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Directionally Asymmetric in Orbital Angular Momentum
Generation Using Single-Layer Dielectric Janus
Metasurfaces

Chang-Yi Lin, Jhih-Hao Huang, Huan-Teng Su, Shu-Ming Chang, Yun-Chien Wu,
and Yao-Wei Huang*

Janus metasurfaces, offering versatile light manipulation contingent
on incident direction, are explored across microwave to mid-infrared
spectra. Nonetheless, prior designs often resort to spatial multiplexing or
vertical stacking, entailing complex fabrication. Metallic Janus metasurfaces,
owing to material properties, suffer notable Ohmic losses in the
visible spectrum. In this study, Single-layer TiO2-based Janus metasurfaces
with arbitrary polarization control is experimentally demonstrated,
exhibiting directionally asymmetric functionalities in spin and orbital angular
momentum (OAM). A novel Jones matrix formulation tailored for Janus
metasurfaces is presented, enabling efficient generation of two asymmetric,
high-purity OAM states of vortex beams at wavelength of 532 nm,
contingent on incidence direction. This innovation facilitates compact
and versatile phase manipulation, encompassing applications such as lasers
and optical combiners, thereby expanding its utility across diverse domains.

1. Introduction

The vortex beam with orbital angular momentum (OAM) is
characterized by a helical wavefront with azimuthal phase exp
(imϕ) where m is the quantum number that can be any inte-
ger and ϕ is the azimuthal angle in the cross section of the
beam.[1–3] These unique profiles have made significant contribu-
tion and found application of quantum information,[4,5] optical
communication,[6,7] microscopy,[8] vortex laser technologies,[9,10]

etc. So far, many studies about producing the optical vortex
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beams by many methods including spiral
plates,[11] q-plates,[12–14] and J-plates[15–17]

have been conducted.
Spin-to-orbital angular momentum con-

versions commonly exhibit directional sym-
metry (same quantum number for for-
ward and backward directions) or anti-
symmetry (opposite sign of quantum num-
ber for forward and backward directions),
characterized by Pancharatnam-Berry (ge-
ometric) phase and propagation phase, re-
spectively. For instance, consider q-plates:
counterclockwise rotation of birefringence
building blocks along the azimuthal an-
gle remains counterclockwise when ob-
served from opposite directions, yielding
the conversion of identical (symmetric)
OAM states with the same spin in both
directions. In contrast, propagation-phase-
based building blocks, for example, spiral

plates, alter in thicker and thinner height (or wider and thinner
width of nanopillars) along the azimuthal angle when observed
from opposite directions, resulting in opposite (anti-symmetric)
OAM states. J-plates possess the capability to impart asymmet-
ric OAM states (can be neither symmetric nor anti-symmetric)
for the arbitrary two orthogonal spins through a hybrid mech-
anism involving both geometric and propagation phases.[9,17]

However, their functionalities are currently confined to one-way
transmission. While metallic Janus metasurfaces employing spa-
tial multiplexing have been successfully crafted for microwave
applications,[18–20] metals commonly encounter challenges such
as high absorption and pronounced reflection of electromag-
netic radiation across a broad spectrum ranging from visible
light to near-infrared and ultraviolet wavelengths, attributable to
their inherent optical and electrical characteristics. Additionally,
two-layer (vertical stacking) Si-based Janus metasurfaces have
been developed in mid-infrared spectra, suffering from com-
plicated fabrication techniques.[21] The previously mentioned
Janus metasurfaces operate exclusively in either linearly polar-
ized states[18,19] or circularly polarized states.[20,21] However, there
is currently no research addressing the generation of direction-
ally asymmetric OAM from arbitrary spin states.

Here, we demonstrate our Janus metasurfaces that have ca-
pability of directionally asymmetric in angular momentum us-
ing the single-layer dielectric metasurface operating in the vis-
ible. We numerically clarify how the functionalities are for the
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Figure 1. Schematic of the Janus metasurface designed to operate at a wavelength of 532 nm. When polarized light is illuminated into the metasurface
from different sides, it yields different OAM states. The images of the interference pattern on either side depict the phase of the OAM states of 1 and 5.

