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Pixelated metasurfaces integrating both the functions of linear polarization and circular polarization filters on a
single platform can achieve full-Stokes polarization detection. At present, the pixelated full-Stokes metasurfaces
mainly face the following problems: low transmission, low circular dichroism (CD) of circular polarization filters,
and high requirements in fabrication and integration. Herein, we propose high performance ultracompact all-
dielectric pixelated full-Stokes metasurfaces in the near-infrared band based on silicon-on-insulator, which is
compatible with the available semiconductor industry technologies. Circular polarization filters with high
CD are achieved by using simple two-dimensional chiral structures, which can be easily integrated with the linear
polarization filters on a single chip. In addition, the dielectric materials have higher transmission than metal
materials with intrinsic absorption. We experimentally demonstrated the circular polarization filter with maxi-
mum CD up to 70% at a wavelength of 1.6 μm and average transmission efficiency above 80% from 1.48 μm to
1.6 μm. Therefore, our design is highly desirable for many applications, such as target detection, clinical diag-
nosis, and polarimetric imaging and sensing. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.415342

1. INTRODUCTION

Polarization, the same as intensity, wavelength, and phase, is an
important characteristic of light. Conventional imaging tech-
niques only capture the intensity and spectral information of
light, but ignore the polarization information in the scene.
Deeper information about the materials, like surface shape,
roughness, optical activity of the materials, and chemical prop-
erties, can be obtained from the polarization state of light.
Polarimetric imaging techniques can obtain polarization state
of light over a scene of interest, which play an important role
in many applications, such as astronomy [1], chemical analysis
[2], remote sensing [3–5], and biomedical diagnosis [6,7].

Conventional polarimetry approaches rely on mechanically
rotating polarizers [8] and retardation wave plates [9] several
times, which takes long acquisition time and is unavailable
for dynamic events. Moreover, the optical components are
bulky and do not conform to the current trends of integration
and miniaturization [10,11]. Pixelated metasurfaces [12–14]
combined with a charge coupled device (CCD) to obtain

real-time polarization imaging can overcome the shortcomings
of the conventionally mechanical rotating polarization imaging,
which can acquire the polarization state of incident light at one
time. These methods are more compact and less expensive, re-
quire less convoluted optic systems, and are the primary devel-
opment directions of polarization imaging in the future. As we
all know, the polarization state of light is usually described by
Stokes vector S, comprised by four components (S0, S1, S2,
S3), which are related to the intensities of linearly and circularly
polarized parts of the incident light. Most of the pixelated meta-
surfaces are composed of nanowire-grid polarization filters
[15–17] in different directions, which work on linearly polar-
ized light but not circularly polarized light, so only part of the
Stokes vector (S0, S1, S2) can be detected through it.

Over the past years, metasurfaces with great design flexibil-
ity and ultracompact form factors provide a great choice for
circularly polarized light detection and have attracted lots of
attention [18–25]. Among these designs, three-dimensional
(3D) chiral plasmonic metasurfaces can acquire a higher
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circular polarization (CP) extinction ratio than the planar chiral
plasmonic metasurfaces. However, these 3D metasurfaces are
difficult to integrate with nanowire-grid polarization filters
on a single layer. To overcome this difficulty, double-layer pla-
nar plasmonic metasurfaces consisting of waveplates and polar-
izers as CP filters were designed and fabricated, while the
transmission of the filters is extremely low [26,27], and their
fabrication technology is complex [26–28]. Compared with
plasmonic metasurfaces, all-dielectric structures avoid absorp-
tion losses and have compatibility with available semiconductor
industry technologies. Recently, all-dielectric metasurfaces
composed of multiple microscale scatterers, which split and fo-
cus light in four or six different polarization bases, were re-
ported with high transmission to realize full-Stokes detection
of incident light [11,29–31]. However, these kinds of metasur-
faces can only be designed for a single wavelength, and the
crosstalk between different polarization states interferes with
the measurement results when the super-pixel becomes smaller.

