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The study of pixelated metamaterials that integrate both the functions of linear and circular polarization filters is
rapidly growing due to the need for full-Stokes polarization imaging. However, there is a lack of large-area, ultra-
compact pixelated full-Stokes metamaterials with excellent performance, especially circular polarization filters
with a high extinction ratio, a broad operating bandwidth, and a low-cost, high-quality, efficient manufacturing
process, which limits the practical applications of pixelated full-Stokes metamaterials. In this study, we propose a
universal design and fabrication scheme for large-area, ultracompact pixelated aluminum wire-grid-based meta-
materials used in Vis-NIR full-Stokes polarization imaging. The aluminum wire-grid was designed as a linear
polarization filter with an average linear polarization extinction ratio of 36,000 and a circular polarization filter
with an average circular polarization extinction ratio of 110 in Vis-NIR. A large-area, ultracompact 320 × 320
pixelated aluminum wire-grid-based full-Stokes metamaterial was fabricated using nanoimprint lithography and
nano transfer printing with the advantages of low cost and high efficiency. This metamaterial was used to achieve
full-Stokes polarization imaging with errors within 8.77%, 12.58%, 14.04%, and 25.96% for Stokes parameters
S0, S1, S2, and S3, respectively. The inversion errors of the compensated Stokes parameters can be reduced to
0.21%, 0.21%, 0.42%, and 1.96%, respectively. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.494728

1. INTRODUCTION

Polarization, similar to phase, wavelength, and intensity, is an
important parameter of light and essential for applications such
as communication [1,2] and quantum encryption [3,4].
Polarization imaging in the Vis-NIR spectral region is especially
attractive due to its broad applications in polarization naviga-
tion [5,6], biomedical diagnosis [7,8], target detection [9], and
face recognition [10,11] with the advantage of revealing the
intrinsic properties of matter. Polarization imaging systems
are mainly divided into division-of-time, division-of-aperture,
division-of-amplitude, and division-of-focal-plane types. In
particular, the division-of-focal-plane type has the advantage
of good real-time and easy integration, and has gained an in-
creasing amount of attention. It is well known that the arbitrary
state of polarization (SoP) can be represented by the Stokes
parameters (S0, S1, S2, S3), which are related to the light in-
tensity of the linearly and circularly polarized components of
incident light. Currently, the division-of-focal-plane type pixe-
lated micro arrays consist of linear polarization filters oriented

in different directions, such as iodine-doped polyvinyl alcohol
layer [12], liquid crystals [13], and metal wire-grids [14,15],
which have excellent polarization optical performance but
can only detect linearly polarized components, not circularly
polarized components, so only part of the Stokes parameters
(S0, S1, S2) can be detected.

