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Abstract: Polarization measurement plays an important role in optical detection, communication,
and imaging systems. Compact polarimetry with a wide angle of incident light will break the
restrictions of the limited incident angle and improve its practicality. In this paper, a full Stokes
vector polarimetry with a wide incident angle of ±20◦, based on a two-dimensional metasurface, is
proposed. According to the simulation results, the maximum measurement error of the Stokes vector
at 20◦ oblique incidence is 0.09. The light transmittance of the proposed structure is higher than 83%.
Moreover, the tilt angle of the incident light can be determined with a calculation error lower than
0.5◦, according to the focusing position of the transmitted light on the focal plane. The operating
wavelength of the proposed polarimetry is set to 530 nm of green light, which makes it a potential
application in visible light communication and underwater optical systems.

Keywords: Stokes parameters; polarimetry; metasurface; phase modulation

1. Introduction

Polarization is an inherent property of light that can provide more information than
light intensity, such as surface topography, shape and shading of a target [1]. Therefore,
during the 1980s, it played an important role in the development of polarization naviga-
tion [1], polarization imaging [2], atmospheric environment detection [3], and optical fiber
communication technologies [4]. Since the Stokes vector can be obtained by measuring
the light intensities of different polarization components, it is generally used to represent
the polarized information of light. At present, high-precision Stokes vector measurement
technology plays an indispensable role in the field of microstructure detection, such as
cancer cell screening [5] and underwater microplastic detection [6]. In addition, due to
the different depolarization properties of materials, Stokes vector detection of the light
reflected by a target can enable applications such as camouflaged target detection [7],
material recognition [8], and optical characteristic detection [9]. Traditional polarization
detection methods can be divided into two categories: time-division measurement [10] and
simultaneous measurement [11]. Time-division measurement is used to detect polarization
states by means of rotating polarizers and wave plates, meaning it is only suitable for static
scenes due to its long acquisition time. Simultaneous detection systems split the incident
light and detect the corresponding polarization component simultaneously. These systems
can be further subdivided into division of amplitude detection [12], division of aperture de-
tection [13], and division of focal plane detection [14] systems. However, the characteristics
of complex optical paths and the large volume of these systems are inconsistent with the
development of miniaturization and integrated optical systems.

On account of their small size, compact alignment, and easy integration [15,16], the ap-
plication of two-dimensional metasurfaces provides a possibility for solving the problems
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above. Metasurfaces can be used to control the amplitude [17], phase [18], and polarization
state [19] of electromagnetic fields, and have promoted the development of metasurfaces in
the field of optics. At present, various functions, such as beam deflection [20], beam con-
vergence [21], holography [22], wavefront shaping [23], splitting [24], and absorption [25]
have been realized by using metasurfaces. In addition, the metasurface material has a
negative refractive index [20], meaning it can easily focus the incident light at a large angle.
This feature provides a solution to the problem of limited incident angles of a polarimetry.
According to the material, metasurface-based polarimetries are generally divided into two
types, i.e., the plasmonic type [26] and dielectric type [27]. In 2015, Pors et al. proposed a
plasmonic metasurface-based polarimetry to achieve the full Stokes vector measurement
without the use of additional polarization devices [26]. In contrast, dielectric metasurfaces
attract extensive attention due to their improved efficiency without the inherent absorption
of metallic materials. In 2018, Guo et al. proposed a dielectric metasurface-based polarime-
try to achieve an overall energy efficiency improvement in the visible light bandwidth [27].
By utilizing the double-phase modulation method, the polarization detection efficiency has
been further improved. In the same year, Arbabi et al. proposed a full Stokes polarimetry
for infrared light and realized the physical verification of the polarization imaging func-
tion [28]. However, these polarimetries still require the incident light to be perpendicular
to the metasurface. In 2020, Zhang et al. realized the first polarimetry with a wide incident
angle in terahertz bandwidth [29]. The metasurface unit structure was proposed with six
parts, which focused multiple orthogonal polarization components on the focal plan, but
the transmittance efficiency of the structure can be further improved.

In this paper, a full Stokes parameter measurement is proposed, based on gallium
nitride (GaN) metasurface in visible light band. Considering underwater polarization
imaging and target recognition techniques based on polarization detection, the central
operation wavelength is set to 530 nm of green light, which has a relatively low absorption
loss in underwater environments [30]. Combining the double-phase modulation [27] and
geometric phase modulation [28] methods, our proposed metasurface consists of three
subarrays, which can efficiently split and focus the orthonormal polarization components,
as well as measure the tilt angle of incident light.

