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Abstract: The detection technology of infrared polarization has gained significant attention
due to its ability to provide better identification and obtain more information about the target. In
this paper, based on the expression of the full polarization state in Stokes space, we designed
micro-nano metasurface functional arrays to calculate the polarization state of the incident
light by reading the Stokes parameters (a set of parameters that describe the polarization
state). Metalens with linear and circular polarization-dependent functions are designed based
on the propagation and geometric phases of the dielectric Si meta-atoms in the infrared band,
respectively. The device exhibits a high polarization extinction ratio. The influence of incident
angle on polarization-dependent metalens is discussed, and the analysis of incident angle is of
great significance for the practical application. An infrared six-foci metalens is proposed, each
corresponding to the Poincaré sphere’s coordinate component (a graphical polarization state
method). By matching the six polarization components of the incident light and the Stokes
parameters, the polarization detection function can be realized by calculating the polarization
state of the incident light. There is a slight error between the theoretical value and the calculated
value of the unit coordinate component of the Stokes parameters. At the same time, the intensity
distribution of different incident light polarization azimuth angles and ellipticity angles on the
focal plane agrees with the theory. The advantage of the device is that the polarization state of
the incident light can be directly calculated without passing through other components. The
six-foci metalens have potential applications in polarization detection and imaging, space remote
sensing, etc.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Polarization is an inherent characteristic of electromagnetic waves, which contains abundant
information and is significant in sensing [1,2], detection [3–6], and recognition [7–9]. Polarization
detection of visible light has matured significantly, primarily due to band considerations. However,
susceptibility to environmental factors is a disadvantage of visual light detection. And both
military and civilian facilities emit infrared radiation as a common occurrence. Recently, there
has been an increasing interest in using infrared polarization detection technology [10–12].
Polarization detection is more effective for identifying targets and providing additional information,
such as azimuth angle and ellipticity angle [13,14] than traditional intensity detection methods.
Polarization measurement-based devices and technologies face the challenge of a restricted
field of view, and their systems are often intricate. When measuring the polarization state,
it’s necessary to use beam splitters, waveplates, and polarizers in combination. The size and
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complexity of systems tend to grow larger, which goes against the trend of developing compact
and integrated devices [15–19].

As an ultra-thin artificial material composed of two-dimensional (2D) subwavelength micro-
nano structure arrays, metasurfaces have been proven to be a compact and effective platform for
modifying light amplitude [20,21], phase [22–24] and polarization [20,25]. They are significant
in the future of device miniaturization and integrated development. In 2011, Cappaso et al.
proposed the generalized Snell’s law, which shows that the separated subwavelength optical
resonators can produce a phase mutation when the propagation light passes through the interface
between the two media [26]. Since then, phase-controlled metasurfaces have gained widespread
attention. Recently, the application of metasurfaces in functional metalens [27–29], vortex beam
generation [30,31], Multi-channel holographic imaging [32–36], and optical neural network
devices [8,37–40] have been impressive, promoting the development of digital optics and
computational optics [40]. Due to the flexibility of multi-parameter modulation, each meta-atom
can be designed to manipulate multiple properties of light simultaneously [20,41,42], and it is
also considered a preferred candidate for polarization manipulation. The relevant research on
metasurface polarization detection is mainly achieved by combining traditional devices such as
polarization metasurfaces and polarizers or by the rotation of metasurface polarizing devices
[4,7,35]. Therefore, it is only feasible to detect polarization characteristics at a time, and making
conventional instruments is still necessary.

In this paper, we proposed a full polarization detection of infrared six-foci metalens based
on Stokes space, with focal spots corresponding to the six polarization components of the
detected incident light (corresponding to the coordinate components of the Poincaré sphere). The
polarization state of the incident light can be calculated from the intensity of the six polarization
components in the focal plane. Infrared linear and circular polarization-dependent metalens are
designed with a high polarization extinction ratio based on propagation and geometric phases.
The influence of incident angle on the focal plane intensity distribution and focus position of
polarization-dependent metalens was analyzed. The proposed six-foci metalens extract the
Stokes parameter through the focal plane, and the polarization state of the incident light can be
inverted by calculation. The intensity distribution of polarization azimuth and ellipticity angles
of different incident lights in the focal plane was analyzed. The error between the theoretical and
calculated values of the unit Stokes coordinate parameters is small, which is of great significance
for polarization detection and imaging.