To achieve full-Stokes parameters detection, the main ob-
stacle is pixelated micro arrays integrating both the functions
of linear polarization filters and circular polarization filters.
Methods based on organic materials, such as liquid crystal pol-
ymer [16] and chiral organic molecules [17], enable detection
of circularly polarized components, which are usually incom-
patible with scalable manufacturing technology, structurally
and chemically unstable, or highly absorptive in mid-IR spec-
tral regions. Metamaterials or metasurfaces with subwavelength
spacing and dimensions have unusual electromagnetic proper-
ties, providing a powerful toolbox for implementing many dif-
ferent electromagnetic wave operations, such as perfect
absorption, flat lensing, holograms, and polarization transfor-
mation. Chiral optical metamaterials from two-dimensional
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(2D) to three-dimensional (3D) exhibit a mixture of magnetic
and electrical responses excited by a light field, and can be de-
signed to achieve strong CD [the differential absorption or
transmission of left-handed and right-handed circularly polar-
ized light (LCP and RCP)] and used as high-performance cir-
cular polarizer filters. However, 2D planar chiral or achiral
structures [18–21] are limited to narrow frequency responses
originating from the internal resonances of individual building
blocks, which is a major drawback for many potential applica-
tions. 3D helix chiral structures [22–28] including the single-
helix, double-helix, N-helix, tapered helix, and hybrid helix,
combine internal and Bragg resonances leading to a broadband
response, while realizing these smaller nanostructures in the vis-
ible region imposes higher requirements on the resolution of
direct laser writing. To cope with this problem, researchers have
made some new efforts. In terms of structural design, substi-
tuting helix chiral structures with stacked planar metasurfaces
[29–31] may effectively operate as 3D helical structures with
broadband CD optical responses and can be realized with con-
ventional lithographic techniques, but periodic arrays with pre-
cise alignment and subwavelength features are still challenging
at visible wavelengths. For the fabrication process, cost-effective
and simple bottom-up methods [32–34] such as glancing angle
deposition and grazing incidence were introduced to fabricate
long-range ordered chiral structures over large areas, yet the CD
optical effects in these structures are relatively weak. More re-
cently, a combination of dielectric or plasma-based quarter-
wave plates and metallic wire-grid linear polarization filters
[35,36], realized by electron beam lithography, reactive-ion
etching or lift-off, etc., has been used for full-Stokes polariza-
tion detection. The quarter-wave plate has a narrow operating
bandwidth, and the inconsistent structural form or material
with wire-grid-based linear polarization filters leads to an incon-
sistent fabrication process or high fabrication cost. In summary,
the challenges to realize full-Stokes polarization imaging mainly
include: (1) the structural form of broadband circular polariza-
tion filters with excellent performance is complicated, and it is
difficult to realize large-area, low-cost, and high-precision fab-
rication; (2) circular polarization filters and linear polarization
filters are not consistent in terms of material and structural
form, and the fabrication processes are not compatible; (3) cur-
rent full-Stokes polarization detection units are fabricated
by electron beam lithography combined with reactive-ion etch-
ing or lift-off, which is characterized by high cost and time
consumption, making it difficult to manufacture large-area ul-
tracompact pixelated division-of-focal-plane devices for full-
Stokes polarization imaging.

In this paper, we propose and experimentally demonstrate a
large-area ultracompact pixelated aluminium wire-grid-based
metamaterial for Vis-NIR full-Stokes polarization imaging.
The pixelated metamaterial integrates the functions of both lin-
ear and circular polarization filters. In the design of linear
polarization filters, based on the broadband polarization-selec-
tive transmittance of sub-wavelength wire-grid-based metama-
terials [37], the designed wire-grid linear polarization filter
achieved an average linear polarization extinction ratio of
36,000 in the 400–1200 nm bandwidth. In the design of cir-
cular polarization filters, based on the physical phenomenon

that self-complementary metamaterials [38] produce a 90°
phase difference independent of wavelength between TM
and TE polarized light, a broadband aluminium wire-grid-
based circular–linear polarization converter [39] was designed,
and it was further cascaded with the above mentioned linear
polarization filter to realize a broadband circular polarization
filter (average circular polarization extinction ratio of 110 in
the 400–1200 nm bandwidth). Furthermore, both linear
and circular polarization filters are structured by an aluminium
wire-grid, which can be fabricated by nanoimprint lithography,
and metal transfer to achieve large-area on-chip integration
with the advantages of low cost, high quality, and high effi-
ciency. The design features an ultracompact layout and excel-
lent polarization optics performance and capability of easy
integration onto various types of Vis-NIR imaging detectors.

2. DEVICE DESIGN

The device proposed here for full-Stokes polarization imaging is
based on large-area ultracompact pixelated aluminium wire-
grid-based metamaterials, as shown in Fig. 1(a). It consists
of 320 × 320 microcells, with each neighboring four microcells
forming a supercell containing three differently oriented linear
polarization filters (F1, F2, and F3) and a circular polarization
filter (F4). F1 − F3 microcells are linear polarization filters to
filter linear polarization light with the electric field vector ori-
ented at different angles with respect to the x axis, i.e., LP � 0°,
45°, and 90°. The F4 microcell is a left circular polarization
filter to transmit circular polarization light with the electric
field vector trajectory oriented anti-clockwise. The handedness
of circular polarization light was defined from the point of
view of the receiver. The right-handedness corresponds to a
clockwise rotation, and the left-handedness corresponds to
an anti-clockwise rotation. Figure 1(b) shows one of the linear
polarization filters (F1), which is based on a double-layer alu-
minium wire-grid with geometric parameters period P1, wire
width W 1, height H 1, and spacing D1. The linear polarization
light with an electric vector perpendicular to the wire-grid is
defined as TM light, and the polarized light with an electric
vector parallel to the wire-grid direction is defined as TE light.
As we can see in Fig. 1(b), TM polarized light passes through
the wire-grid region, while TE polarized light is confined to the
wire-grid region. Therefore, the linear polarization filters can
filter out TE light and transmit TM light. Figure 1(c) shows
the circular polarization filter (F4), which consists of a surface
layer circular–linear polarization converter and a bottom layer
linear polarization filter with a 45° relative angle. The period,
wire width, wire height, and spacing from the underlying linear
polarization filter of the surface layer circular–linear polariza-
tion converter are denoted as P2,W 2,H 2, andD2, respectively.