2. Proposed Metasurface-Based Polarimetry

The polarization state of a light wave can be described by the Stokes vector, and the
four parameters used can be further represented by the light intensity of the horizontal
and vertical linear polarization (i.e., Ix and Iy), the ±45◦ linear polarization (i.e., Ia and Ib),
and the left and right circular polarization (i.e., Ir and Il) components. The Stokes vector is
given as follows.

S =


S0
S1
S2
S3

 =


Ix + Iy
Ix − Iy
Ia − Ib
Ir − Il

 (1)

For an oblique incident light, it is necessary to find out the relationship between the
incident light intensity I′ and the transmitted light intensity I.

For the convenience of representation, two Cartesian coordinate systems, xyz and x’y’z’,
are established, as shown in Figure 1. The y-axis and y’-axis are in the same direction, the
z-axis and z’-axis correspond to the normal direction of the metasurface and the direction
of incident light, respectively. The transformation of a point in the x’y’z’ coordinate system
to the xyz coordinate system can be represented by using the rotation matrix Ry(θ),

Ry(θ) =

cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

. (2)
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where θ is the tilt angle of incident light. According to the coordinate transformation,
for an oblique incident light, the relationship between the measured light intensities
Ij (j = x, y, a, b, r, l

)
and the incident light polarization component I′j is


Ix + Iy
Ix − Iy
Ia − Ib
Ir − Il

 =


I′x × cos2 θ + I′y
I′x × cos2 θ − I′y

2×
√

I′x × I′y × cos δ× cos θ

2×
√

I′x × I′y × sin δ× cos θ

. (3)

Therefore, the relationship between the Stokes vector of incident light and the mea-
sured light intensity can be illustrated as follows.

S′ =


S′0
S′1
S′2
S′3

 =


Ix/ cos2 θ + Iy
Ix/ cos2 θ − Iy
(Ia − Ib)/ cos θ

(Ir − Il)/ cos θ

 (4)

For the transmitted light on the focal plane, the phase distribution can be expressed
by [29]

φ(r) = k0r2/2 f . (5)

r =
√
(x± x0)

2 + (y− y0)
2 (6)

where k0 is the wave number in a vacuum, f is the focal length, and (x0, y0) is the focus
position in the case of normal incidents.

When the tilt angle of incident light is θ, taking the x-direction as an example, the
phase carried by the output light should be

φ(r) = k0
r2

2 f
+ k0x sin θ =

k0

2 f

(
(x + f sin θ)2 + y2

)
− f k0 sin2 θ

2
, (7)

where k0xsinθ is the phase shift introduced by the oblique incidence. Since it is the last term
independent of r, it can be considered as a constant for each fixed angle θ. Compared with
normal incidence, the incident light with tilt angle θ is laterally shifted along the x-direction
by an offset of f sinθ. Therefore, the tilt angle can be determined by measuring the offset of
the focal spot along the x-direction. Then, the Stokes vector can be obtained through the
incident angle and the transmitted light intensity for each polarization component.
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Figure 1. The schematic diagram of two Cartesian coordinate systems, xyz and x’y’z’.

In this paper, the metasurface-based polarimetry is designed for green light waves
and the operation wavelength is set to 530 nm. Each unit cell for the metasurface includes
a GaN nanopillar and an Al2O3 substrate, as shown in Figure 2b. During the modeling
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process, the thickness of the substrate is set to 300 nm [27], the height of the nanopillar is
set to 800 nm, and the center of the nanopillar is located on the center of substrate. The
entire design region contains 20 × 40 × 3 unit lattice structures. The length, l, width, w,
and rotation angle, ψ, of the nanopillar in each unit lattice determine the phase shift of the
transmitted light.
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Figure 2. (a) Schematic diagram of the metasurface unit; (b) Schematic diagram of the principle of
the polarimetry; (c) Side view of the focusing effect of the polarimetry; (d) The influence of the length,
l, and width, w, of the nanopillars on the transmittance; (e) The effect of the length, l, and width,
w, of the nanopillars on the x-polarization phase shift; (f) Phase values ϕx and ϕy corresponding to
nanopillar dimensions.