2. Principle and design

2.1. Linear polarization metalens

The designed meta-atom structure must meet polarization selection conditions to realize the
linear polarization-dependent metasurface devices accompanied by a high extinction ratio. The
schematic diagram of the rectangular Si column meta-atom structure is shown in Fig. 1(a), and
its height is H= 6.5µm. Here, the linear polarization (LP) characteristics are designed based
on the propagation phase, and the characteristic dimensions of the rectangular Si column are
parametrically analyzed. Figure 1(c) and 1(d) show the phase and transmission at 10.6 µm of Si
meta-atom structures with different lengths L and widths D, in which eight meta-atom structures
are selected. A phase gradient of 2π satisfies the x-direction with high transmission, and a
relatively stable phase in the y-direction is achieved, as shown in Fig. 1(b). Each meta-atom
structure can be equated to a birefringence element, and the structure group can be used to
implement linear polarization-dependent functional modulation devices. The metalens is designed
based on the finite-difference time-domain (FDTD) method. Periodic boundary conditions
were applied in both the x and y directions, while the perfectly matched-layer (PML) boundary
condition was applied in the z direction (light wave propagation).
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Fig. 1. (a) Schematic diagram of the phase-control meta-atom structure; (b) phase and
transmission of the selected meta-atom structure (corresponding structure size: L1= 2.4µm
and D1= 3.6µm, L2= 0.6µm and D2= 2µm, L3= 1.8µm and D3= 1.3µm, L4= 2.3µm and
D4= 1.2µm, L5= 1.8µm and D5= 2.95µm, L6= 4.5µm and D6= 0.77µm; L7= 4.5µm and
D7= 0.9µm and L8= 2.1µm and D8= 3.7µm); the (c) phase and (d) transmission at 10.6 µm
corresponding to size L and D.

The schematic of linear polarization-dependent metalens is shown in Fig. 2(a). The horizontal
linear polarization (HLP) light is focused on one spot through metalens, and the vertical linear
polarization (VLP) light is close to plane wave emission without a focal spot. This is also why
when we select the element structure, the phase in the x direction meets the phase adjustment
conditions, and the phase in the y direction needs to be selected as the stabilization. The system
consists of a BaF2 [43] substrate with a relatively low refractive index and a subwavelength
rectangular Si [44] column with a relatively high refractive index. The required phase distribution
of the metalens can be described as the following Eq. (1) [45–47]:

φ = −
2π
λ
(

√︂
(r2 + f 2) − f ) (1)

where λ and f are design wavelength and focal length, respectively, and x and y are the coordinates
position in the metalens. Under intensity-normalized conditions, the intensity distribution of
HLP metalens under the incidence of HLP light and VLP light is shown in Fig. 2(b). There
is a focal spot at the center of the x-y plane and the x-z plane z= 80µm in incident HLP light.
However, there is almost no light field distribution in incident VLP light, indicating near-plane
wave propagation. At the same time, we analyzed the intensity of the light field at y= 0 in the x-y
focal plane, as shown in Fig. 2(c). It can be seen from the figure that the metalens exhibit an
extremely high extinction ratio and a full width at half maximum (FWHM) of 6.19 µm.
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Fig. 2. (a) Schematic diagram of linear polarization-dependent metalens; (b) the intensity
distribution in the x-y focal plane and x-z plane, in the case of horizontal linear polarization
(polarized along the x-axis, HLP) light and vertical linear polarization (polarized along the
y-axis, VLP) light incidence; (c) Comparison of the normalized intensity distribution of
HLP light and VLP light at y= 0 in the focal plane.