forward (+z direction) and backward (-z direction) incidence
in their corresponding coordinate system. Distinguished from
the previously derived metasurface function in the same
direction,[22,23] our derivation pertains to the metasurface func-
tion enabling distinct OAM for bidirectional light propagation.
This kind of Janus metasurface can generate different OAM
states depending on the direction of the incident light, which of-
fers the degree of freedom to control the phase. Following the co-
ordinated transformation we propose, high-quality OAM states
generated from both sides are achieved by using propagation
phase and geometric phase modulation. The schematic of our
Janus metasurface (Janus-1) is depicted in Figure 1. Vortex beams
carrying OAM states of 1 and 5 are illustrated on either side of the
Janus metasurface, representing forward and backward incident
light with left-hand circular polarization (LCP) in their respec-
tive coordinate systems. It is worth noting that the spin state of
the incident light can be any arbitrary elliptically polarized state,
as demonstrated in our other Janus metasurfaces (Janus-2 and
Janus-3).

2. Results

2.1. Janus Metasurfaces

As well known, the complex transmission of a rectangular meta-
atom can be described by the Jones matrix like a conventional
linearly birefringence wave plate.[22,23] However, there are differ-
ence between the local matrix of the metasurface for the forward
and backward incidence, which results in the different phase im-
posing from the meta-atoms as:

J=R (−𝛼)
[

ei𝜑x 0
0 ei𝜑y

]
R (𝛼) (1)

J′ =R
(
−𝛼′) [ei𝜑x 0

0 ei𝜑y

]
R
(
𝛼′) (2)

Here, 𝜑x and 𝜑y are the phase shifts as polarized light propa-
gates along x and y axes of the meta-atom, the alpha (𝛼 and 𝛼′)
represent the rotation angle defined by their own coordinate sys-
tems and the prime sign (′) denotes the difference between the

forward and backward coordinate (see Section S1, Supporting In-
formation).

Now, we expect to fulfill a single metasurface that can gener-
ate asymmetric functions when the same arbitrary polarized light
incidents from the forward and backward direction. Here, we de-
sign the metasurface which imparts the OAM states of m and n′

for the two sides incidence. The element of the global matrix at
any position (x, y) of the metasurface is given by

J (x, y) |𝜆⟩ = eim𝜙(x,y) |𝜆⟩∗ (3)

J (x, y) |𝜆⟩ ′ = ein′𝜙′(x′ ,y′) |𝜆⟩′∗ (4)

Here, the asterisk sign (*) denotes the complex conjugate of
electric field and ϕ(x, y) is the azimuthal angle of the meta-atom
on the metasurface. The eigen polarized states |𝜆〉 is [cos 𝜒 ; exp
(i𝛿)sin 𝜒 ], or written in |𝜆(𝜒 , 𝛿)〉 or |𝜒 , 𝛿〉, where 𝜒 and 𝛿 are the
ellipticity and phase delay of the polarized light. After the coordi-
nated transformation shown in Section S2 (Supporting Informa-
tion), we can easily derive the Janus metasurface function J(x, y)
by following the two equations above as

J (x, y) =

[(
eim𝜙(x,y) + ein𝜙(x,y)) cos𝜒 sin𝜒 e−i𝛿

(
eim𝜙(x,y) − ein𝜙(x,y)) cos2𝜒

e−i𝛿
(
eim𝜙(x,y) − ein𝜙(x,y)) sin2𝜒 e−i2𝛿

(
eim𝜙(x,y) + ein𝜙(x,y)) cos𝜒 sin𝜒

]
(5)

This matrix is converted to the forward coordinate for sim-
ple calculation. A single layer Janus metasurface requires that
the global matrix at each position on the metasurface needs to
meet the local matrix derived in Equations (1) and (2). The condi-
tion requires two off-diagonal elements of the global matrix to be
identical.[24] With the condition, we find the polarization of the
incident light has a physical restriction cos2𝜒 = sin2𝜒 (see Sec-
tion S2, Supporting Information). This completion clarifies that
the eigenpolarizations of our Janus metasurface must satisfy 𝜒

= 𝜋/4, while 𝛿 can be any real number as the degree of freedom
of the design. However, the restriction makes the Janus meta-
surface only work for a few specific polarizations, which signifi-
cantly reduces the application range of it. To break this limitation,
we further adopt the other degree of freedom in designing Janus
metasurfaces by taking the rotation of the entire global matrix
into consideration. As the global matrix rotates with an angle of
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Figure 2. Design and fabricated Janus metasurfaces. a) Schematic of 600-nm-height of rectangular TiO2 meta-atom on fused silica substrate with 500-
nm-period hexagonal lattice (left). Arrangement of meta-atoms with geometric parameters: widths (Wx, Wy), period (p), and rotation angle (𝛼) (right).
b) Optical microscope image of Janus-2. c–e) Scanning electron microscope images of the central parts of Janus-1 (c), Janus-2 (d), and Janus-3 (e).