Linear polarization filters based on metal wire-grids have
been extensively explored. In this paper, the metal wire-grid
has a period of 200 nm and a wire width of 100 nm, where
the period is less than half a wavelength to avoid optical dif-
fraction. The optical properties of single- and double-layer lin-
ear polarization filters with varying heights H 1 of aluminium
wire-grids in the Vis-NIR were analyzed by the finite difference
time domain (FDTD) method, as shown in Fig. 2. The spacing
D1 of the bilayer wire-grid is set to a fixed value of 200 nm.
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T TM and T TE denote the transmission of TM and TE light by
the linear polarization filter, respectively. The linear polariza-
tion extinction ratio is defined as T TM∕T TE. Figures 2(a)
and 2(d) show that the transmittance of TM light is of the same
order of magnitude for the double-layer and single-layer nano
wire-grid-based linear polarization filters. Figures 2(c) and 2(f )
show that double-layer nano wire-grid-based linear polarization
filters usually have a higher extinction ratio. In addition, for the
double-layer structure, the extinction ratio increases with in-
creasing thickness, but the transmittance of TM light tends
to decrease when the height of the wire-grid is greater than

80 nm. In order to obtain a large TM light transmittance
and a wide operating bandwidth while ensuring a large extinc-
tion ratio, a double-layer nano wire-grid-based linear polariza-
tion filter with geometrical parameters of 200 nm period,
100 nm wire width, and 80 nm wire height was finally used,
for which the average linear polarization extinction ratio of the
linear polarization filter reached 36,000 in the visible near-
infrared wavelength range.

Circular polarization filters consist of circular linear polari-
zation converters and linear polarization filters. The circular lin-
ear polarization converter based on a single-layer metal nano

Fig. 1. Large-area ultracompact pixelated aluminium wire-grid-based metamaterials for full-Stokes polarization imaging. (a) Schematic of the
device design for Stokes parameters measurement. F1 − F3 microcells are linear polarization filters to filter linearly polarized light with the electric
field vector oriented at different angles with respect to the x axis, i.e., 0°, 45°, and 90°. F4 microcell is left circular polarization filter to transmit left
circular polarization light. (b) Schematic of the linear polarization filters consisting of the double-layer wire-grid. The period, wire width, height, and
spacing are P1, W 1, H 1, and D1, respectively. (c) Schematic of the left circular polarization filter consisting of a top circular–linear polarization
converter and an underneath linear polarization filter. The period, wire width, height of the circular–linear polarization converter, and spacing
between the circular–linear polarization converter and the linear polarization filter are P2, W 3, H 2, and D2, respectively.
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wire-grid can produce a phase difference of 90° between TM
and TE light in a wide bandwidth. Its geometric parameters are
180 nm period, 120 nm wire width, and 12 nm wire height
[39]. The circular polarization filter has been deduced to have
circular dichroism over a wide bandwidth and reaches a maxi-
mum at an angle of 45° between the circular linear polarization
converter and the linear polarization filter [40]. In the design of
the circular polarization filter in this paper, the circular linear
polarization converter is integrated into the linear polarization
filter, and the light field reflection and interference between the
two will occur. Therefore, the influence of the spacing between
the circular linear polarization converter and the linear polari-
zation filter on the circular dichroism and circular polarization
extinction ratio is further analyzed by FDTD in conjunction
with the thin-film interference model (for the analytical
method, refer to our earlier paper [40]). The optical properties
of circular polarization filters in the visible near-infrared band
with varying D2 are given in Fig. 3. The transmittance of the
circular polarization filter for left- and right-handed circular
polarization light is shown in Figs. 3(a) and 3(b), respectively.
It can be found that the transmittance of LCP is greater than
that of RCP in a wide bandwidth, which shows that it has
broadband circular dichroism. As shown in Figs. 3(c) and 3(d),
both circular dichroism and circular polarization extinction ra-
tio peaks are redshifted as the spacing D2 increases, which pro-
vides design freedom for us to design the dominant working
wavelength of a circular polarization filter. Especially, the
circular polarization extinction ratio exceeds 1000 near 780 nm
wavelength when D2 is 200 nm, and the average circular

