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Metasurface polarization optics have attracted considerable attention due to their ability to manipulate
independently the wave fronts of different polarization channels with subwavelength scale. Previous
methods mainly focused on the condition of complete polarization conversion, restricting the application
range of metasurface polarization multiplexing. Here, we proposed a generalized framework of phase
manipulation for the metasurface polarization optics, which can realize independent phase control and
arbitrary energy distribution of different polarization channels for the arbitrary polarization conversion
efficiency. Based on this principle, we experimentally demonstrate tripolarization-channel wave-
front control for the arbitrary polarization state (elliptical, circular, and linear). The arbitrary energy
distribution of different polarization channels has been achieved via varying the polarization conversion
efficiency. The proposed framework significantly improves the performance of metasurface in the
polarization multiplexing and energy distribution, and expands the application scope of metasurface in
the polarization optics.
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Metasurfaces, consisting of an array of two-dimensional
subwavelength metallic or dielectric nanostructures (meta-
atoms), are a planar platform for manipulating the various
fundamental properties of light such as the phase profile,
polarization state, intensity distribution, and scattering
angle on demand [1–6]. Recently, metasurface-based
polarization optics has garnered significant attention for
its breakthrough advantage in engineering multichannel
independent wave front encoding due to the intimate
relationship between the manipulated phase and the polari-
zation state [7]. The propagation phase and geometric (or
Pancharatnam-Berry, PB) phase are two basic mechanisms
used for controlling the wave front of linear and circular
polarization states [8,9]. Creatively, a phase regulation
model based on hybrid of these two basic phases is
proposed to realize independent phase control of arbitrary
orthogonal polarizations [10]. This model paves a way for
developing various polarization-dependent switchable
nanodevices [11–13].
However, until now, much of the effort in the phase

manipulation based on metasurface has primarily focused

on the condition that the incident light is completely
converted to its complex conjugate state (CCS) after
passing through the metasurface [or ignoring the portion
converted into its orthogonal complex conjugate state
(OCS)] [14–17]. For example, the left-handed circularly
polarized (LCP) light is converted to the right-handed
circularly polarized (RCP) light with one phase, and the
RCP light is converted to the LCP light with another phase
[18,19]. Consequently, the number of polarizations multi-
plexing channels is limited to two or fewer based on
independent phase control of arbitrary orthogonal states of
polarization [20,21]. To break this capacity limit of
polarization multiplexing, metasurfaces utilizing multiatom
interference coupling or multilayer structures have been
proposed [22–25]. However, these methods either reduce
the spatial sampling rate, leading to a deterioration of the
encoded information, or increase the number of layers in
the metasurface, resulting in decreased manipulation effi-
ciency. Recently, metasurface phase manipulation based
on partial polarization conversion conditions has been
reported, achieving three independent polarization multi-
plexing channels via a single-layer metasurface [26–29].
Nonetheless, these methods are only applicable to linear or
circular polarization states and do not address the most
general case: elliptical polarization state. Furthermore, all
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the aforementioned methods fail to achieve energy regu-
lation between different polarization multiplexing chan-
nels, which restricts the application range of metasurfaces.
Herein, we propose a generalized framework for phase

manipulation in metasurface-based polarization optics,
applicable to arbitrary polarization state and arbitrary
polarization conversion efficiency. Utilizing this frame-
work, both the independent phase and the arbitrary energy
ratio of the component CCS and OCS in the transmission
can be effectively manipulated by a single layer metasur-
face. For a pair of arbitrary orthogonally polarized incident
light, the independent phase control of three polarization
channels can be achieved with flexible energy distribution
simultaneously. The proposed framework addresses the
challenge of light manipulation under partial polarization
conversion conditions, enhancing the performance of
metasurfaces in polarization multiplexing and energy dis-
tribution, and exhibits significant potential for the develop-
ment of multifunctional metadevices.
Figure 1(a) shows a schematic diagram for the proposed

framework of phasemanipulation based onmetasurface. For
arbitrary polarized light (noted as jλþi) incident on the
metasurface, it will be converted to two components jλþi�
and jλ−i� (states jλþi and jλ−i are mutually orthogonal),
shown in Fig. 1(b) due to the incomplete polarization
conversion condition. These two components can be effec-
tively manipulated with independent phase and arbitrary
energy ratio. Here, the polarization conversion efficiency is
defined as the ratio that the incident light is converted into its
CCS. This applies equally to the incident polarized light
jλ−i. For convenience, the polarization channels are noted as
C1, C2, C3, and C4, respectively. As the information of
channelsC1 andC4 are the same (it will be demonstrated in

