasurfaces, however, poses a challenge in creating a device with effective phase
modulation. Plasmonic chiral metasurfaces have attempted to address this issue by increasing
light–matter interaction, but they suffer from metallic loss. Dielectric metasurfaces made from
high-index materials enable phase modulation while being thin. Very few materials, however,
have high refractive index and low loss at visible wavelengths. Recently, some 2D materials
have been shown to exhibit high refractive index and low loss in the visible wavelengths,
positioning them as promising platforms for meta-optics. This study introduces and details a
planar chiral metasurface with a geometric phase composed of WS2 meta-units. By employing
adjoint optimization techniques, we achieved broadband circular dichroism (>0.5 in the
wavelength range of 653–796 nm) and a high extinction ratio (19.6 dB at λ = 675 nm).

Keywords: chiral metasurface, transition metal dichalcogenide (TMD), WS2,
dielectric metasurface, geometric phase, inverse design, adjoint optimization

1. Introduction

Metasurfaces, which consist of ultrathin metallic or dielectric
nanostructures with dimensions smaller than the wavelength
of light, have gained attention for their ability to manipulate
optical phase, amplitude, and polarization over the wavefront
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with subwavelength resolution [1–5]. They have found
numerous applications, including ultra-thinmeta-lenses [6–8],
holograms [1, 9–13], and optical vortex beam generators
[3, 14–17]. Geometric-phase-based metasurfaces utilizing the
Pancharatnam–Berry phase have attracted considerable atten-
tion due to their broadband and efficient manipulation of
the optical phase [2, 4, 6, 18–20]. The geometric phase is
achieved by rotating a unit cell or meta-unit of metasurfaces,
which converts circularly polarized incident light into trans-
mitted light wave with the opposite handedness. This spin-
switching capability enables a range of applications, includ-
ing chiral-sensitive imaging [21, 22] and display [9, 12,
23, 24], and optical spin–orbit coupling [16, 25]. However,
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conventional geometric-phase-based metasurfaces, which fea-
ture in-plane mirror symmetry in their meta-units, are limited
in their capability to independently modulate the two circu-
larly polarized states. To address this issue, chiral metasurfaces
have been proposed, with their broken in-plane mirror sym-
metry allowing independent control of the two circular polariz-
ation states of the transmitted light [26–33]. Suchmetasurfaces
can be designed, for example, to maximize the transmission of
circularly polarized light with a particular handedness while
simultaneously blocking that with the opposite handedness.

Chiral metasurfaces can be designed with two types of
materials: metals and dielectrics. While plasmonic chiral
metasurfaces have demonstrated significant circular dichroism
(CD) in the visible range, they suffer from significant ohmic
losses [27, 30, 34, 35]. Chiral metasurfaces made of dielec-
tric material display negligible absorption; however, they often
exhibit low CD or require considerable thickness to attain suf-
ficient light-matter interactions for effective phase manipula-
tion [26, 28, 29, 36]. Therefore, it is challenging to create a
thin, planar device that shows both high CD and low absorp-
tion in the visible.

In order to achieve a high level of CD in the visible
range, we propose a planar chiral metasurface based on WS2.
WS2 belongs to the family of transition metal dichalco-
genides (TMDs) and has attracted considerable attention in
the nanophotonics and metasurfaces community due to its
high refractive index and strong optical anisotropy [37–41].
The high refractive index of WS2, larger than 4 in the vis-
ible range, allows for a strong interaction between light and
the material [42], which increases the polarization conver-
sion efficiency and therefore decreases the required mater-
ial thickness. Furthermore, the multi-layer WS2 flakes can be
nano-patterned by electron-beam-lithography (EBL) and sub-
sequent reactive-ion-etching (RIE) [39, 43, 44], making them
useful as a material platform for metasurfaces.

In this work, we use an adjoint optimization method [7, 15,
45–47] to create planar chiral metasurfaces made ofWS2. This
design technique optimizes the structure by using the gradi-
ent of the figure of merit (FOM) with respect to the design
parameters through direct and adjoint full-wave simulations.
The adjoint optimization enables the realization of a freeform
structure that maximizes the FOM while satisfying the design
constraints, resulting in a significant performance improve-
ment over conventional heuristic design approaches. TheWS2
chiral metasurface in this work exhibits a high extinction ratio
(peak value up to 19.6 dB) in the visible range. Additionally,
to verify the performance of the geometric phase manipulation
of our designed chiral resonator, we analyze the characterist-
ics of metasurfaces composed of chiral resonators with various
rotation angles. Thesemetasurfacesmaintain consistently high
CDs (>0.5) and transmittance (>0.57) at all rotation angles.