polarization extinction ratio reaches 110 in the whole
Vis-NIR band. The performance of this circular polarizer has
certain advantages. In addition, both the designed linear polari-
zation filter and circular polarization filter are based on a nano
wire-grid structure, which can be fabricated by interference
lithography, nanoimprint lithography, or nano transfer printing
with the advantages of large area and low cost.

3. DEVICE FABRICATION AND
CHARACTERIZATION

In our design, both linear polarization and circular polarization
filters are based on an aluminium wire-grid structure and have a
low depth-to-width ratio, which can significantly simplify and
reduce manufacturing difficulties. The challenges of sample
fabrication are large area, cross-scale, and high resolution. In
the fabrication, large-area, cross-scale, and high-resolution ul-
tracompact pixelated aluminium wire-grid-based metamaterials
were fabricated by nanoimprint lithography, vertical thermal
evaporation, and nano transfer printing with the advantages
of low cost and high efficiency. The intermediate polymer sheet
(IPS) flexible template contains 320 × 320 microcells, and only
four adjacent microcells containing wire-grids with different
orientations are shown here, as illustrated in Fig. 4(a1).
Figures 5(a1) and 5(a2) give the SEM surface images of the
IPS flexible template for a micro array with a period size of
20.8 μm × 20.8 μm in the x and y directions and a structured
region size of 20 μm × 20 μm. The four adjacent cells are line
grids in 0°, 45°, 90°, and −45° directions. The fabrication
parameters of the IPS flexible template are given in Ref. [14].

Fig. 2. Optical parameters of the double-layer nano wire-grid linear polarization filter: (a) TM light transmission, (b) TE light transmission, and
(c) linear polarization extinction ratio. Optical parameters of the single-layer nano wire-grid polarization filter: (d) TM light transmission, (e) TE
light transmission, and (f ) linear polarization extinction ratio. The geometric parameters of the wire-grid are 200 nm period and 100 nm wire width.
The spacing between the bilayer wire grids D1 � 200 nm. Aluminium wire-grid height H 1 varies from 10 to 90 nm.
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In this paper, the IPS flexible template was used as a master
template. First, the IPS wire-grid structure was transferred onto
the quartz substrate by UV-curable nanoimprint lithography
with a precoated UV-curable photoresist [Fig. 4(a2)]. The

SEM surface view of the UV-curable nanoimprint photoresist
is given in Fig. 5(b). Then the linear polarization filter micro
arrays based on double-layer metal-aluminum nano wire-grids
were obtained by a vertical thermal vapor deposition process on

Fig. 4. Device fabrication. (a1) Preparation of IPS flexible template with 0°, 45°, 90°, and −45° orientation wire-grids. (a2) Formation of dielectric
wire-grid on the quartz substrate precoated with UV-curable photoresist by UV-curable NIL. (a3) Aluminium wire-grid-based linear polarization
filter micro arrays obtained by vertical thermal evaporation process. (b1) Preparation of large-area IPS flexible template with single-directional wire-
grid. (b2) Aluminium wire-grid structure obtained by vertical thermal evaporation process. (c1) IPS surface metal nano wire-grid integrated onto the
surface of the double-layer metal-aluminum nano wire-grid linear polarization filter micro array precoated with UV-curable photoresist by a nano
transfer printing process. (c2) Spin-coating of BP212 on linear polarization filter micro array. (c3) Formation of pixelated metamaterials integrating
both the linear polarization filters and circular polarization filters by photolithography, development, etching, and residual adhesive removal process.