𝛽, the eigenpolarization also follows the conversion, leading to a
new polarized state. The process can be derived as

J |𝜆⟩ = J
||||𝜋4 , 𝛿

⟩
= JR (−𝛽) R (𝛽)

||||𝜋4 , 𝛿
⟩
= J𝛽 ||𝜒d, 𝛿d⟩ (6)

where |𝜋/4, 𝛿〉 denotes the original polarization with the restric-
tion 𝜒 = 𝜋/4, R(𝛽) is the rotation matrix, J𝛽 = JR(− 𝛽) is the global
matrix after rotation, and |𝜒d,𝛿d〉 = R(𝛽)|𝜋/4, 𝛿〉 is the target po-
larization of design in which 𝜒d and 𝛿d are for an arbitrary state.
The related derivation is depicted in Section S3 (Supporting In-
formation). Therefore, the arbitrary polarized state can success-
fully demonstrate different desired OAM states from forward and
backward incidence.

2.2. Fabrication

In our design, we establish rectangular TiO2 meta-atoms with a
fixed height (h) of 600 nm, arranged in a hexagonal lattice pat-
tern on a fused silica substrate with a period (p) of 500 nm for
each lattice arrangement, as illustrated in Figure 2a. The 𝜑x,
𝜑y, and local rotation angle (𝛼) of each meta-atom must satisfy
the global matrix shown in Equation (5) and are obtained us-
ing the method described in the literature.[15,23] Additionally, a
global rotation angle (𝛽) is applied to each meta-atom on Janus-3.
The width (Wx, Wy) of each meta-atom is then designed to im-
part the desired phase delay at a wavelength of 532 nm obtained
by our phase-to-width lookup table (see Section S4, Supporting
Information).

To fulfill the asymmetric vortex beam generation from a single
dielectric Janus metasurfaces by following the theory we derive,

we design and fabricate 3 Janus metasurfaces for circular and
elliptical polarized light: Janus-1 with circular eigenpolarization
|𝜋/4, 𝜋/2〉, the forward and backward imposing OAM states are
[m, n] = [+ 1, +5]. Janus-2 and Janus-3 are with different ellipti-
cal polarized states and impart different OAM states, which are
listed in Table 1. We note that Janus-2 has 𝜒 = 𝜋/4, which makes
its two off-diagonal elements of the global matrix identical and
satisfies Equation (5). In contrast, Janus-3 has 𝜒 = 𝜋/6, provid-
ing an additional degree of freedom in the global rotation of the
sample (Equation (6)), thereby breaking the design limitation im-
posed by Equation (5). The fabrication process involves electron-
beam lithography, atomic layer deposition, and etching tech-
niques. All our Janus metasurfaces were fabricated following the
procedures outlined in reference. Figure 2c–e represents scan-
ning electron microscope (SEM) images of three fabricated Janus
metasurfaces.

We note that Janus-1 and Janus-2 have an additionally grat-
ing phase with a deflection polar angle (𝜃d) of 5° and deflection
azimuthal angle (ϕd) of 0°, in the spherical coordinate system.
For Janus-3, We add a more complex grating phase of deflec-
tion polar and azimuthal angles (𝜃d, ϕd) of (25.1°, 101.8°), al-
though these values can be arbitrary. The additional grating phase

Table 1. Three Janus metasurface designs.

|𝝀(𝝌 , 𝜹)〉 Forward OAM state Backward OAM state

Janus-1 | 𝜋
4

, 𝜋

2
⟩ 1 5

Janus-2 | 𝜋
4

, 𝜋

4
⟩ 2 −3

Janus-3 | 𝜋
6

, 𝜋

3
⟩ 2 −4
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helps to obtain a purer OAM state of the vortex beam at the 1st
order diffraction, eliminating the polarization-unconverted term
at the 0th order, as demonstrated in the literature.[15,16] The de-
tail replacement of Equations (3), (4), and (5) regarding to ad-
ditional grating phase on Janus 1–3 is written in Section S5
(Supporting Information). And the method to generate the lay-
out of Janus metasurfaces is shown in Section S6 (Supporting
Information).