2. Results and discussion

Figure 1(a) illustrates the chiral metasurface and its function,
i.e. reflecting a right-hand circularly polarized light (RCP)
wave at normal incidence while converting left-hand circularly

polarized light (LCP) into an RCP wave in transmission. In
this work, WS2 is chosen for its high refractive index and rel-
atively low absorption in the visible. The WS2 metasurface
is located on a glass substrate with a refractive index of 1.5.
Simulations in this work used wavelength-dependent in-plane
and out-of-plane refractive indices of WS2, which are impor-
ted from the literature [39]. The relationship between the incid-
ent and transmitted circularly polarized light can be written
using the Jones matrix calculus in the following form:(

Etl
Etr

)
=

(
tll e−i2θtlr

ei2θtrl trr

)(
Eil
Eir

)
(1)

Here, the subscripts l and r represent LCP and RCP,
respectively, while i and t denote incident and transmit-
ted light, respectively. To obtain perfect conversion between
RCP and LCP light for realizing metasurface based on the
Pancharatnam-Berry phase, the diagonal elements of the mat-
rix, tll and trr, should be zero. Assuming the metasurface can
minimize these terms, subsequently, the matrix is simplified,
yielding two equations: Etl = e−i2θtlrEir and Etr = ei2θtrlEil,
demonstrating the conversion of handedness. To create a
metasurface that produces conversion only for LCP, we intro-
duce a design goal of minimizing the conversion of RCP to
LCP, i.e. tlr = 0.

Each chiral structure exhibits C2 symmetry as shown in
figure 1(b), a constraint we impose for structure optimization.
This is because the generated phase modulation covers the full
2π range when the change in geometrical rotation, θ, corres-
ponds to π. A range of different heights of the resonator is
tested, and 250 nm demonstrates the highest FOM. In the 3D
simulation domain, the structure is pixelated as figure 1(c),
where each pixel has a volume of 10× 10× 10 nm3. A square
lattice array is used with an array periodicity of 380 nm in both
the x and y directions.

Figure 2(a) shows the transmission spectra occurring with
LCP and RCP illumination of the inverse-designed chiral
metasurface. The transmission monitor in this simulation
measures the power of the transmitted light and, therefore,
does not distinguish the state of polarization. It is note-
worthy to mention that the dichroism is significant across
a wide range of wavelengths, unlike most previous works
where high dichroism is usually limited to a narrow band-
width [26, 27, 36, 48]. Substantial light intensity contrast is
also observed in reflection spectra as shown in figure 2(b) with
RCP being reflected more than the LCP. Figure 2(c) shows
the absorption spectra under the LCP and RCP incidences.
The absorption tends to increase as the wavelength decreases
because the absorption coefficient of WS2 is greater at shorter
wavelengths [39]. The absorption of RCP incidence is larger
than the absorption of the LCP in thewavelength range of 600–
800 nm, which is attributed to the chirality of the metasurface.

Figure 2(d) shows the CD in transmission and reflection
and the extinction ratio. The transmission CD is defined as
(TL–TR)/(TL+TR), where TL and TR are the transmissions
under the LCP and RCP incidences, respectively. Likewise,
the reflection CD is defined as (RL–RR)/(RL+RR). The CD
reaches a maximum value of close to unity at λ= 675 nm
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Figure 1. (a) Schematic illustration of the inversely-designed chiral metasurface optimized to reflect right-hand circularly polarized light
(RCP, represented with blue colors) while maintaining the polarization and convert left-hand circularly polarized light(LCP, represented
with red) to RCP. The metasurface consists of a periodic array of WS2 chiral resonators on a glass substrate. (b) Illustration of a single WS2
chiral resonator. The resonator has a two-fold rotational symmetry (C2) along the z-axis, and the thickness (H) is 250 nm. (c) Top-view of
the pixelated chiral resonator in simulations. The black and white pixels represent WS2 and air, respectively, and the single pixel dimension
is 10× 10× 10 nm3. The periodicities of an array of the chiral resonators, Px and Py, are 380 nm.