Here, we propose and experimentally demonstrate ultra-
compact high performance all-dielectric pixelated full-Stokes
metasurfaces for the near-infrared wavelength. Each pixel con-
sists of linear polarizers in three directions and one circular
polarizer with single-layer planar structures. All of these polar-
izers can be integrated on a silicon-on-insulator (SOI) chip,
which is compatible with mature semiconductor industry tech-
nologies nowadays. The proposed all-dielectric pixelated full-
Stokes metasurfaces are more advantageous due to their
ultracompactness, high extinction ratio, high transmission

efficiencies, and broad operating wavelength, which can meet
the measurement requirements of many applications.

2. PIXELATED METASURFACE DESIGN

The polarization measurement device is shown in Fig. 1(a),
which includes the all-dielectric metasurface and the CCD ar-
ray. The polarization filters in the metasurface and the polari-
zation components of their corresponding exit light are shown
with different colors in Fig. 1(a); the colors are not related to
the material and wavelength. In fact, the CCD array is directly
attached to the metasurface. In order to visualize the splitting
light function of the metasurface, the distance between the
metasurface and the CCD array is enlarged in the figure. The
key element of this device is the all-dielectric metasurface,
which contributes to the polarization splitting of incident light.
The metasurface is composed of multiple pixels, and each pixel
has four spatially distributed polarization filters (F0 to F3), as
shown in Fig. 1(b). The linear polarization (LP) filters (F0, F1,
F2) are nanowire gratings oriented in three different directions
to transmit linearly polarized light, whose directions of electric
field vectors are oriented at 0°, 90°, 45° with respect to the
x axis, respectively. As shown in Fig. 1(d), the LP filters trans-
mit the TM polarized light with the electric field direction
perpendicular to the grating grooves, while blocking the trans-
mission of TE polarized light with the electric field direction
parallel to the grating grooves. The F3, a CP filter shown in
Fig. 1(c), with simple Z-shaped planar patterns, transmits

Fig. 1. Schematic of setup for near-infrared full-Stokes detection. (a) Polarization measurement device with the metasurface and the CCD array.
Each pixel of the metasurface is composed of four different polarization filters. (b) Three-dimensional schematic of the pixel unit with four spatially
distributed polarization filters. The colors are used only for distinguishment of the image and bear no wavelength information. (F0, F1, F2) and F3
represent LP and CP filters, respectively. (c) CP filter with the Z-shaped pattern, which transmits right-circularly polarized light (green) and blocks
left-circularly polarized light (blue). (d) LP filter consists of the nanowire grid grating, which transmits (blocks) TM (TE) polarized light with the
electric field vector perpendicular (parallel) to the grating grooves.
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right-handed circularly polarized (RCP) light and blocks left-
handed circularly polarized (LCP) light. The intensity of differ-
ent polarization components in incident light that will pass
through our polarization filters can be described as I 0°, I 90°,
I 45°, and IR , respectively. All of the pixels can be integrated
on a single SOI wafer, which is composed of three parts: the
silicon bottom substrate, insulating thin silicon dioxide middle
layer, and monocrystalline silicon top layer, which is the device
layer. The devices based on the SOI wafer have the advantages
of high integrity, low power consumption, and high tempera-
ture resistance and are increasingly favored by the industry.
When incident light is perpendicular across the metasurface,
the polarization filters at different positions will filter the inci-
dent light accordingly, and then the CCD array right behind
the metasurface can detect the intensities of different polariza-
tion components. Then, by further analyzing the polarization
components, full-Stokes parameters can be retrieved. The der-
ivation process is shown in the following.

As we know, the full-Stokes vectors S have four parameters
S0, S1, S2, S3 and are defined as

S0 � I 0° � I 90° � I 45° � I 135° � IR � IL, (1)

S1 � I 0° − I 90°, (2)

S2 � I 45° − I 135°, (3)

S3 � IR − IL, (4)

where I 0°, I90°, I45°, and I 135° represent the intensities of LP
components along 0°, 90°, 45°, and 135° with respect to the
x axis. IR and IL are the intensity of RCP and LCP light, re-
spectively. The above parameters (I 0°, I 90°, I 45°, IR) are theo-
retical values that cannot be measured accurately due to
imperfections of the filters in the metasurface. In this condi-
tion, the equation I 45° � I 90° � I 45° � I135° � IR � IL also
cannot be used. Therefore, in this work, we have considered
the imperfections of actual filters in the metasurface and igno-
rable absorption of dielectric materials [32] in this operation
wavelength range. The relationships of intensities between
the measured polarization components and polarization com-
ponents in the incident light are defined as follows:

I 00° � tTMI 0° � tTEI90°, (5)

I 090° � tTMI 90° � tTEI 0°, (6)

I 045° � tTMI45° � tTEI135°, (7)

I 0R � tRIR � tLIL, (8)

where (I 00°, I
0
90°, I

0
45°, I

0
R) represent actual measured intensities

of incident light after passing through four pixel units, respec-
tively. tTM and tTE are the transmission coefficients of LP filters
for TM and TE light, respectively. tR and tL are the transmis-
sion coefficients of CP filters for RCP and LCP light, respec-
tively. Combining the transmission coefficients (tTM, tTE, tR ,
tL) of the pixelated metasurface with measured intensities of
(I 00°, I

0
90°, I

0
45°, I

0
R), the I 0° and I 90° can be obtained with

Eqs. (5) and (6). Then, combining Eq. (1) with Eqs. (7)
and (8), I45°, I 135°, IR , and IL can be acquired. Finally, the
full-Stokes vector S of incident light can be calculated.

With this method of calculation, the measurement errors are
effectively reduced compared to other literatures [27,28].

In this section, the finite difference time domain (FDTD)
method (Lumerical FDTD solutions, Canada) is adopted to
design and optimize pixel units of the metasurface in the
near-infrared wavelength range from 1.4 μm to 1.65 μm, which
is an atmosphere window for information communication [33].
In order for the LP and CP filters to be easily integrated on a
single chip, the design should ensure that all of the filters have
equal etching depth. On that basis, it also needs to assure the
polarization performance of the metasurface, such as transmis-
sion, extinction ratio, and circular dichroism (CD), which tre-
mendously increases the difficulty of the design. To simplify
the design of the metasurface, the polarization effects of LP
and CP filters are simulated separately. First, the CP filter with
the Z-shaped pattern hole array on the SOI wafer is designed
and optimized, as shown in Fig. 1(c), in which W 1, P, L1, and
L2 stand for the width of the slot, period of the structure, ver-
tical distance of the horizontal slot, and length of the horizontal
slot. The structure with the Z-shaped pattern cannot overlap
with its mirror image; therefore, the CP filter is a chiral struc-
ture. The chiral structure has different transmission to RCP and
LCP light, resulting in CD [32,34]. In the simulation, the
parameters of SOI are set as silicon bottom substrate of
675 μm, silicon dioxide middle layer of 3 μm, and silicon
top layer of 0.22 μm. The periodic boundary conditions are
used along the x and y directions owing to the periodicity of
the structures, while perfectly matched layers (PMLs) along
the z direction are used. The dielectric properties of Si and
SiO2 are adopted by Palik [35]. Two types of circularly polar-
ized light, RCP and LCP light, are assumed to be incident from
the substrate along the z direction. The default accuracy of the
FDTD solutions software is adopted for the simulation region.
Figure 2(a) shows the transmission spectra of circularly polar-
ized light at the optimized parameters as W 1 � 0.32 μm,
L1 � 0.22 μm, L2 � 0.48 μm, H � 0.22 μm, and P �
0.98 μm. It can be seen that the average transmission of the
RCP light is almost close to 85%, which cannot be achieved
by a metal metasurface. To show the physical mechanism of
CD, Figs. 2(c) and 2(d) plot the cross section of the electric
field at H � 0.2 μm when the RCP light and LCP light pass
through the Z-shaped slot at a response wavelength of 1.6 μm,
respectively. For LCP light, as shown in Fig. 2(d), a strong local
resonant electric field can be seen between the Z-shaped air
slots and the Si ridged core, due to strong coupling interaction
when the handedness of LCP light is the same as chiral struc-
ture. While the handedness of RCP light is opposite LCP light,
there is no such coupling effect in the structure, so the RCP
light can pass through the structure, as witnessed in Fig. 2(c).
The transmission difference between RCP and LCP light is
very large at the response wavelength. As shown in Fig. 2(b),
at a wavelength of 1.6 μm, the CD can be as high as 90%. The
CD can reach more than 50% in the wavelength range from
1.48 μm to 1.54 μm and 1.59 μm to 1.61 μm, which satisfies
the dichroism requirement for most applications.