2.2. Circular polarization metalens

The geometric phase is the best choice for phase control of circular polarization (CP) light
wavefront [22,23,48,49]. In the case of the CP light incidence

√
2/2(1,±i)T, the Jones vector of

output light Eout can be expressed as the following [49]:
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2
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G is the phase delay in the x and y directions, and θ is the rotation angle of the meta-atom (defined
as the angle between the long axis and the x-axis of the meta-atom). Therefore, to achieve high
conversion efficiency for the geometric phase meta-atom structure, two conditions need to be met:
the high transmission of the electric field and the phase delay of the π between the quadrature
electric field components, which can be equivalent to a half-waveplate.

The designed meta-atom structure is shown in Fig. 3(a), the rectangular Si column: L= 3.5µm,
D= 1.1µm, H= 6.5µm. Under the condition of left-handed (or right-handed) polarized light
incidence, with the change of the rotation angle θ of the meta-atom, the phase change of the
right-handed (or left-handed) outgoing light satisfies the phase φ=2θ, accompanied by a relatively
high transmission. To reveal the mechanism of π phase delay, we studied the electric and
magnetic fields in the optimal meta-atom, shown in Fig. 3(c) and 3(d). As shown in the electric
field distribution of Fig. 3(c), it can be seen that the induced electric field contains two ring
currents with alternating clockwise and counterclockwise directions, which correspond to two
(even-numbered) antiparallel magnetic dipoles (AMD) [50] positioned vertically along the z-axis.
For the Ex component, the electrical vectors’ direction at the incident (bottom) and output (top)
ends of the rectangular Si column are oriented in the same direction, and the x component of the
CP light is held after passing through the meta-atom. However, for the Ey component, the induced
electric field excites one (odd-numbered) AMD and the odd-numbered circular displacement
currents such that the electric vector of the transmitted light is opposite to the electrical vector of
the incident light, shown in Fig. 3(d), revealing the phase delay π. Therefore, the transmitted light
exhibits polarization that is entirely orthogonal to the incident light and exhibits high-efficiency
polarization conversion. From the above analysis, it can also be seen that the number of modes
that the rectangular Si column structure can accommodate in the x and y directions is related to
the wavelength. At the same time, it can also be shown that the metasurface element structure
that meets the conditions is not unique.
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Fig. 3. (a) Schematic diagram of the geometric phase meta-atom structure; (b) phase and
transmission of different rotation angle meta-atom structures at 10.6 µm; The total electric
field (E) and magnetic field (H) present in the geometric phase meta-atom structure when
the incident light of (c) x polarization and (d) y polarization are excited.

Fig. 4. (a) Schematic diagram of a circular polarization-dependent metalens; (b) the intensity
distribution in the x-y focal plane and the x-z plane, in the case of left-handed circular
polarization (LCP) light and right-handed circular polarization (RCP) light incidence; (c)
Comparison of the normalized intensity distribution of LCP light and RCP light at y= 0 in
the focal plane.
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Figure 4(a) shows a schematic diagram of a circular polarization-dependent focused metalens.
The incident RCP light is converted into the LCP light converging at the focal spot through
the metalens array. The metalens is also based on BaF2 and consists of rectangular Si column
structures with different rotation angles. The phase distribution is the same as Eq. (1), and the
focal length f of the device is 80 µm. Figure 4(b) shows the intensity distribution of the designed
metalens in the case of LCP light and RCP light incidence. There is a focal spot at the center of
the x-y plane and the x-z plane z= 80 µm in incident RCP light. However, due to the rotation
direction of the geometric phase meta-atom being associated with the rotation direction of the
incident CP light, there is no focus on the incidence of the LCP light. The intensity at the focal
plane y= 0 is normalized and analyzed, as shown in Fig. 4(c). It can be seen from Fig. 4(c) that
the CP metalens also has a high extinction ratio and an FWHM of 7.08 µm.