Figure 2. (a) Transmission spectra when LCP (red) and RCP (blue) are incident onto the inversely designed chiral resonator array. (b)
Reflection spectra of LCP and RCP incidences. (c) Absorption spectra of LCP and RCP incidences. (d) Circular dichroism in the
transmission (orange), reflection (light blue), and extinction ratio (black). The circular dichroism, the difference in light intensity between
LCP and RCP, is obtained from the transmission and reflection data in (a) and (b). The extinction ratio, i.e. the ratio of transmittance under
RCP and LCP incidence, peaks reaching 19.6 dB at λ = 675 nm.

and exceeds 0.5 across the spectral window that is ≃147 nm
wide. The extinction ratio, which is defined as TL/TR, peaks
value reaching 19.6 dB at 675 nm. Table 1 demonstrates a

comparison of the planar chiral dielectric metasurfaces at vari-
ous working wavelengths. The table includes information on
the material, thickness, absolute CD, extinction ratio, and
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Table 1. Comparison of planar chiral dielectric metasurfaces.

Wavelength
(µm)

Structure
[References] Material

Thickness
(nm) Transmission

Extinction
ratio

Bandwidtha

(nm)

1.655 Z-shape [26] Ge 500 ≃0.95 ≃13.5 ≃30
0.997, 1.055 Elliptical

cylinders [51]
Si 700 ≃0.895, 96.5 ≃12.8, 96.5 ≃7, 3

1.5 Z-shaped
etch [52]

Si 215 ≃0.97 ≃345 ≃74

1.55 Deformed
H-shape [53]

Si 452 ≃0.96 ≃3.8×104 ≃34

0.545 Gammadion [50] TiO2 340 ≃0.95 ≃31.6 ≃13
0.635 Achiral

nanofins [49]
Si 450 ≃0.65 ≃23 ≃58

0.675 Layered
free-form

WS2 250 ≃0.67 ≃91 ≃147

(this work)
a The bandwidth is defined as the wavelength range where |CD| is larger than 0.5.
Note: All data are obtained from the simulation results.

bandwidth of each metasurface. Our proposed metasurface
shows the largest bandwidth, which can be attributed to
the low Q-factor of the metasurface due to the absorption
of WS2. Furthermore, our metasurface achieves the highest
extinction ratio among other metasurfaces operating in the vis-
ible range [49, 50].

The very high extinction ratio of the metasurface is enabled
by adjoint-optimization-based inverse design with a custom-
ized FOM. The FOM (F) of adjoint optimization can be
expressed as an inner product between a forward field E and a
target field Ed.

F =

ˆ
M
|E(x) ·Ed (x)

∗ |2dA. (2)

In our case, Ed(x) electric field near the metasurface when
LCP or RCP light is incident. Ed(x) is an LCP or RCP plane
wave with a constant amplitude that propagates in the −z dir-
ection.M is a monitor plane in the glass substrate and per-
pendicular to the z-axis, and ∗ indicates a complex conjugate
operation. Consequently, F is directly proportional to the flux
of the transmitted LCP or RCP light when the LCP or RCP
light is incident. The derivative of F by the transmitted elec-
tric field is

∂F
∂E(x)

=

ˆ
M

Ed (x)
∗ [E(x)∗ ·Ed (x)

]
dA. (3)

The variation of the electric field at point x, caused by the
adjustment in the permittivity of the design space, can be
expressed as

δE(x) =
←→
G (x,x ′)Pind (x ′) =

←→
G (x,x ′)δϵ(x ′)E(x ′) , (4)

where x and x ′ indicate the positions in the monitor and the
design space, respectively. In addition, Pind(x ′) indicates the
polarization density, which is induced by the variation of the
dielectric constant δϵ(x ′), and

←→
G (x,x ′) is a Green’s function

which represents the electric field at the point x generated by

the unit dipole at the point x ′. The variation of F is δF =
∂F
∂E δE+ ∂F

∂E∗ δE∗. The adjoint field Eadj can be expressed as

Eadj (x ′) =

ˆ
M

←→
G (x,x ′) ·

[
Ed (x)

∗ (E(x)∗ ·Ed (x)
)]
dA.

(5)

The adjoint field can be obtained by setting electric dipoles
at the monitor plane with the direction and amplitude of
E∗
d (E

∗ ·Ed) because of the Lorentz reciprocity [54]. Finally,
the gradient of F with respect to the permittivity at the point
x ′ can be expressed as

∂F
∂ϵ(x ′)

= 2Re [E(x ′) ·Eadj (x ′)] . (6)

To effectively modulate the geometric phase of the trans-
mitted light, Trr = |trr|2, Tlr = |tlr|2, and Tll = |tll|2 should
be minimized. At the same time, Trl = |trl|2 is required to
be maximized, which is the value related to the efficiency
of the metasurface. Therefore, we set the total FOM to
maximize as a linear combination of partial FOMs, Frl−
(Frr+Flr+Fll), where the first and second subscripts of
F refer to the circular polarization of the target field and
the incidence in the forward field, respectively. We use
open-source finite-differential-time-domain (FDTD) solver
MEEP [55] for the forward and backward simulations and
MEEP’s adjoint module [45] for updating the design para-
meters. The detailed flow chart of the adjoint optimization is
described in the literature [56, 57].