the next), three polarization channels with independent
phase manipulation can be achieved, which breaks through
the limitation of polarization multiplexing channels of
the model based on the complete polarization conversion
condition. Besides, the energy ratio of C1 to C2 (or C3 to
C4) can be controlled simultaneously by the metasurface,
which provides a flexible manipulation of energy distribu-
tion for the metasurface-based polarization optics.
As is known, the unique properties of metasurface

for polarization optics mainly originate from the local
birefringence properties and rotation characteristic
of the nanofin [30–32]. Usually, the operator of the
metasuface acted on the incident light is expressed as
M ¼ Rð−θÞ · J · RðθÞ. RðθÞ and J are the rotation matrix
and birefringent Jones matrix respectively, expressed as
follow [33,34]:

RðθÞ ¼
�
cos θ sin θ

− sin θ cos θ

�
; J ¼

�
eiϕx 0

0 eiϕy

�
; ð1Þ

where θ is the rotation angle of the nanofin. ϕx and ϕy are
the delay phases along x and y directions, respectively. For
the partial polarization conversion condition, two parts of
light with different polarizations will coexist in the
transmission. To construct a generalized framework for
phase manipulation under an arbitrary polarization con-
version condition, the evolutionary process of incident
light after passing through the metasurface can be
assumed as follows:

�
Mjλþi ¼ f1jλ−i� þ f2jλþi�
Mjλ−i ¼ f3jλ−i� þ f4jλþi� ; ð2Þ

FIG. 1. (a) Conceptual schematic diagram of the proposed generalized framework for light manipulation. The independent phase
manipulation for tripolarization channels can be realized based on the single-layer metasurface in the partial polarization conversion
condition. The energy distribution of C1 and C2 (C3 and C4) can be effectively controlled by polarization conversion efficiency. (b) The
position of the incident and transmitted polarization states on the Poincaré sphere.
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where jλþi and jλ−i denote a pair of orthogonal states of
polarization for the incident light. These f parameters are
complex numbers that contain both amplitude and phase
information, allowing for effective phase manipulation
and energy distribution of each component. The physical
process of light field transformation in Eqs. (2) can be
easily and clearly clarified via the circularly polarized
basis. When there is an arbitrarily polarized state jλþi
incident on the metasurface, the component LCP (RCP)
will be converted into one portion of LCP (RCP) with
propagation phase modulation and RCP (LCP) with hybrid
phase (propagation phase and geometric phase) modula-
tion. These four items can perfectly interfere and be
synthesized into the OCS jλ−i� and CCS jλþi� with
different complex amplitude modulations. Hence, both
propagation phase and geometric phase play a vital role in
the light manipulation of the proposed framework.
(Detailed analysis can be found in Supplemental
Material [35].) Utilizing the orthogonal and normal proper-
ties of the polarization states in the transmission, Eqs. (2)
can be recast as (see Supplemental Material [35]):8>>><

>>>:

f1 ¼ Λ1αβ
� − Λ2α

�β

f2 ¼ α2Λ1 þ β2Λ2

f3 ¼ ðα�Þ2Λ2 þ ðβ�Þ2Λ1

f4 ¼ f1

; ð3Þ

where Λ1 and Λ2 are the eigenvalues of the birefringent
Jones matrix J with the values eiϕx and eiϕy , respectively. α
and β represent the projection of input polarization state
jλþi onto the eigenvectors jx1i and jx2i of the M matrix,

where jx1i ¼
h cos θ
sin θ

i
; jx2i ¼

h− sin θ
cos θ

i
. The parameter f1

is equal to f4, which results in the same information
for theC1 andC4. The right-hand side of Eqs. (3) describes
the basic characteristics of the nanofin such as phase delay
(ϕx, ϕy) and rotation angle (θ) that can be engineered for
realizing the desired target on the left. This provides a way
for metasurface design suitable for the arbitrary polariza-
tion conversion condition. For the single-layer metasurface
composed of unit cells, only three independent eigenstate
phases exist including two independent propagation phases
and one pair of mutually conjugate phases. These phases
are mutually coupled, leading to an identical modulation
information on the C1 and C4 polarization channels.
Therefore, at most, three independent polarization chan-
nels can be effectively manipulated in this condition.
Note that three free parameters (Λ1, Λ2, and α or ϕx, ϕy,

