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Tunable Vector Polarization Transformation Enabled by
Meta-Cavity

Chen Chen, Chunyi Niu, Wange Song, Shining Zhu, Tao Li,* and Din Ping Tsai*

Polarization transformation plays a key role in applications of photonics and
quantum optics. Traditional bulky optical components are inadequate for
miniaturized systems, while metasurfaces offer a revolutionary solution, but
still face challenges with vector polarization tunability. Here, a tunable vector
polarization transformation mechanism is introduced, utilizing a bifacial
metasurfaces enabled meta-cavity. By adjusting the cavity length and phase
modulations to achieve complex interferences of two spin light, diverse vector
polarization transformations are demonstrated on higher-order and
hybrid-order Poincaré spheres. The results outline a powerful paradigm to
realize vector polarization transformations in a tunable way and can open new
possibilities for applications in optical communications, encryption, and
beyond.

1. Introduction

Polarization refers to the trajectory of the electric field vector,
and its on-demand manipulation is a momentous basis in var-
ious domains, from imaging and optical displays to sensing and
quantum optics.[1–3] Traditional methods of polarization control
mainly rely on bulky and natural optical components, which of-
ten fall short of the demands of miniaturization and complex
functionalities. In recent years, metasurfaces[4,5] have emerged
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as a groundbreaking solution for po-
larization manipulation, owing to their
ultra-thin, lightweight, and highly
flexible properties. Composed of sub-
wavelength-scale nano-structure arrays,
metasurfaces can manipulate the am-
plitude, phase, polarization state, and
angular momentum of light by precisely
designing the geometry and material
properties of these nano-structures.[6–10]

To date, various achievements in
polarization manipulation using meta-
surfaces have been reported,[11,12] includ-
ing polarization transformation,[13,14]

polarization beam splitting,[15,16] po-
larization detection,[17,18] polarization-
assisted holography,[19–22] imaging,[23,24]

and encryption.[25,26] Among these,
polarization transformation, which aims to convert a simple po-
larization state into a specific state or complex distribution, is it-
self quite fascinating and essential for enabling other advanced
applications.
Existing research has demonstrated significant progress of

static polarization transformation in optical working band,
achieving functionalities such as linear/circular polarizers,[13,14]

half-wave/quarter-wave plates,[27–29] longitudinal polarization
transformation,[30,31] full/solid Poincaré sphere polarizers,[32,33]

vector polarization generation,[34–38] and so forth. In partnership
with phase change materials,[39,40] device orientation,[41] voltage-
controlled indium tin oxide,[42] and liquid crystal[43] contribute to
achieving uniform polarization transformation tunability. How-
ever, challenges still remain in realizing vector polarization trans-
formation tunability to date, mainly due to necessity for simulta-
neous complex phase modulation and tunable capabilities. The
realization of tunable vector polarization transformation not only
fulfills the requirements for real-time adjustments and multi-
functional integration but also paves the way for more sophis-
ticated and intelligent optical systems.
In this study, we propose a tunable vector polarization trans-

formation mechanism based on a meta-cavity constructed from
bifacial metasurface and their chiral-symmetry components. The
bifacial metasurface features spin-dependent transmission and
reflection.[44] By adjusting the cavity length, a global phase for one
of the spin lights can be accumulated, therebymodulating the in-
terference between the two spin lights. By implementing differ-
ent phase modulations to the bifacial metasurface, we demon-
strate vector polarization transformations on both the higher-
order and hybrid-order Poincaré spheres. We envision this work
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Figure 1. Schematic of the tunable polarization transformation enabled by the meta-cavity. a) and b) illustrate different scenarios of polarization trans-
formation achieved by adjusting the cavity length. The right panel of (a) depicts the supercell construction along with the structural parameters of the
individual chiral meta-atom.

to inspire new directions in the development of polarization-
tunable devices.