The total simulation space is 380 nm long along the x- and
y-directions and 2250 nm high along the z-direction, where the
simulationmesh size is 10 nm along the x-, y-, and z-directions.
Two perfect matching layers (PMLs), which are 500 nm thick,
are positioned at the top (+z) and bottom (−z) of the simu-
lation space to absorb any outgoing waves. The pairs of the
front (+x) and back (−x) surfaces and the right (+y) and left
(−y) surfaces of the simulation space are set to satisfy peri-
odic Bloch boundary condition to simulate the periodic array

4
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Figure 3. Inverse design procedure for optimizing the WS2 resonator. (a) The evolution of the design parameters is displayed with the
iteration numbers. The colors black and white represent the permittivities of WS2 and air, respectively, and the grey color indicates
permittivity between those of air and WS2. (b) The evolution of the figure of merit (FOM) and transmission in relation to the number of
iterations. TRL and TLL indicate the transmitted light intensity of the RCP (R in subscript) and LCP (L) light when LCP light is incident,
respectively. Likewise, TRR and TLR refer to the transmission of the RCP and LCP light when the RCP light is incident. The red line shows
TRL, and the blue line represents the sum of three transmissions TLR+ TRR+ TLL at λ = 680 nm. (c) The transmission spectra of the chiral
resonator array depending on the incident and transmitted polarization, showing extremely small TLR, TRR, and TLL at λ = 680 nm.

of the resonators. The design space is positioned in the middle
of the top and bottom surfaces and is 250 nm high along the
z-direction, and the area above and below the design space is
filled with air and SiO2, respectively. The plane wave source
is positioned 10 nm below the top PML, and the field monitor
and the adjoint source are positioned 10 nm above the bottom
PML. The optimization process, which consists of 120 itera-
tions, takes approximately 4 hours using a workstation with
a 64-core CPU (Ryzen Threadripper 5995WX). For the final
test of the optimized structure, we extend the simulation space
to 3250 nm in z-direction to reduce the influence of evanescent
waves and insert a reflectance monitor 90 nm below the source
plane to measure the reflectance spectra.

We applied additional design constraints and filters for the
manufacturable design and effective geometric phase modu-
lation. As shown in figure 3(a), the material outside of the
design domain, a circle with 330 nm diameter, is fixed to the
permittivity of air to reduce the interaction between neighbor-
ing resonators. Furthermore, C2 symmetry was applied for full
phase coverage, e.g. 0 to 2π. Moreover, a subpixel smooth-
ing filter is applied to remove unfabricable fine structures [45].
Binarization weights are used to make the design parameters
converge to the permittivities of WS2 and air [15]. Figure 3(b)
shows the evolution of the total FOM and the transmissions
with the increasing number of iterations. The FOM rapidly
increases until it is saturated in about after the 40th itera-
tion. After saturation, the binarization weights become more
dominant than the weights from the gradient of the FOM,
pushing design parameters to converge to the permittivity of
WS2 and air. As the FOM increases, TRL increases while TRR,
TLR, and TLL decrease. This indicates that the gradient of
the FOM effectively enlarges TRL while suppressing the other

transmissions. After the 120th iteration, the design parameters
are fully binarized to the permittivities of either WS2 or air.
The optimized structure is shown in figure 1 and the appendix.
Figure 3(c) shows the transmission spectra of the chiral res-
onator array depending on the incident and transmitted polar-
ization. TRR, TRL, TLL show extremely low values (≃0.006)
compared to TRL (≃0.65) at λ = 680 nm.

Figure 4(a) shows the electric fields under LCP and RCP
incidences in xz-plane, and figure 4(b) illustrates the same
fields in xy-plane. Both LCP and RCP incidences experience
resonant behavior; however, the distribution of the maximum
electric field intensities differs with the incident polarization.
Under LCP incidence, the lobe is mostly outside the chiral res-
onator, while it is mostly distributed inside the resonator for
RCP incidence, causing comparatively large absorption and
low transmission. The notable distinction in the electric field
distribution, resulting in the large variation in absorption, may
account for the large extinction ratio of the chiral resonator
in this work. The optical chiral density [48, 58] distribution
is displayed in figure 4(c) to visualize the polarization con-
version process induced by the chiral resonator. The optical
chiral density is calculated from the equation,− ϵ0ω