and θ) are available in the left side of Eq. (3) for metasurface
engineering, while four free targets need to be satisfied.
Therefore, the solvability of the equation is critical. When
the incident light is completely converted to its CCS
(f1 ¼ f4 ¼ 0, jf2j ¼ jf3j ¼ 1), only two targets need to
be satisfied in Eqs. (3), making the equation mathematically
solvable under this condition. When the incident light is

completely converted to its OCS (jf1j ¼ jf4j ¼ 1,
f2 ¼ f3 ¼ 0), only one target should be considered, and
the equation is obviously solvable. However, when the
incident light is partially converted intoCCS (the parameters
f are not equal to zero), the number of targets exceeds the
number of free parameters. Although the exact solution does
not exist in this case, the approximate solution with small
deviations can be obtained by multiobjective optimization.
The form of Eqs. (3) under different constraints are dis-
cussed in detail in Supplemental Material [35].
The elliptical polarization represents the most general

case on the Poincaré sphere. To begin with, we demonstrate
the independent phase control of three polarization chan-
nels for orthogonal elliptic polarized light. We designed,
fabricated, and tested a metasurface (noted as sample 1)
that encodes three independent holograms on channels C1,
C2, and C3. The encoded phases profiles on the metasur-
face yield intensity images of two strings (CAS and Meta)
and one Chinese character (“guang,” means light), com-
puted based on the iterative phase retrieval of the Fresnel
diffraction [40]. For convenience, the absolute values of f1
and f3 are set as

ffiffiffi
2

p
=2 to make sure the energy in each

channel is the same. According to Eqs. (3), a metasurface
consisting of rectangular Si nanofins was engineered to
impose these phase profiles on the C1, C2, and C3,
respectively. The operating wavelength is designed at
λ ¼ 980 nm. The finite-difference time domain (FDTD)
method was implemented to identify the nanopillars whose
phase response satisfied the requirements of Eqs. (3). The
height of the pillars is 700 nm and the lattice distance is
550 nm. The metasurface was fabricated via electron-beam
lithography. The experimental setup is shown in Fig. 2(a).
The LP1 (QWP2) and QWP1 (LP2) are used for generating
(selecting) the corresponding elliptically polarized light. As
shown in Fig. 2(b), the corresponding holograms have been
obtained when a different polarization channel is selected.
Obviously, the differences between the design images and
measured holograms are very slight. Additionally, the
hologram of C4 is the same as that of C1, consistent with
the conclusion that f1 and f4 have the equal value. These
results clearly demonstrate that the proposed framework
can achieve independent phase control of three polarization
channels under the partial elliptic polarization conversion
condition. (The detail design and simulation can be seen in
Supplemental Material [35].)
Next, we will demonstrate that the proposed framework

is also compatible with the previous tripolarization-channel
phase control methods for the circular (or linear) polari-
zation light. Two metasurfaces encoded three different
spiral phases (e2iθ, eiθ, e3iθ) on the C1, C2, and C3 were
designed for the case of the circular and linear polarization
light (noted as samples 2 and 3, respectively). The absolute
values of f1 and f3 are the same as above. The phase
response of Si nanopillar in an arbitrary position of the
metasurface can be effectively determined by Eqs. (3).
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The nanopillars were picked from the same database
obtained using the FDTD method. The experimental setup
is similar to the previous one. It is necessary to reset
the polarizer and the wave plate to generate and select the
corresponding circularly or linearly polarized light. The
hollow ring intensities and fork interferograms for these
two cases are shown in Fig. 3. Obviously, the numbers of
the interference fringes (row 2 and row 4) are 2, 1, 3, and 2
from left to right, respectively, indicating that the exper-
imental topological charges coincide with our design.
Therefore, the proposed framework is also suitable for
independent phase control in the partial circularly or
linearly polarized conversion condition. For sample 2,
the helical phases of C1 and C4 arise from the coupling
of propagation phases, whereas those of C2 and C3 result
from the interplay between geometric and propagation
phases. Hence, only the light field evolution of C2 and
C3 involves the spin-orbit interaction, and the correspond-
ing incident light obtains OAM with the change of spin
angular momentum. Additionally, to further validate the
phase manipulation capabilities of the proposed metasur-
face, we conducted measurements of the surface phase of
sample 2, and the results align well with the simulations.
(See Supplemental Material for details [35].)