2.3. OAM Characteristics

To illustrate our Janus metasurfaces, we constructed an experi-
mental setup for measurement (see Section S7, Supporting In-
formation). We configure the laser with a wavelength of 532 nm
as the incident light. The polarizations of incidence include var-
ious corresponding to Janus 1-3, as detailed in Table 1. These
configurations account for both forward and backward propaga-
tion through the metasurfaces. Experimental results as well as
simulation results of three Janus metasurfaces are illustrated in
Figure 3. The measured intensity profiles in Figure 3a feature a
distinctive doughnut-shape pattern where size of the central hole
is determined by their OAM states. To visualize the phase of these
vortex beams, we interfere the vortex beams with a Gaussian
beam under a Mach-Zehnder interferometer setup (see Section
S7, Supporting Information) and results are shown in Figure 3b.
One can well see clear fringe number and rotation direction of
Janus 1-3 corresponding to their designed OAM quantum num-
bers. In addition, the simulated phase profiles are obtained ap-
proximately one wavelength away from the meta-atoms through
finite-difference time-domain (FDTD) simulation, as depicted
in Figure 3c. These phase profiles exhibit m-fold or n-fold 2𝜋
azimuthal angle variations with clockwise or counter-clockwise
rotation corresponding to different incident directions and de-
signed OAM quantum numbers. This indicates that the same
quantum numbers are obtained from the experimental results
shown in Figure 3b. We experimentally impart asymmetric OAM
states from Janus metasurfaces from the forward and backward
illumination with arbitrary polarizations, as we design.

2.4. Polarization Characteristics

In the following analysis, we investigate the polarization conver-
sion characteristics of the metasurfaces. The Stoke parameters of
the output polarizations 𝜆(𝜒 , 𝛿) though Janus 1-3 from forward
and backward illumination are measured. Figure 4 illustrates the
Stoke parameters of theoretical (blue), simulated (red), and mea-
sured (yellow) output polarizations for forward and backward in-
cidence.

For simulated values of Stoke parameters, we obtained the
electric field components along the x- and y-directions (Ex,Ey) at
the donut-shape intensity profiles of the vortex beams from the
full-wave FDTD simulation. Then, the Jones vector |𝜒 , 𝛿〉 = [cos
𝜒 ; exp (i𝛿)sin 𝜒 ] was used to calculate the Stoke parameters of
the simulated values using the theoretical formula. The theoret-
ical formula for S1, S2, and S3 are written as:

S1 = cos2𝜒 − sin2𝜒 (7)

S2 = 2 cos 𝛿 cos𝜒 sin𝜒 (8)

S3 = 2 sin 𝛿 cos𝜒 sin𝜒 (9)

For Janus-1, the theoretical output spin states are right circu-
larly polarized (RCP) for forward and backward condition, show-
ing no difference in optical power for any orthogonal linear polar-
izations, resulting in values of ∼0 at S1 and S2 and value of ∼−1 at
S3. For Janus-2, the theoretical output spin states are |𝜋/4, −𝜋/4〉

and |𝜋∕4,−𝜋∕4⟩′. The intensity difference between the horizon-
tal and vertical directions is zero but has the phase delay of − 𝜋/4,
leading to value on S1 ∼0, while S2 and S3 have theoretical values
of 0.707 and −0.707 respectively. Janus-3, corresponding to an ar-
bitrary elliptical polarized state of |𝜒 , 𝛿〉 = |𝜋/6, 𝜋/3〉, contributes
theoretical values of 0.500 on S1, 0.433 on S2, and −0.750 on S3.

For experimental values of Stoke parameters, we utilized a set
of linear polarizer and quarter wave plate to analyze the output
polarization states. These polarization states were projected onto
6 polarization states: |x〉, |y〉, |45°〉, |− 45°〉, |L〉, |R〉. We measured
their power (P) using a power meter. The Stoke parameters (S)
can be calculated from the 6 measured values, and transforma-
tion is written as:[16]

P =

⎡⎢⎢⎢⎢⎢⎢⎣

Px
Py

P45◦

P−45◦

PL
PR

⎤⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎣

1 1 0 0
1 −1 0 0
1 0 1 0
1 0 −1 0
1 0 0 1
1 0 0 −1

⎤⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣
S0
S1
S2
S3

⎤⎥⎥⎥⎦ = AS (10)