2 Im(E∗ ·
B), and normalized by its maximum absolute value. Here,
ϵ0 represents the vacuum permittivity, ω is the angular fre-
quency, and B is the magnetic field. The positive and negat-
ive chiral densities indicate left-handed or right-handed chir-
ality, which correspond to the chiralities of LCP and RCP
lights, respectively. The magnitude of chiral density presents a
chiral intensity, which is directly proportional to the intensity
(E∗×B) when electric and magnetic fields are orthogonal.
Under LCP incidence, positive and negative chiral densities
are observed near the resonator, while only the negative chiral

5
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Figure 4. (a) Electric field intensities on the xz-plane under LCP and RCP incidences at λ= 680 nm. The incident light propagates from top
to bottom. Under LCP incidence, the strongest electric field intensity appears outside the WS2 resonator. On the other hand, under RCP
incidence, the strongest electric field appears inside the WS2 resonator. (b) The electric near field intensities in the xy-plane at z=−90 nm
under the LCP and RCP incidences at λ = 680 nm. The RCP incidence creates highly concentrated fields inside the WS2 resonator, which
implicate high absorption compared to the LCP incidence. (c) Optical chiral densities under LCP and RCP incidences. The positive or
negative chiral density indicates whether the chirality of LCP or RCP light is dominant at each point, respectively.

Figure 5. (a) Structures of the chiral resonators with various orientation angles. The structure with rotation angle 0◦ indicates the
non-rotated structure shown in figure 1(c). (b) Transmission spectra for a chiral resonator array with various orientation angles for the LCP
(solid lines) and RCP (dashed lines) incidences. The resonator arrays show high circular dichroism with all orientation angles. (c) The
transmittance TRL and the relative phases of the RCP light under the LCP incidence in the chiral resonator arrays with various orientation
angles at λ = 680 nm.
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density is found at the bottom. This implies that LCP incid-
ence is effectively converted to RCP light by the resonator. In
the meantime, under RCP incidence, no red color appears, and
the bottom shows white. This indicates that chiral handedness
conversion is negligible, and the chirality is not transmitted.

To verify the robustness of the chiral resonator, we tested
the optical response with various orientation angles from 0◦ to
80◦ as shown in figure 5(a). Figure 5(b) shows transmission
spectra of the chiral resonator arrays with varying orientation
angles under RCP (dashed lines) and LCP (solid lines) incid-
ent light. The transmittance under the RCP incidence increases
when the meta-unit is rotated because it changes the coupling
between adjacent resonators, resulting in the modification of
optical loss [26]. Nevertheless, the resonator arrays still show
strong CD across the wide range of wavelengths. Figure 5(c)
shows the relative phase of the transmitted RCP light under
the LCP incidence (phase of trl) and transmission TRL at λ =
680 nm. The transmission shows a lower bound of 0.56 over
the desired bandwidth. Furthermore, the phase almost linearly
increases with the rotation angle covering from 0 to 2π. It
implies that we can achieve a precise phase modulation using
WS2.

3. Conclusion

In this work, we have demonstrated an inversely designedWS2
chiral metasurface. We utilized WS2 as a platform material
of the meta-atoms because of its significantly high refractive
index and relatively low absorbance at the visible range, which
provide great light tunability in an ultrathin layer. We also
utilized the inverse design technique based on adjoint optim-
ization to maximize cross-polarized transmission under LCP
incidence while blocking RCP incidence. The metasurface
exhibits consistently high CD (>0.5) across a wide range of
wavelengths (λ of 653–796 nm) and an extremely high extinc-
tion ratio (19.6 dB at λ= 675 nm). Moreover, we have demon-
strated geometric phase modulation with the chiral resonator
arrays with different orientation angles. They maintained high
CD (>0.5) and transmission (>0.56) across all the orienta-
tion angles, demonstrating the capability for the geometric
phase modulation. Unlike the achiral geometric-phase-based
metasurfaces, our chiral metasurface does not require circular
polarization filters to reduce the intensity of the light with the
unwanted wavefront. Thus, it can realize ultra-compact optics
using geometric-phase-based metasurfaces. Furthermore, it
may open a new way to advance applications using the chiral-
ity of light, such as chiral-sensitive imaging and display tech-
nology and platforms of optical spin-orbit interactions.
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Appendix. Optimized metasurface structure

Geometry parameters of the inverse-designed chiral metasur-
face are displayed in this section. Each value in the array rep-
resents a pixel 10 nmwide in the x- and y-direction and 250 nm
high along the z-direction. The 38×38 pixels constitute the
periodic unit of the metasurface. The value ‘1’ means the pixel
is filled with WS2, while the value ‘0’ means it is filled with
air.
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