2.3. Influence of incidence angles

The angle modulation characteristics of the HLP and RCP metalens are further analyzed to
discuss the influence of incident angle on the above two devices, as shown in Fig. 5. As the
incident angle changes from 0 to 20°, the focal spots of the two metalens in the focal plane shift
significantly along the y-axis, and the larger the incident angle, the greater the focal spot offset
in the focal plane. The basis on which metasurfaces can achieve wavefronts is the generalized
Snell’s law, expressed as follows:

sin(θt) − sin(θi) =
λ

2π
∂φ

∂r
(3)

where θt is the transmission angle, and θi is the angle of incidence. Combined with the wavefront
phase distribution formula of the metalens:

sin(θt) = −
r√︁

f 2 + r2
+ sin(θi). (4)

Fig. 5. The influence of incidence angles of 0°, 5°, 10°, 15°, and 20° on (a) the HLP and
(b) the RCP metalens, focal plane intensity, and normalized intensity at the dashed line.

According to the ray tracing of geometric optics, the approximate change trend of the focal
point can be obtained. As the angle of incidence increases, the transmitted light from a metalens
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cannot be perfectly focused. However, the angle of incidence is within a specific range, and the
focus can still be focused on the focal plane. When the incident light is oblique, the focus of
the metasurface is related to the array size, focal length, and incident angle. Table 1 outlines
the changes in the y-axis offset, output angle, and the FWHM due to variations in the incident
angle. It can be seen from the data that as the incident angle increases, the y-axis offset increment
becomes smaller. The focus offsets of HLP and RCP light are similar for the same incident angle
conditions. Meanwhile, the FWHM tends to widen, except for the RCP light at an incident angle
of 10°.

Table 1. Data statistics: angle of incidence causes a change

Polarization state Incident angle (Deg) Focus offset (µm) Output angle (Deg) FWHM (µm)

HLP light

0 0 0 6.19

5 13.32 9.45 6.94

10 26.01 18.01 7.68

15 36.85 24.73 9.41

20 47.69 30.80 10.71

RCP light

0 0 0 7.08

5 13.63 9.87 7.48

10 26.63 18.41 10.18

15 38.40 25.64 9.13

20 50.79 32.42 10.73

3. Infrared six-foci metalens for polarization detection

In 1852, Stokes proposed four parameters to represent the intensity and polarization state of
light waves, a schematic diagram shown in Fig. 6(a). In characterizing polarization states, the
Stokes vector method can express arbitrary polarization states and be easily detected. Therefore,
it has been widely used in polarization detection. The Stokes parameters are described as follows
[41,51]:

S =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

S0

S1

S2
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1
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⎞⎟⎟⎟⎟⎟⎟⎟⎠
, (5)

where ψ is the azimuth angle, and χ is the ellipticity angle, shown in Fig. 6(b) in the schematic
diagram of the vibration trajectory. We designed a six-foci polarization metalens device based
on Stokes space coordinates to enable polarization detection. Figure 6(c) shows a schematic
diagram of the designed six-foci metalens for polarization detection. The polarization-dependent
metalens intensity information extracts the Stokes parameter of incident light on the Poincaré
sphere. The polarization state of the incident light is calculated in reverse by the extracted Stokes
parameter.

We further calculated and analyzed the polarization detection capability of a six-foci metalens
device. Stokes parameters for incident light can be calculated by passing through the intensity
information, as shown in Eq. (5). Therefore, the device can measure the polarization state of
the incident light at once. The focus corresponds to the Stokes parameters as follows: HLP
and VLP correspond to S1 and -S1, respectively; LP45° and LP-45° correspond to S2 and -S2,
respectively; and RCP and LCP correspond to S3 and -S3, respectively. The focal plane intensity
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Fig. 6. Schematic diagram of (a) the Poincaré sphere, (b) the polarization vibration
trajectories, and (c) the six-foci infrared polarization detection.