The polarimetry consists of three subarrays (corresponding to Parts I, II, and III) that
decompose the incident light into three groups of orthogonal bases: x-LP and y-LP (i.e., 0◦

and 90◦ linearly polarized light), 45◦-LP and 135◦-LP (i.e., 45◦ and 135◦ linearly polarized
light), and RCP and LCP (i.e., right and left circularly polarized light), as shown in Figure 2a.
The transmitted polarized lights are focused on the focal plane to complete the full Stokes
parameter measurement. Figure 2c is a top view of the structure, in which the blue line is
the 0.5 micron scale. Different subarrays have different nanopillar arrangements according
to the phase of the transmitted light. Each subarray contains 20 × 40 periodic unit cells
with a size of 5.2 µm × 10.4 µm, the focal length is set to 6 µm, and the lattice pitch for
each unit is 260 nm. The geometric distribution of each nanopillar is determined by the
modulation phase function of the metasurface.

The variations in transmittance and x-polarization phase shifts of the incident light
with different nanopillar length and width are simulated based on the finite difference
time domain (FDTD) method, as shown in Figure 2d,e. Here, an x-polarized light with a
wavelength of 530 nm is used to perpendicularly incident on the metasurface and the x,
y boundary conditions are set as periodic boundaries. The modulating phase shift of the
transmitted light can almost completely cover the entire 2π, which ensures the random
phase modulation of the transmitted light. The high transmittance also ensures the efficient
use of incident energy. Additionally, the variations in the y-polarization phase shifts with
different nanopillar sizes is in a transposed relationship with the x-polarization, which is
not shown in detail here [31].
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According to the phase shifts of x- and y-polarization, the variation in the nanopillar
geometric parameters with different phase values can be obtained. The relationship be-
tween the width, w, with ϕx and ϕy is shown in Figure 2f. The matrix of l is the transposed
matrix of w, which is not shown in detail here. In our design process, the phase distribution
of the transmitted light is determined according to its focus position and then the size of
each nanopillar is determined by the different phase variations of ϕx and ϕy. For the struc-
ture of Part I, the phases of the transmitted light for the x- and y-polarization components
can be designed independently, and there is always a rectangular GaN nanopillar that can
simultaneously satisfy the needs of the two orthogonal polarization phases. Moreover, the
transmittance is close to 1, which indicates that the structure has a high energy utilization
efficiency. For the structure of ±45◦ linear polarizations (Part II), the phase control can
be easily achieved by rotating the nanopillars 45◦ in Part I. In addition, for the structure
of circular polarizations (Part III), the principle of the Pancharatnam–Berry phase, which
is the phase of the output orthogonally polarized light, is twice the rotation angle of the
nanopillar, and can be used to design the transmitted light phase [27]. The appropriate
nanopillars are selected by conditions of transmittance and phase difference. Then, the
phase of the transmitted orthogonally polarized light is adjusted through the rotation angle
of the nanocolumns. Due to the periodic phase modulation of the metasurface structure,
there are theoretically infinite sets of structure combinations; the structure parameters used
in this paper are shown in Table S1 (Supplementary Materials).

3. Results and Discussion
3.1. Stokes Vector Detection for Vertical Incident Light

In order to verify the effectiveness of the proposed polarimetry, the FDTD method
is used to simulate light propagation, and the intensity distributions on the focal plane
for six basic polarized lights (i.e., x-LP, y-LP, 45◦-LP, 135◦-LP, RCP, and LCP) are obtained,
as shown in Figure 3a. The last three terms of the normalized Stokes parameters for the
selected six polarization states are, respectively, [1, 0, 0]T, [−1, 0, 0]T, [0, 1, 0]T, [0, −1, 0]T,
[0, 0, 1]T, and [0, 0, −1]T. The Full Width at Half Maximum (FWHM) method is used to
determine the effective light spot area. The light intensity through the spot area in each
Part is measured and normalized to calculate the Stokes parameters. The calculated Stokes
parameters are shown in Figure 3b. The maximum error is less than 0.09, which is close
to the result of article [29,32]. Notably, the maximum error is random, rather than fixed in
a certain polarization state. The main reason for this is considered to be the approximate
representation of the focus phase distribution, shown in Equation (5). Moreover, in the
optical field simulation process, due to the inherent errors of the computer, these will
lead to random differences in the optical field distribution. These results prove that our
proposed structure has the ability to detect the polarization state of vertically incident light.