Fig. 3. Simulated optical properties of circular polarization filter with diffrerent D2. (a), (b) Transmittance spectra of LCP and RCP by full-wave
(400–1200 nm) simulation. (c), (d) Circular dichroism (CD � T LCP − T RCP) and circular polarization extinction ratio (CPER � T LCP∕T RCP)
obtained by the transmittance of LCP and RCP.
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the quartz target substrate [Fig. 4(a3)]. Figure 5(c) gives the
SEM surface view of the metallic aluminum nano wire-grid with
a period of 200 nm, a wire width of 100 nm, and a wire height of
80 nm. Figure 4(b1) shows a large area of the IPS flexible tem-
plate with a single-directional wire-grid structure. First, a dou-
ble-layer metal-aluminum nano wire-grid is obtained on the
surface of the IPS flexible template by a vertical thermal vapor
deposition process [Fig. 4(b2)]. Then the IPS surfacemetal nano
wire-grid is transferred to the surface of the double-layer metal-
aluminum nanogrid linear polarization filter micro array by a
nano transfer printing process with a precoatedUV-curable pho-
toresist [Fig. 4(c1)]. Subsequently, BP212 UV photoresist
[Fig. 4(c2)] was spin-coated on its surface. Finally, the designed
sample was obtained by photolithography, development, etch-
ing, and a residual adhesive removal process [Fig. 4(c3)]. The
SEM surface view of the sample is given in Fig. 5(d), where
the structural region is the surface circular linear polarization
converter. Figure 5(e) shows the polarization micrograph of
the prepared sample. The detailed process parameters of sample
fabrication are given in Appendix A.

The optical properties of the fabricated device are character-
ized by a measurement system that consists of a light source

system and an imaging system, as shown in Fig. 6(a). The light
source system is used to produce standard polarized light, such
as linearly polarized light, circularly polarized light, and ellip-
tically polarized light, and the system consists mainly of an in-
tegrating sphere light source, two filters, a commercial linear
polarization filter, a quarter-wave plate, and two precision turn-
tables. The imaging system consists mainly of a camera lens,
relay lens, and a monochrome camera. A micro array device
was placed in the object plane of the relay lens, which is also
the image plane of the lens. The corresponding parameters of
the main components are given in Table 1. In the measurement
process, linearly polarized light of 0°–180° generated by the
light source system was first detected by the imaging system.
The azimuthal interval of the linearly polarized light was 5°.
Taking into account the simulation results of the polarization
device in the broadband of Vis-NIR, we use two narrowband
filters with operating wavelengths of 810 and 740 nm to verify
the polarization optical performance of the division-of-focal-
plane polarization device at different wavelengths. Figure 6(b)
gives an example diagram of the imaging system imaging po-
larized light. Figure 7(a) shows the grayscale value response
curves of the three selected F1 − F3 linear polarization filter

Fig. 5. (a1), (a2) SEM surface views of IPS flexible template with 0°, 45°, 90°, and −45° orientation wire-grids. (b) SEM surface view of the
UV-curable nanoimprint photoresist patterned with wire-grid structure. (c) SEM surface view of the aluminium nano wire-grids. (d) SEM surface
view of the circular linear polarization converter. (e) Polarization micrograph of the prepared sample.

Fig. 6. (a) Experimental diagram of the fabricated device measurement system. (b) Example diagram of the imaging system imaging polarized
light.
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regions with different azimuthal angles of linear polarization
light (810 nm). Based on the grayscale value response curves,
the extinction ratios (ratio of maximum to minimum value
[14,15]) of F1 − F3 linear polarization filters were calculated
as 14.5, 15.4, and 10.8, respectively. Next, the left- and

right-handed circularly polarized light produced by the light
source system was detected by the imaging system. Figure 7(b)
shows the grayscale value response of the selected multiple F4
circular polarization filter with different chiral circularly polar-
ized light (810 nm). According to the grayscale value, the cir-
cular polarization extinction ratio was calculated to be about
8.6. Figures 7(c) and 7(d) give the experimental results for a
filter operating at 740 nm. Based on the grayscale value re-
sponse curves, the extinction ratios of F1 − F3 linear polariza-
tion filters were calculated as 8.5, 9.0, and 7.1, respectively. The
circular polarization extinction ratio was calculated to be about
5.5. The discrepancy between measurement results and simu-
lation results is mainly related to non-vertical incidence of the
light source, camera noise, and depolarization effect of the lens.