In the following, on the basis of the same etching depth and
period of the CP filter, the duty ratio of grating LP filters is
optimized to make it have good polarization performance in
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the operating band of CP filters. The setting of simulation con-
ditions, material properties, and SOI parameters are the same as
that of the CP filter. With the optimized width of the ridge
W 2 � 0.34 μm of the grating [as shown in Fig. 1(d)], the aver-
age transmission of TM polarized light is above 80% in the
operation wavelength range from 1.45 μm to 1.6 μm, and
the maximum transmission can even reach 90% at the wave-
length of 1.52 μm, as shown in Fig. 3(a). The corresponding
extinction ratio [10 × log�tTM∕tTE�] of the LP filters is more
than 20 dB, and the maximum can reach 70 dB at the
1.54 μmwavelength, which can be seen in Fig. 3(b). To further
explore the physical mechanism of the high extinction ratio at
the 1.54 μm wavelength, the electric field cross section dia-
grams of the dielectric grating filter for TM and TE polarized
light are shown in Figs. 3(c) and 3(d), respectively. As we can
see in Fig. 3(d), most of the electric field energy of TM polar-
ized light passes through the grating region, while almost all of
the electric field energy of TE polarized light is confined to the
grating and substrate region [36]. Therefore, the LP filters can
transmit TM light and filter out TE light.

3. FABRICATION AND EXPERIMENTAL
RESULTS

In the fabrication, both 3D and double-layer chiral metasurfa-
ces face the challenge of integrating with the polarization nano-
wire gratings. In our design, the CP and LP filters not only
adopt single-layer structures but also hold equal etching depths
and periods, which can enormously simplify and reduce the

difficulties in the fabrication. First, we spin coat a PMMA
of about 100 nm thickness onto a cleaned SOI substrate.
Under the optimized parameters of metasurfaces, the nanograt-
ings and Z-shaped plane structures were patterned on the sub-
strate with electron beam lithography (EBL) (Pionner@Entire
3, Raith). The substrate was fixed to the platform with conduc-
tive adhesive tape that enhances the conductivity of the sub-
strate. After development of the resist, the inductively coupled
plasma etching technique (C4F8:SF6:O2 � 80:60:5 sccm,
standard cubic centimeters per minute) with an etching rate
of 10:1 was applied to etch the sample. It should be noted that
the etching rate of the substrate should be firstly measured us-
ing a dummy wafer, and then the etching depth can be precisely
controlled during etching to certify the polarization perfor-
mance of the metasurface. Figure 4(a) shows a scanning elec-
tron microscope (SEM) image of the fabricated full-Stokes
polarimeter metasurface, in which each pixel has a size of
14 μm × 14 μm, and there is 1 μm spacing [37] between pixels
to prevent interference of cross talk between adjacent pixels.
Figures 4(b) and 4(c) show the enlarged SEM images of LP
and CP filters of the fabricated metasurface, respectively. It
is shown that the parameters of the fabricated structures are
consistent with their theoretical ones.

To conveniently characterize the performance of the meta-
surface, the LP and CP filters with the size of 1 mm × 1 mm
were fabricated by using the same fabrication technology
parameters, respectively. The measurement setup of the CP fil-
ter is illustrated in Fig. 5(a). The wide spectrum supercontin-
uum laser source (Fianium, SC450) was firstly divided into