The wavelength dependence of the structure has also been discussed under the normal
incident scenario. The transmittance is calculated according to the intensity ratio of trans-
mitted light to the incident light. At the wavelength of 530 nm, the average transmittance
of the metasurface is 83.9%. To evaluate the wavelength dependence of the transmittance,
the simulation wavelength varied in the range of 480~580 nm; the calculated transmittance
is shown in Figure 3c. The trend in the transmittance curve is consistent with the data
in [33]. Moreover, as the wavelength varies, the position of the focal spot shifts along the
x-direction. Figure 3d shows the y-polarized focal light intensity of Part I with wavelengths
of 500, 530, 560, and 590 nm, respectively. The inset is the enlarged view of the peak
value area. The intensities reach their maximum value at 530 nm and decrease with the
wavelength variation. This is because different wavelengths lead to different focal lengths,
and the focusing energy decreases on the focal plane with f = 6 µm. Moreover, it was
found that as the wavelength increases, the spot position gradually moves linearly to the
right side.
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transmittance; (d) The y-polarized light intensity of Part I on the fixed focal plane with different
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3.2. Stokes Vector Detection for Oblique Incident Light

Having discussed the measurement results of normal incidence, the polarization
detection in the case of oblique incidence will now be shown. Figure 4a is a schematic
diagram of an oblique incidence scenario; an arbitrary incident direction can be decomposed
into oblique incident components along the x- and y-axis, and the focus positions also vary
from the positions under the normal incident scenario (shown as the red dots). Figure 4b,c
are schematic diagrams of the tilt angle at ±θ along the x-axis direction, respectively.

The premise of wide-angle polarimetry needs to prove that the metasurface structure
is able to detect the incident light angle. Here, to clearly illustrate the variation in spot
positions on the focal plane, the transmitted y-polarization component of Part I has been
analyzed with different incident angles along the x-axis (0◦, −5◦, −10◦, −15◦, and −20◦),
as shown in Figure 4d. The incident light deflects in the negative direction of the x-axis,
while the focal spot varies in the positive direction of the x-axis, and the focusing efficiency
decreases gradually. According to Equation (5), different oblique incident angles lead to
different focus shifts ( f sinθ), and the calculated incident angles are given in Figure 4e. The
red dots represent the absolute calculation errors, with a maximum error of about 0.5◦. It is
worth noting that if the tilt angle reaches 25◦, the displacement of the y-polarized focal spot
will exceed the measurement region. Therefore, according to our proposed design method,
tilt angles of incident light that are larger than ±20◦ are also possible but require a larger
metasurface area and a more sensitive photodetector.
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inclination angle ±θ along the x-axis direction, respectively; (d) The focal intensity distribution of
y-polarized light of Part I on the focal plane with different incident angle (0◦, −5◦, −10◦, −15◦, and
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When the tilt angle of the incidence light is along the y-axis, the two polarization
components in each orthogonal basis subarray (Part I, II, and III) have the same loss ratio,
which does not affect the calculation of Stokes parameters, as shown in Figure 4f,g. Here, the
red triangles represent the positions of the light spots under the normal incident scenario. In
contrast, if the tilt angle of incident light is along the x-axis, the two polarization components
in each orthogonal basis subarray have different loss ratios, as shown in Figure 4h,i. The
intensities of the two polarization components are not only related to (3), but are also
related to the different receiving angles, as shown in Figure 4b. For oblique incidence, the
difference between the receiving angles α1 and α2 also leads to the different losses of the
focal light intensities.

3.3. Modified Coefficient for Oblique Incident Light

According to the previous results, the incident light being tilted along the x-direction
leads to an uneven distribution of the focused light, resulting in a large deviation between
the calculated Stokes parameters and the original values. Therefore, a modified method
for calculating Stokes parameters is needed. Considering that an incident light only tilts
along the x-direction with the angle θ, a modified method first needs to simulate the light
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distributions on the focal plane for six basic polarization states (x-LP, y-LP, 45◦-LP, 135◦-LP,
RCP, LCP), respectively. Of course, if more groups of polarized incident light are selected,
the modified coefficient will be more accurate, but the amount of computation will increase
simultaneously. Then, the modified coefficient for each part is calculated by the average of
the six groups of transmitted light intensities, which is given as

k1 = 1
N

N
∑

j=1

Ix,j/ cos2 θ

Iy,j
× S0,j−S1,j

S0,j+S1,j

k2 = 1
N

N
∑

j=1

Ia,j
Ib,j
× S0,j−S2,j

S0,j+S2,j

k3 = 1
N

N
∑

j=1

Il,j
Ir,j
× S0,j−S3,j

S0,j+S3,j

, (8)

where N is the number of polarization states used to calculate the modified coefficients;
in this paper, N is set to six. Ik,j (k = x, y, a, b, l, r) is the light intensity on the focal plane
for the jth input polarization state. Si,j is the given Stokes parameters of each incident
polarized light. It is worth noting that, for the cases where Si = ±1 (i = 1, 2, 3), such as
Part I of the x-LP and y-LP in Figure 5a, only the x- or only y-polarized component exists;
therefore, these two groups of transmitted light intensity cannot be used to calculate the
modified coefficient, k1. Here, the other four groups of polarization states (in Parts II and
III) are used to calculate the coefficient of each orthogonal basis subarray.