The independent phase control for the linear, circular,
elliptical polarized light has been realized in the partial
polarized conversion condition. Next, we mainly demon-
strate the arbitrary energy distribution control between the
channels C1 and C2 (or C3 and C4) based the proposed
framework. Without loss of generality, the case of elliptical
polarization state is analyzed. Five metasurfaces (noted
as sample I, sample II, sample III, sample IV, sample V in
turn) were designed with the increasing polarization con-
version efficiency in turn. They are encoded with the same
focus phases on the C1, C2, and C3, which will generate
three different focal points on the plane perpendicular to the
propagation direction of the incident light. The required
phase of Si nanopillars on the metasurface are obtained by
the same method as above. The energy evolution process
with the polarization conversion is shown in Fig. 4(a). With
the increase of polarization conversion efficiency, the
intensity of C1 (C4) increases, while the intensity of C2
(C3) decreases, which is consistent with our design. The
deviations of theoretical energies and measured energies for
different polarization channels are very slight, shown in
Fig. 4(b). The total energy of C1 and C2 is close to 1 under
the whole evolution process [Fig. 4(c)], which is due to
the conservation of energy. These results indicate that the
proposed framework can realize not only the phase
manipulation but also the energy distribution for the
different polarization channels, providing a more flexible
and universal method for the light manipulation of meta-
devices. To further verify the wideband operational char-
acteristics of the metasurface, the focusing properties of
sample III within the incident wavelength range of 950 nm
to 1020 nm have also been analyzed. The experiment
demonstrates that the incident light can be well focused in

FIG. 3. Intensity distributions (top row) and fork interferograms
(bottom row) for different polarization channels. The radius of the
ring increases with the increase of the topological charge. The
number of the interference fringes are 2, 1, 3, and 2 respectively,
consist with the topological charge of the orbital angular
momentum (OAM) beams.

FIG. 2. (a) Experimental setup for measurement. The wave-
length of the laser is 980 nm. LP1, LP2 are the linear polarizers.
QWP1, QWP2 are the quarter wave plates. The LP1 and QWP1
are used for generated the incident elliptically polarized light. The
LP2 and QWP2 are used for selecting the desired elliptically
polarized light. (b) The holograms of different polarization
channels.
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this wavelength range. Within the range of 60 nm, the
relative focusing efficiency values are all greater than 0.88.
Additionally, we also utilized sample III to explore its
applications in the communications field, successfully
achieving three-channel signal routing through the switch-
ing of polarization states. The detailed information is
presented in Supplemental Material [35].
When the incident polarization state is completely

converted into its complex conjugate state, only two
polarization channels will remain for light manipulation,
which degenerates into a previously reported case: inde-
pendent phase control of arbitrary orthogonal states of
polarization [10]. Here, the parameter f1 is set to zero and
information encoded on C2 and C3 is the strings (CAS)
and the Chinese character (guang), and the fabricated
metasurface is noted as sample 4. The incident polariza-
tion states are set as the same as that of the partial elliptic
polarization conversion condition. As shown in Fig. 5, the
information on C2 and C3 is consistent with our design.
Besides, the intensities on C1 and C4 are very weak,
which is also aligned with the theoretical expectation.
Hence, the proposed framework is also compatible with

light manipulation under the condition of complete
polarization conversion.
In summary, we propose a generalized framework of

phase manipulation for the metasurface-based polarization

FIG. 4. The results of energy distribution manipulation based on the proposed framework. (a) Intensity distributions for different
polarization conversion efficiencies. (b) The theoretical energies and measured energies for different polarization channels. (c) Energy
evolution process for C1 and C2.

FIG. 5. The phase manipulation of elliptical polarization states
for the complete polarization conversion condition.
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optics under the condition of the arbitrary polarization state
and arbitrary polarization conversion efficiency. The tripo-
larization-channel independent phase manipulation has
been realized for the elliptically polarized, circularly polar-
ized, and linearly polarized light in the partial polarization
conversion condition. Besides, the energy distribution ratio
between different channels can also be effectively controlled
by the polarization conversion efficiency. Furthermore,
independent phase manipulation of the orthogonal elliptical
polarizations is shown to demonstrate that the proposed
framework is also suitable for the case of complete polari-
zation conversion. The proposed framework significantly
improves the performance of metasurface in the polarization
multiplexing and energy distribution, and extremely
expands the application scope of metasurface in the polari-
zation optics, providing a way toward engineering of novel
polarization multiplexing metadevices.
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