2. Results

2.1. Working Principle: Meta-Cavity with Bifacial Metasurfaces

Figure 1 illustrates the operating principle of the tunable vector
polarization manipulation based on the meta-cavity. Light is inci-
dent on the first layer (the left metasurface in Figure 1a) of the
meta-cavity. Half of this light (e.g. the left circularly polarized
light (LCP) component) is directly modulated to reflect, while the
other half (the orthogonal part, e.g. the right circularly polarized
light (RCP) component) enters the meta-cavity and reflects off
the secondmodulation layer (the right metasurface in Figure 1a).
This reflected light then transmits through the first layer and in-
terferes with the initially reflected light. The interference of these
two orthogonal components can construct arbitrary polarization
state, including uniform and vector polarizations.

As shown in Figure 1b, tuning the cavity length alters the op-
tical path of the light component entering the cavity (e.g. RCP),
leading to a global phase change, and results in a flexible manip-
ulation of the interfered polarization state. By implementing suit-
able amplitude contrasts and spatially local phase modulations to
the two orthogonal light components, different trajectories of po-
larization transformation on the higher-order and hybrid-order
Poincaré spheres[45,46] can be achieved through cavity length tun-
ing.
To achieve the exquisite transmission-reflection modulation,

we employed our previous design strategy based on bifacial
metasurfaces.[44] This bifacial metasurface consists of a pair of
staggered twin meta-atoms with a total period of 2p (see the right
panel in Figure 1a). Planar chiral meta-atoms,[47] which break the
mirror symmetry and n-fold(n > 2) rotational symmetry are se-
lected for versatile spin light manipulation. The variable struc-
tural parameters for chiralmeta-atoms are illustrated in the lower
right corner of Figure 1a, including the sizes of central rod (w1, l1),
the two arm rods (w2, l2), and the distance between them (d). Each
individual meta-atom can independently modulate the phase 𝜑±
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Figure 2. Electric field simulation results. a) The bifacial supercell (marine blue) under right circular polarization (RCP) incidence from the substrate
(baby blue), and b) under left circular polarization (LCP) incidence. The left panel displays the schematic diagram, while the middle and right panels
show the decomposed electric fields. c) The meta-cavity composed of the bifacial supercell (marine blue) and its chiral-symmetry component (lilac)
under LCP incidence from the top layer, and d) under RCP incidence. H is the cavity length.

for different spin states (with + and − indicating RCP/LCP light)
whilemaintaining nearly identical high transmittance.When the
supercell period 2p is subwavelength, collective interference re-
sults in a total scattered electric field that can be expressed as

E± =
√
2 + 2 cos

(
𝜑1

± − 𝜑2
±
)
ei

𝜑1
±+𝜑2±

2 (1)

This indicates that by controlling the phase difference
and accumulations of the staggered meta-atoms, we can si-
multaneously achieve the required spin-dependent transmis-
sion (constructive interference) and reflection (destructive
interference) modulation (details see Note S1, Supporting
Information).
For proof-of-concept, the working wavelength is set at

1550 nm. The supercell period 2p is chosen to be 1200 nm to
satisfy subwavelength requirement. The refractive indices of the
meta-atommaterial and substrate are 3.47 and 1.74, respectively.
The height of the meta-atom is established at 1800 nm to en-
sure sufficient phase change. The electrical field responses of the
meta-atoms and the corresponding supercells are simulated us-
ing finite difference time domain methods.
From the constructed meta-atom library, we select a bifacial

supercell with parameters w1 = 120/120 nm, l1 = 480/270 nm,
w2 = 120/140 nm, and d = 10/15 nm for illustration. Figure 2a,b
displays the spin-dependent transmission and reflection. When