Photonics 2023, 10, x FOR PEER REVIEW 9 of 11 
 

 

 
Figure 5. The intensity distributions of different incident polarization states at (a) −10° and (b) −20°. 
The calculated normalized modified Stokes parameters of different polarization states at incident 
angles of (c) −10° and (d) −20°. 

4. Conclusions 
In conclusion, an efficient dielectric metasurface-based polarimetry is proposed in 

this paper. The structure realizes the measurement of the tilt incident angle and charac-
terizes the full Stokes vector of the incident light in the angle range of ±20°. The maximum 
calculation error of the tilt angle is about 0.5°. The Stokes vector maximum error is less 
than 0.09 at normal incidence and is about 0.1 at −20° incidence. The calculated results also 
show a small average absolute value error of about 0.052 at −20° incidence. Additionally, 
according to our design method, the range of measurable incident angles can be expanded 
by adjusting the metasurface areas and focal lengths. Since the metasurface can be inte-
grated with complementary metal oxide semiconductors (CMOS), further experiments 
will be conducted in the future to verify the stability of the proposed structure. We believe 
that the proposed metasurface-based polarimetry has potential applications in the fields 
of polarization imaging and object recognition, especially in underwater environments. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Structure parameters of the polarimetry. 

Author Contributions: Conceptualization and methodology, S.L., Z.Z. and J.C.; software, valida-
tion, formal analysis, and investigation, S.L. and J.C.; resources, Z.Z., J.C. and X.W.; data curation 
and visualization, S.L.; writing—original draft preparation, S.L., Z.Z., X.W. and S.S.; writing—re-
view and editing, S.L., Z.Z., S.S., X.W. and J.X.; supervision and project administration, Z.Z.; funding 
acquisition, Z.Z. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the National Natural Science Foundation of China (NSFC), 
grant number 62101487, and in part by the Zhoushan-Zhejiang University Joint Research Project, 
grant number 2020C81006. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Figure 5. The intensity distributions of different incident polarization states at (a) −10◦ and (b) −20◦.
The calculated normalized modified Stokes parameters of different polarization states at incident
angles of (c) −10◦ and (d) −20◦.

Additionally, on account of the symmetry of the light field distribution, the structures
have the same modified coefficients when the tilt angle of incident light is θ and -θ. There-
fore, the modified coefficient of the symmetry angles can be obtained by only measuring
once, thereby reducing the computational amount.
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Figure 5a,b show the intensity distributions for different incident polarization states at
−10◦ and −20◦ along the x-direction, respectively. It should be noted that two elliptical
polarized lights are randomly chosen as the incident lights to demonstrate the applicability
of the calculated modified coefficients. The S1~S3 parameters of incident light are (−0.6,
0.693, 0.4) T and (0.6, 0.693, −0.4) T, respectively. Figure 5c,d are the calculated normalized
Stokes parameters with corresponding modified coefficients, respectively. The calculated
Stokes parameters show good agreement with the original values. As the angle of incidence
increases, the quality of the results decreases slightly. The average absolute value errors
at −10◦and −20◦ are, respectively, 0.035 and 0.047. The maximum error is 0.09 at −20◦

incidence. As in previous discussions in the case of vertical incident, the maximum error is
randomly generated due to the approximate expression of the phase modulation and the
margin of error of the computer. However, compared with Ref. [29], the proposed structure
in this paper has almost the same measurement accuracy.

4. Conclusions

In conclusion, an efficient dielectric metasurface-based polarimetry is proposed in this
paper. The structure realizes the measurement of the tilt incident angle and characterizes
the full Stokes vector of the incident light in the angle range of ±20◦. The maximum
calculation error of the tilt angle is about 0.5◦. The Stokes vector maximum error is less
than 0.09 at normal incidence and is about 0.1 at −20◦ incidence. The calculated results also
show a small average absolute value error of about 0.052 at −20◦ incidence. Additionally,
according to our design method, the range of measurable incident angles can be expanded
by adjusting the metasurface areas and focal lengths. Since the metasurface can be inte-
grated with complementary metal oxide semiconductors (CMOS), further experiments will
be conducted in the future to verify the stability of the proposed structure. We believe
that the proposed metasurface-based polarimetry has potential applications in the fields of
polarization imaging and object recognition, especially in underwater environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
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