The response curves show that the transmittance and extinc-
tion ratio optical performance parameters of each microcell
are not consistent. This is due to the different forces on the
wire-grid cells in different directions during the nanoimprint
lithography demolding process, resulting in different optical
properties. Therefore, the imaging system needs to be calibrated
to achieve full-Stokes polarization imaging. The detailed calibra-
tion procedure is given in Appendix B. In addition, since some
pixel points in an image only record the information of their
corresponding polarization filters, the corresponding informa-
tion in other directions cannot be acquired at the same time.
In this paper, the spatial resolution loss caused by this problem
was solved by convolution interpolation [41]. After obtaining
the calibrated system matrix, experimental validation of the
calibration effect is conducted. The validation experiment
parameters are as follows: the azimuth of precision turntable 1
is 0°, the rotation angle range of precision turntable 2 is 0°–180°,

Table 1. Parameters of Main Components

Component Parameter Index

Integrating sphere Spectral range 350–1100 nm
Uniformity �1.0%
Supplier Felles Photonic

Filter Operating wavelength 810 and 740 nm
Semi-high bandwidth 25 nm

Supplier GiAi
Linear polarizer Extinction ratio >1000:1

Transmission >60%
Wavelength range 700–1700 nm

Supplier Edmund
Quarter-wave plate Operating wavelength 350–850 nm

Supplier Thorlabs
Precision turntable 1 Angle resolution 0.01°

Rotation angle range 360°
Supplier Parker Hannifin

Precision turntable 2 Angle resolution 0.05°
Rotation angle range 360°

Supplier Avantes
Camera lens Focal length 8–50 mm

Format 1∕2.3 0 0
Relay lens Magnification 1:1

Supplier Edmund
Camera Sensor Vendor Sony

Resolution (H × V ) 4024 px × 3036 px
Pixel size (H × V ) 1.85 μm × 1 μm

Fig. 7. (a), (c) Grayscale value response curves of the three F1–F3 linear polarization filter regions with different azimuthal angles of linear polari-
zation light. (b), (d) Grayscale value response of the F4 circular polarization filter with different chiral circularly polarized light. (a), (b) The
filter operates at a wavelength of 810 nm. (c), (d) The filter operates at a wavelength of 740 nm.
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and the step angle is 5°. The incident light’s Stokes parameters
S0 − S3 are inverted separately using the system matrix before
and after calibration. As shown in Fig. 8, the inverted Stokes

parameters S0 − S3 and their corresponding inversion deviations
are given separately. It can be seen that the Stokes parameters
inverted by the system matrix before calibration have large

Fig. 8. Testing results of Stokes parameters. The subplots in the left column represent the theoretical and calculated pre-calibration, post-cal-
ibration, and post-compensation values of the Stokes parameters S0 − S3; the subplots in the right column represent the errors in the calculated pre-
calibration, post-calibration, and post-compensation values of the Stokes parameters S0 − S3.
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errors, and the errors of the Stokes parameters inverted by the
system matrix after calibration are 8.77%, 12.58%, 14.04%,
and 25.96%, respectively. The inversion error of the Stokes
parameters after calibration has a good regularity, which is re-
lated to the system error of the light source system. Therefore,
this paper compensates for the system error. The compensation
process involves conducting five experiments under the same
experimental parameters and obtaining the average value of
the inversion error, using the average value to compensate
for the experimental results of the sixth group. The inversion
errors of the compensated Stokes parameters are 0.21%,
0.21%, 0.42%, and 1.96%, respectively. In order to further
verify the imaging effect of the full-Stokes polarization imaging
system, this paper produces an imaging sample that includes
linear polarization elements and circular polarization elements.
Different orientations of linear polarization elements were
achieved through 0°, 45°, 90°, and 135° linear polarizers, while
different handednesses of circular polarization elements were
achieved through 45° and 135° linear polarizers and a quar-
ter-wave plate at 0° orientation. When the imaging sample
was placed in front of the natural light source generated by
the integrating sphere, polarized light with different polariza-
tion states was modulated and imaged by the polarized imaging
system. Figure 9(a) shows the physical image of the sample, its
corresponding original image, and a polarization state diagram.
Through the physical image and original image, it can be found
that the light intensity information of different polarization el-
ements is basically the same, and it is difficult to identify them
by eye or by intensity imaging. Figures 9(b) and 9(c) show the
calculated Stokes parameter image and theoretical Stokes
parameter image of the corresponding imaging sample. The

calculated results of the Stokes parameters have good consis-
tency with the theoretical results. Among them, the S0 image
of the Stokes parameter represents the intensity image, which
cannot distinguish between different polarization elements.
Identification of different polarization elements can be achieved
through the S1 − S3 images of the Stokes parameters.
Compared with traditional intensity imaging systems, this im-
aging system can better apply to imaging and detection of
polarization-sensitive targets.