RCP light is incident from the substrate (Figure 2a), it transmits
to LCP light with a planar wavefront. The numbers indicate the
sequence of occurrence, and the arrow colors represent differ-
ent spin states (red for RCP and blue for LCP). The left panel
illustrates the working process, while the middle and right pan-
els show the decomposed electrical field components (Ex-iEy for
RCP and Ex+iEy for LCP when propagating from top to bottom,
vice versa). When the incidence switches to LCP (Figure 2b), it
reflects directly. Notably, if the supercell period is not subwave-
length, although reflection can occur due to destructive interfer-
ence, maintaining a planar wavefront becomes challenging.
By combing the bifacial metasurface with its chiral-symmetry

component (see schematics in Figure S6, Supporting Informa-
tion), we can further construct ameta-cavity with spin-dependent
response. Figure 2c shows the situation with LCP incidence,
similar to Figure 2b. In the case of RCP incidence, as de-
picted in Figure 2d, the light first transmits to LCP (marked
as 2) upon passing through the first layer. It then reflects off
the second layer while maintaining its LCP state (marked as
3). Finally, it transmits through the first layer again and turns
back into RCP (marked as 4). This meta-cavity design is dif-
ferent from the traditional cavity definition,[48,49] and also fea-
tures fewer interactions with interfaces compared to our pre-
vious setup that utilized a mirror,[44] making it advantageous
for controlling the interference between the total RCP and LCP
components.
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2.2. Tunable Vector Polarization Transformation on Higher-Order
Poincaré Sphere

When the incidence is linearly polarized, the initial decomposed
RCP and LCP components exhibit the same amplitude contrast.
After interacting with the meta-cavity without pre-designed local
phase distribution, the interfered polarization can be described
as

|P⟩ = AL |L⟩ + ARe
i𝜑(H) |R⟩ (2)

in which AL and AR are the modulated amplitudes of the LCP
and RCP components reflected from the meta-cavity, 𝜑 is the
modulated global phase related to the cavity length H (shown in
Figure 2c), and the initial phases are omitted for simplicity. By ap-
plying supercells withAL =AR≈1(e.g. the one shown in Figure 2),
the optical rotation effect[50] can be realized with total efficiency
up to 99%. If AL ≠ AR, the uniform polarization transformation
would move from the equator of Poincaré sphere[51] to the other
trajectories on the surface. Details can be found in Note S2 (Sup-
porting Information).
With pre-designed local phase distribution to the spin lights,

spatially varying polarization state, dubbed as vector polariza-
tion can be further achieved. For demonstration, we next imple-
mented vortex phase modulations in the bifacial metasurfaces to
achieve vector polarization transformation. The synthetic polar-
ization state can be expressed as:

|P⟩ = |L, l⟩ + ei𝜑(H) |R,m⟩ (3)

where l and m denote the topological charges of the LCP and
RCP components, respectively. The vortex phase associated with
l and m can be expressed as 𝜑LCP = l arctan(y/x), and 𝜑RCP = m
arctan(y/x). If l = m, the polarization state resides on the equa-
tor of higher-order Poincaré Sphere (HOPS),[45] and varying the
cavity length causes movement along the equator. If l ≠ m, the
hybrid-order Poincaré Sphere (HyOPS)[46] can describe the syn-
thetic states, with the dynamic transformation similarly achiev-
able by controlling the 𝜑(H).
Figure 3 illustrates the results of vector polarization transfor-

mation on theHOPSwith l= 1. The bifacial supercells are rotated
to meet the vortex phase requirements based on PB phase.[52,53]

This rotation induces a spatial phase change related to the rota-
tion angle without affecting the bifacial effect. The second layer
of the meta-cavity maintains chiral symmetry with the first layer,
featuring the same spin light response when incident from op-
posite directions. The metasurface has a diameter of 36 μm and
employs a perfectly matched layer boundary condition. The cav-
ity length is set as 2, 3, and 4 μm for efficient simulation. Under
LCP incidence, the reflectance is ≈93%. Figure 3a presents the
simulation results of the meta-cavity, with the top row showing
the reflected phase distribution and the bottom row displaying
the real part of the electric field distribution. These results re-
main nearly unchanged with varyingH, consistent with our bifa-
cial metasurface design. In the case of RCP incidence, there are
two additional transmission paths, resulting in a slightly lower
reflectance of ≈82%. Due to the intrinsic symmetry of the PB
phase, the final vortex phase retains the same topological charge
(+1). As shown in Figure 3b, the vortex phase profile along with