S =
(
AT A

)−1
AT P (11)

Additionally, the theoretical output spin states of Janus-3 are
|𝜋/6, − 𝜋/3〉 and |𝜋/3, − 𝜋/3〉′ due to a rotation of 𝛽 = − 24.6°

on sample (see Section S3, Supporting Information), resulting
in a different set of theoretical, simulated, and measured Stocks
parameters. As experimental results shown in Figure 4, Janus 1-
3 demonstrate good performance on the polarization conversion,
which confirms our Janus metasurfaces operate effectively under
arbitrary polarizations (see Section S8, Supporting Information
for detail values of Stocks parameters). We observe that the more
complex polarized states and diffraction angles of incidence for
Janus-3 indeed heighten the challenge in characterizing polariza-
tion characteristics, leading to greater disparities between exper-
imental and theoretical Stock parameters compared to Janus-1
and Janus-2.

3. Discussion and Conclusion

Previous demonstrations of Janus metasurfaces in the mi-
crowave region, particularly for applications such as lenses and
holograms, relied on spatial multiplexing.[18–20] This approach
required the combination of two types of meta-atoms arranged
in an interleaved form, operating for each direction. To achieve
polarization conversion in each meta-atom, the inclusion of three
metallic layers is necessary. Another approach to achieve asym-
metry functionalities was through the use of multi-layer meta-
surfaces, exemplified by the logic gate focusing demonstrated by
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Figure 3. The experimental and simulated results of three Janus metasurfaces for the forward and backward incidence. a) Experimental intensity distri-
bution of the output states. b) Experimental interference fringes of the output states. c) Simulated phase profile of the output states. Results from (i) to
(vi) correspond to Janus-1 forward and backward incidence, Janus-2 forward and backward incidence, and Janus-3 forward and backward incidence.

Adv. Optical Mater. 2024, 12, 2401335 2401335 (5 of 7) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. The theoretical (blue), simulated (red), and measured (yellow) Stoke parameters of output polarizations from Janus 1, 2, and 3 for forward
and backward incidence. The values of S1, S2, and S3 are represented by bar charts. For more detailed values of the Stokes parameters, please refer to
Section S8 (Supporting Information).

Si-based doublet metalens operating in the mid-infrared
range.[21] In contrast, our approach with single-layer dielectric
Janus metasurfaces offers a streamlined alternative, effec-
tively achieving asymmetric OAM states across arbitrary spin
configurations in the visible region.

There is still a constraint in our Janus metasurfaces regard-
ing the generation of high-order OAM states. Since our design
does not take amplitude modulation into account, this method
achieves a qualitatively purer OAM state only for low OAM quan-
tum numbers. Both the measured interference fringe (Figure 3b)
and the simulated phase distribution (Figure 3c) clearly provide
a qualitative check of our OAM state. For higher OAM modes or
spatial nanoscale generation, both amplitude and phase modula-
tion on metasurfaces need to be considered, and a further quan-
titative check of OAM states is required.[9,17,25,26]

In summary, by the coordinated transformation, we clarify the
relation of the local and global matrix of the Janus metasurfaces
for the forward and backward conditions. We utilized degrees
of freedom such as global rotation, local rotation, and the width
of meta-atoms to achieve any polarization state. Specifically, the
width of the meta-atoms achieves the propagation phase, local ro-
tation achieves the geometric phase, and global rotation achieves
elliptical polarizations where 𝜒 is not limited to ±𝜋/4. Following
our design, we successfully create single layer TiO2-based Janus
metasurfaces that has the capability of generating the asymmetry
OAM states according to their direction of incidence. High per-
formance and good polarization conversion of the vortex beams
for the two sides incidence generated by the Janus metasurfaces

are theoretically and experimentally demonstrated. The inten-
sity profiles show the featured donut-shape distribution of vor-
tex beams with the pure singularity and lobes of the interfer-
ence pattern correspond to our designed OAM states and sim-
ulation results. Besides, the Stoke parameters of output polar-
izations from the experiment nearly match with the theoretical
and simulated values. These excited features lead us firmly be-
lieve that our design for the Janus metasurface will continue
to play a significant role in the ongoing development of meta-
optics, unlocking further functionalities and applications in such
optical combiners,[27] intra-cavity mode modulation in lasers,[9]

multifunctionalities for receiver and transceiver,[28] space-time
coupling,[29–31] etc.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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