4. CONCLUSION

In conclusion, a pixelated aluminium wire-grid-based metama-
terial integrating the functions of both linear polarization filters
and circular polarization filters was designed and fabricated.
The aluminium wire-grid was designed as a linear polarization
filter with an average linear polarization extinction ratio of
36,000 and circular polarization filter with an average circular
polarization extinction ratio of 110 in the Vis-NIR. Large-area
ultracompact 320 × 320 pixelated aluminium wire-grid-based
full-Stokes metamaterials were fabricated by nanoimprint
lithography and nano transfer printing with the advantages of
low cost and high efficiency, and were used to realize full-Stokes
polarization imaging with errors within 8.77%, 12.58%,
14.04%, and 25.96% for Stokes parameters S0, S1, S2, and S3,
respectively. The inversion errors of the compensated Stokes
parameters were reduced to 0.21%, 0.21%, 0.42%, and
1.96%, respectively. The design features an ultracompact
layout and excellent polarization optics performance and
capability of easy integration onto various types of Vis-NIR
imaging detectors.

Fig. 9. Polarimetric imaging. (a) Physical image and its corresponding original imaging and polarization state schematic. (b) Calculated Stokes
parameter image. (c) Theoretical Stokes parameter image of the targeted polarization mask.
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APPENDIX A: DEVICE FABRICATION

The fabrication process of large-area ultracompact pixelated
aluminium wire-grid-based metamaterials is shown in Fig. 4.
The intermediate polymer sheet (IPS), purchased from
Obducat AB, is a kind of fluoropolymer material. The NIL
and NTP were carried out on an Eitre 6-inch nanoimprinter
(Obducat AB, Sweden).

Figure 4(a1). For the preparation of the IPS flexible tem-
plate with 0°, 45°, 90°, and −45° orientation wire-grids, refer
to [14].

Figure 4(a2). Formation of dielectric wire-grid on the
quartz substrate precoated with a UV-curable photoresist by
UV-curable NIL. First, spin-coating of 100 nm UV-curable
nanoimprint photoresist on the surface of a cleaned quartz sub-
strate and then baking at 95°C for 3 min. Finally, transfer of
IPS flexible template structures to the quartz substrate by UV-
curable nanoimprint lithography with 65°C imprinting tem-
perature, 40 bar pressure, and 350 mJ cm−2 UV-exposure dose.

Figure 4(a3). Bilayer aluminium wire-grid-based LP filter
micro arrays obtained by a vertical thermal evaporation process.
The quartz substrate patterned with dielectric wire-grid micro
arrays was placed horizontally with an aluminiun evaporation
source. A chamber vacuum was pumped down to 10−4 Pa
to avoid oxidation of aluminium in the evaporation process.
In addition, 56 A evaporation current was selected to obtain
smooth aluminium film, and the thickness of the aluminium
film was 80 nm monitored by the quartz-crystal microbalance.

Figure 4(b1). Preparation of large-area IPS flexible tem-
plate with single-directional wire-grid. The production process
parameters were the same as Fig. 4(a1).

Figure 4(b2). Bilayer aluminium wire-grid structure obtained
by a vertical thermal evaporation process. The thickness of the alu-
minium film was 12 nm monitored by the quartz-crystal micro-
balance, and other parameters are consistent with Fig. 4(a3).

Figure 4(c1). IPS surface metal nano wire-grid integrated
onto the surface of the double-layer metal-aluminum nano
wire-grid linear polarization filter micro array precoated with
a UV-curable photoresist by a nano transfer printing process.
First, spin-coating of 200 nm UV-curable nanoimprint photo-
resist on the surface of the linear polarization filter micro array
and then baking at 95°C for 3 min. Then, the IPS surface metal
nano wire-grid was integrated onto the surface of the double-
layer metal-aluminum nano wire-grid linear polarization filter
micro array by the NTP process [42]. The NTP temperature,
pressure, and UV-exposure dose were 35°C, 10 bar, and
350 mJ cm−2, respectively.