the real part electrical field distribution rotates with the varying
cavity length, indicating the manipulation of 𝜑(H).
To perform the vector polarization transformation, we changed

the incidence back to x polarization, as illustrated in Figure 3c.
Eight evenly spaced point detectors (Figure S7, Supporting In-
formation) are placed on the reflection surface to extract field
data for polarization calculations. The total efficiency is ≈89%.
The upper row displays the calculated vector polarization from
the simulations, with red representing right-handedness (S3 >

0), blue indicating left-handedness (S3 < 0), and black denoting
pure linearly polarized features with abs(S3) <0.01. The polar-
ization ellipse distribution precisely describes the ellipticity and
azimuth angle at each simulated point position, with particular
emphasis on the azimuth angle that defines the engineered lin-
ear polarization orientation. To establish theoretical consistency,
we constructed a 3 × 3 electric field matrix according to the vor-
tex phase information of the HOPS, from which the Stokes pa-
rameters were also systematically calculated to draw the polariza-
tion ellipse distribution. Different phase delays were intention-
ally introduced between the RCP and LCP field components to
align theoretical predictions with simulated azimuth angle pro-
files. The bottom row presents the approximate theoretical calcu-
lations of the vector polarization distribution, which positioned
along the equator of the HOPS for comparison, other typical
distributions are shown in Figure S8 (Supporting Information).
Thanks to the nearly ideal modulation efficiencies of the meta-
cavity cells, the light oscillations between the two metasurfaces
are very weak, and have minimal effect on the final interfered
vector polarization. The agreement between simulation and the-
oretical calculation demonstrates the feasibility of dynamically
controlling vector polarization on the HOPS. While only three
distinct vector polarization distributions are explicitly shown, the
continuous variation of the cavity length fundamentally enables
seamless adjustability throughout the vector polarization trans-
formation process.

2.3. Tunable Vector Polarization Transformation on Hybrid-Order
Poincaré Sphere

Furthermore, by combining the PB phase with different bifa-
cial supercells, we can achieve independent phase modulation
for various spin light incidences. We set 𝜑LCP = 0 in reflection
mode and 𝜑RCP = arctan(y/x) in transmission mode for the first
bifacial metasurface (details of the design can be found in Note
S3 and Table S1, Supporting Information). The second layer of
the meta-cavity is also the corresponding chiral-symmetry com-
ponents. Figure 4a presents the simulation results under LCP
incidence with a reflectance of ≈87%. Due to the uniform mod-
ulation, both the phase and the real part of the electrical field ex-
hibit minimal spatial variation, as shown in the upper row and
lower row, respectively. These distributions also remain consis-
tent with varying H. Under RCP incidence, the light transmits
through the first metasurface twice, yielding a final reflectance
of ≈65%. This also results in acquiring the vortex phase twice,
leading to a topological charge of 2. As depicted in Figure 4b, the
phase transitions from −𝜋 to 𝜋 and back again. The increase of
cavity length also leads to the global rotation of the electrical field
distribution, corresponding to 𝜑(H) in Equation (3). When the
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Figure 3. Vector polarization transformation on the higher-order Poincaré Sphere (HOPS). a) Reflected electric field results of the meta-cavity under LCP
incidence. The left panel shows the schematic diagram, while the right panel displays field profiles with varying cavity lengths; the upper row represents
the phase, and the lower row shows the real part of the field. b) Reflected electric field results under RCP incidence. c) Vector polarization transformation
results under x-polarization incidence, with the upper row showing the spatial polarization ellipse distribution calculated from the simulated results, and
the lower row presenting the approximate theoretical distributions on the HOPS.