distribution of the incident polarization light with different azimuth angles is shown in Fig. 7(a).
The LCP and RCP components have little effect as the azimuth angle increases. In the case
of the LP light incidence, the LCP and RCP intensities are theoretically equal. According to
the components of the incident LP light in the x, y, 45°, and -45° directions, the conclusions
in the above Fig. 7(a) are consistent with the theoretical laws. Then, the detection results of
different ellipticity angles are analyzed in the focal plane, as shown in Fig. 7(b). From the
figure, it is possible to ascertain whether the incident light is left-handed or right-handed; the
left-handed light incidence is focused more intensity of the left-handed component, as shown in
the first four figures; conversely, the right-handed light incidence is focused more intensity of
the right-handed component, shown in the last four figures. Overall, each incident polarization
state generates a unique intensity distribution, indicating that the six-foci metalens exhibit high
polarization-dependent characteristics.

The azimuth angle and ellipticity angle of the polarization trajectory can be further calculated
by the Stokes parameter corresponding to Eq. (5) and are as follows:

χ =
arcsin(S3)

2
, ψ =

arctan(S2/S1)

2
. (6)

The Stokes coordinate parameters were normalized, as shown in Table 2. The calculated and
theoretical values of the device show a good match with a small error (the error equation is shown
in Eq. (7)).

Serror =

√︂
(S1

′ − S1)
2 + (S2

′ − S2)
2 + (S3

′ − S3)
2 /3 × 100% . (7)

One of the factors that can cause errors is the selection of the structure of the linear polarization
element. Considering the experimental accuracy, the designed linear polarization element
structure satisfies eight phase gradients in the x direction and phases similar but not identical in
the y direction. In the focused Fig. 2(c), it can be seen that although there is a high polarization
extinction ratio, there is an energy distribution in the focal plane when the incident of polarized
light in the y direction is incident. Another factor is the interaction between arrays, which affects
the independence of Stokes parameter extraction. In the future, optimization can be carried out
in the following three directions: Design the linear polarizing element structure in the y direction
to be as equal as possible; Establish independent optical information channels to reduce mutual
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Fig. 7. Focal plane intensity distribution of (a) different azimuth angles and (b) different
ellipticity angles.

Table 2. Stokes parameter analysis of infrared six-foci metalens

Polarization
state

Theoretical Values
(S1, S2, S3)

Calculated Values
(S1’, S2’, S3’)

Error
(%)

HLP 1 0 0 0.9781 0.1625 0.1301 6.9

VLP -1 0 0 -0.9890 -0.0678 0.1312 4.9

LP45° 0 1 0 -0.1665 0.9842 0.0601 5.9

LP-45° 0 -1 0 0.0490 -0.9955 0.0805 3.1

RCP 0 0 1 -0.0106 -0.0053 0.9999 0.03

LCP 0 0 -1 -0.0320 0.0215 -0.9993 1.2

interference between different polarization modules; Through the later data processing module,
the corresponding data optimization is carried out to improve the accuracy. At the same time,
according to the device’s material, size, and aspect ratio, the device is manufactured by the
electron beam lithography process method.

4. Conclusion

In conclusion, the infrared six-foci metalens was proposed based on the Stokes parameter for
infrared polarization detection. The intensity of the focal plane corresponds to the three coordinate
components (including plus and minus) of Stokes Space. Based on the propagation and geometric
phases, linear and circular polarization-dependent metalens were designed, respectively, with the
FWHM of 6.19 µm and 7.08 µm. The influence of incident angle on the LP and CP metalens is
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discussed and analyzed. Stokes Parameter was matched using linearly polarization and circular
polarization-dependent metalenses to form a 6-focus metalens for infrared polarization detection.
The polarization state of the incident light is obtained by calculating the Stokes parameters to
achieve the function of polarization detection. The focal plane intensity distribution of different
azimuth and ellipticity angles in the polarization trajectory was analyzed. The theoretical and
calculated values of the unit coordinates of Stokes space are compared, showing a slight error
and giving some optimization directions. Therefore, the above conclusions show that the device
significantly applies polarization detection, imaging, and space remote sensing in the infrared
band.
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