Figure 4(c2). Spin-coating of BP212 on linear polarization
filter micro array. Spin-coating of a 2 μm BP212 photoresist on
the surface of the sample and then baking at 85°C for 30 min.

Figure 4(c3). Formation of pixelated metamaterials inte-
grating both linear polarization filters and circular polarization
filters by photolithography, development, etching, and a resi-
dual adhesive removal process. First, the BP212 was exposed
with exposure dose 300 mJ cm−2. Then, the BP212 was devel-
oped for about 100 s by 0.5% hydroxide solution to remove the
BP212 and aluminum in the exposure area. After that, the
remaining BP212 was dissolved in acetone for 60 s, and then
the sample was rinsed with deionized water for 60 s.

APPENDIX B: CALIBRATION OF THE IMAGING
SYSTEM

Based on the structural characterization and optical perfor-
mance measurement results, it is known that there are fabrica-
tion errors in micro array devices that affect the optical
performance. In order to achieve full Stokes polarization imag-
ing of the imaging system, the system needs to be calibrated.
The relationship among the grayvalue of the camera response,
the Stokes vector of incident light, and the system matrix of the
device can be expressed by Eq. (B1):

I �

2
66664

I 0
I 45
I 90
ICP

3
77775
� M

2
66664

S0
S1
S2
S3

3
77775
� MS, (B1)

where I denotes the light intensity vector corresponding to the
four polarization filters, M represents the system matrix of the
device, and S denotes the Stokes vector of incident light. First,
the Stokes vectors of multiple groups of incident light and their
corresponding grayscale values of camera response are obtained;
then the final system matrix of the device can be obtained using
the least squares method. The calculation process can be ex-
pressed as Eqs. (B2) and (B3):

I 0 �

2
666664

I �1�0 I �2�0 I �3�0 … I �n�0

I �1�45 I �2�45 I �3�45 … I �n�45

I �1�90 I �2�90 I �3�90 … I �n�90

I �1�CP I �2�CP I �3�CP … I �n�CP

3
777775

� M

2
666664

S�1�0 S�2�0 S�3�0 … S�n�0

S�1�1 S�2�1 S�3�1 … S�n�1

S�1�2 S�2�2 S�3�2 … S�n�2

S�1�3 S�2�3 S�3�3 … S�n�3

3
777775

� MS 0, n � 1, 2, 3,…, (B2)

M � I 0 · S 0−1: (B3)

The system matrix has 16 unknown elements, so we need at
least four sets of nonlinearly independent incident Stokes vec-
tors and their corresponding intensity vectors to solve the sys-
tem matrix. In this paper, we calibrate the system matrix by
creating six standard polarized lights: 0°, 45°, 90°, and 135°
linearly polarized light, as well as left and right circularly po-
larized light. This involves the following steps.

(1) Aligning the coordinate systems of the light source sys-
tem and imaging system. A linear polarizer is placed on preci-
sion turntable 1 and a quarter-wave plate is fixed on precision
turntable 2. First, by rotating the linear polarizer with precision
turntable 1, the orientation of the outgoing polarized light is
changed, while observing the grayscale value of the pixel
corresponding to the zero-degree linear polarization unit.
When the grayscale value response is maximum, the orientation
of precision turntable 1 at this time is defined as 0°. Second,
precision turntable 2 and the quarter-wave plate are placed in
the optical path, and the orientation of the quarter-wave plate is
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changed while observing the grayscale value of the pixel corre-
sponding to the zero-degree linear polarizer element. When the
grayscale value response is maximum, the orientation of preci-
sion turntable 2 at this time is defined as 0°.

(2) Creating six standard polarized lights. First, the angles
of precision turntables 1 and 2 are simultaneously changed to
generate 0°, 45°, 90°, and 135° linearly polarized light sequen-
tially. Second, adjust the orientation of precision turntable 1 to
0°, and adjust the angle of precision turntable 2 to �45°
(counterclockwise rotation is positive; clockwise rotation
is negative) to produce right and left circularly polarized light,
respectively.

(3) Inverting the system matrix. Using the Stokes vector of
the incident polarized light and its corresponding light intensity
vector, the system matrix is inverted using the least squares
method according to Eq. (B3).
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