incidence switches to x polarization, the synthetic polarization
aligns with the vector state on the HyOPS with l = 0 and m =
2 (see Equation (3)). The total reflectance is ≈82%, fall between
the reflectances observed under LCP and RCP incidences. The
upper row of Figure 4c displays the calculated vector polarization
state based on simulations, which shows different distributions
with varying values of H. The distinctness of the elliptical polar-
izations can be attributed to the decreased modulation efficiency
arising from the breakdown of perfect periodic boundary condi-
tions, in which the light oscillation effect would also emerge. The
theoretical approximations were similarly calculated as discussed

in Section 2.2. Nevertheless, the overall morphologies of the sim-
ulation results closely resemble the theoretical results presented
in the lower row of Figure 4c, indicating the effectiveness of the
vector state transformation on the HyOPS.

3. Conclusion

In conclusion, we proposed a tunable vector polarization trans-
formation method based on meta-cavity. The meta-cavity is con-
structed by a bifacial metasurface and its chiral-symmetry com-
ponents, and features pre-designed times of light interaction.

Laser Photonics Rev. 2025, e00434 © 2025 Wiley-VCH GmbHe00434 (5 of 8)
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Figure 4. Vector polarization transformation on the hybrid-order Poincaré Sphere (HyOPS). a) Reflected electric field results of themeta-cavity under LCP
incidence. The left panel shows the schematic diagram, while the right panel displays field profiles with varying cavity lengths; the upper row represents
the phase, and the lower row shows the real part of the field. b) Reflected electric field results under RCP incidence. c) Vector polarization transformation
results under x-polarization incidence, with the upper row showing the spatial polarization ellipse distribution calculated from the simulated results, and
the lower row presenting the approximate theoretical distributions on the HyOPS.

Tuning the cavity length would result in a global phase change
of one spin light and affect the final interfered polarization
state from the meta-cavity. By implementing different phase
modulations to the bifacial metasurfaces, we demonstrated
vector polarization transformations on both the higher-order
and hybrid-order Poincaré Spheres, and the tunability is fa-
cilitated by cavity length adjustments. More complex vector
polarization transformations are also possible with particularly
designed bifacial metasurfaces. To further enhance the current
efficiencies, some optimization algorithms like gradient descent
algorithm can be introduced to optimize the current optional

bifacial supercells combination to minimize the coupling and
cross-talk between each other and maximize the total modula-
tion efficiency. As demonstrated in Figures S9–S12 (Supporting
Information), the method also exhibits robust polarization
controllability under practical parameter deviations including
cavity thickness fluctuations, incident angle misalignment, and
anisotropy axis misalignment or displacement, prosming the
real-world applications. In future experiments, the cavity length
tuning can be achieved through direct mechanical movement,
or by using voltage-controlled MEMS[54] and liquid crystal[55]

technologies. The MEMS system would similarly adjust the

Laser Photonics Rev. 2025, e00434 © 2025 Wiley-VCH GmbHe00434 (6 of 8)
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physical cavity length, whereas the liquid crystal would modify
the effective cavity length by changing the effective refractive
index. This work could advance the miniaturization of vector po-
larization transformation devices and inspire further innovative
applications based on bifacial metasurfaces.

4. Experimental Section
Numerical Simulation: Numerical simulations were performed using

finite difference time domain (FDTD) methods. The optical constants of
the materials were obtained from the software for Al2O3 and monocrys-
talline silicon. Periodic boundary conditions were applied in both the x and
y directions, while perfectly matched layer boundary conditions were im-
plemented in the z direction for simulations of bifacial unit cells andmeta-
cavities without additional phase modulations. For simulations involving
meta-cavities with additional phase modulations, perfectly matched layer
boundary conditions were applied in all directions. The excitation source
was configured as either a left-circularly polarized, right-circularly polar-
ized, or x-polarized plane wave.

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