Fig. 2. Simulation performances of the CP filters. (a) Transmission spectra of the CP filter for RCP (black) and LCP (red) light as the parameters
of the Z-shaped pattern are as follows:W 1 � 0.32 μm, L1 � 0.22 μm, L2 � 0.48 μm, H � 0.22 μm, and P � 0.98 μm. (b) The corresponding
CD of the CP filter. The electric field cross section diagram at H � 0.2 μm for (c) RCP light and (d) LCP light at the wavelength of 1.6 μm.
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monochromatic light by a monochromator. Then, the mono-
chromatic light formed polarized light through the collimation
system and infrared linear polarizer in turn. The polarized
monochromatic light passing through a quarter waveplate
(QWP) (Alphalas GmbH, PO-TWP-L4-12-UVIR) produced
circularly polarized light. By adjusting the angle of the linear
polarizer and the fast axis of the QWP, the different handedness
of circularly polarized light can be controlled. The light was
then focused onto the sample by an objective. Finally, the light
intensity was detected by a free space polarization detector
(Thorlabs, PAX10IR3-T). The measured transmission spectra
of LCP and RCP light and corresponding CD are shown in
Figs. 5(b) and 5(c), respectively. Obviously, the measurement
results are consistent with the theoretical results in Figs. 2(a)

and 2(b). The measured CD is more than 50% in the wave-
length range from 1.49 μm to 1.54 μm, and the maximum can
reach 70% at 1.6 μm.

After removing the QWP and replacing the CP filter with
the LP filter, the performance of the LP filter can be directly
tested. The measured transmission spectra for TE and TM po-
larized light of the LP filter are shown in Fig. 5(d). The average
transmission for TM polarized light is measured at around 75%
in the wavelength range of 1.47 μm to 1.6 μm. The corre-
sponding extinction ratio is shown in Fig. 5(e). It is indicated
that the extinction ratio is greater than 20 dB in the wavelength
range from 1.49 μm to 1.6 μm, and the maximum can reach
34 dB at 1.52 μm. Compared with the theoretical results, the
peak of the corresponding extinction ratio shows a slight blue

Fig. 3. Simulation performances of the LP filters. (a) Transmission spectra of the LP filter for TM (black) and TE (red) light as the parameters of
nanowire gratings are as follows: W 2 � 0.32 μm, H � 0.22 μm, and P � 0.98 μm. (b) The corresponding extinction ratio of the LP filter. The
electric field cross section diagram of the dielectric grating filter for (c) TM light and (d) TE light at the response wavelength of 1.54 μm.

Fig. 4. Scanning electron microscope (SEM) image. (a) SEM image of the fabricated devices. (b) Enlarged SEM image of the LP filters with
nanowire gratings. (c) Enlarged SEM image of the CP filters with the Z-shaped pattern.
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shift and declines significantly. The slight blue shift may be
caused by over etching in the fabrication, and the reason for
the decline of the extinction ratio is associated with the sensi-
tivity of the photodetector. When the transmission of TE po-
larized light is lower than the lowest sensitivity of the detector,
the optical signal can be drowned by noise, which significantly
reduces the maximum extinction ratio. From these experiment
results of the LP and CP filters, the metasurface is competent to
detect the full-Stokes vector of incident light in the wavelength
ranges from 1.49 μm to 1.54 μm and from 1.59 μm
to 1.61 μm.

4. CONCLUSION

In conclusion, we designed and fabricated a pixelated all-
dielectric metasurface based on the SOI substrate for full-
Stokes vector detection in the near-infrared band. The pixel
unit of the metasurface is composed of four different polariza-
tion filters including LP and CP filters. With equal etching
depths, periods, and simple structure, the CP and LP filters
are easily integrated on the same chip, which is compatible
with conventional semiconductor industry technologies.

We experimentally demonstrated the performance of the meta-
surface by testing the polarization effects of different filters, re-
spectively. With a simple two-dimensional etching pattern, the
CP filters can well distinguish the handedness of circularly po-
larized light with CD as high as 70% at 1.6 μm and average
transmission efficiency of more than 80% from 1.48 μm to
1.6 μm. By optimizing the parameters of the grating in the
same operation wavelength band, the LP filters have a great
polarization effect for linearly polarized light. Comparably,
our device has great potential for near-infrared polarimeters
and on-chip polarimetric imaging systems, which are desirable
for material characterization, medical diagnosis, biomedical im-
aging, and molecular spectroscopy.
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Fig. 5. Experimental setup and measurement results of the LP and CP filters. (a) Schematic of the measurement setup for CP filter characteri-
zation. (b) Transmission spectra of RCP and LCP light and (c) corresponding CD of the CP filter. (d) Transmission spectra of TM and TE polarized
light and (e) corresponding extinction ratio of the LP filter.
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