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Abstract: Functional devices for terahertz (THz) polariza-
tion detection in transmission mode are highly desired in
integrated applications, but traditional polarization mea-
surement systems are bulky and highly cost. The combina-
tion between all-silicon metasurfaces and focused beams
carrying polarization information has offered a new oppor-
tunity for miniaturized polarization detection behavior.
Here, we investigate and experimentally demonstrate a
new scheme for realizing efficiently miniaturized polar-
ization detection behavior based on the polarization mul-
tiplexing encoding technique. The full-Stokes parameter
matrix of the incident polarization state can be recon-
structed in a single snapshot by using a microprobe to
record, pixel by pixel, the complex amplitude informa-
tion contained in a pre-designed plane. Subsequently, the
polarization detection capability of the proposed design
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principle is evaluated using random polarization states
defined on the surface of a standard Poincaré sphere (PS).
Such a scheme offers potential applications for the develop-
ment of compact photonic meta-platforms for polarization
detection in transmission mode, being highly favored in
polarization high-resolution imaging, remote sensing, and
THz communications.

Keywords: all-silicon metasurface; full-Stokes parameter;
polarization detection; polarization multiplexing

1 Introduction

As the key parameters that determine the fundamental
properties of electromagnetic (EM) waves, frequency, ampli-
tude, phase, and polarization are also the representative
basis for proving that free-space EM waves are transverse
waves [1-3]. The polarization state, characterized by the
direction of oscillation of the electric field, can effectively
enhance the interaction between light and matter. A variety
of applications have been reported for the manipulation of
polarization states, for example, medicine [4], microscopy
[5], and remote sensing [6]. Therefore, not only is it possible
to generate the desired polarization state using a polar-
izer, but the detection of the polarization state also plays
an important role in photonic applications [7-9]. The full-
Stokes parameter matrix is commonly employed to evalu-
ate the incident polarization state and can be determined
using the intensity difference among the different polar-
ization components [10-12]. However, the peculiarities of
the THz band, such as the enormous insertion loss, make
it impossible to measure the S-parameters belonging to the
full Stokes matrix using the conventional approach [13].
Therefore, there is an urgent requirement to develop a
polarization detection scheme that is suitable and efficient
for the THz band. On the other hand, due to the relatively
long wavelength of THz waves, the conventional polariza-
tion detection-related functional devices have a large size,
which weakens the process of system integration and minia-
turization [14].
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Metasurface, as a novel two-dimensional planar struc-
ture, has a high degree of design freedom for each meta-
atom in the array [15-18]. The all-dielectric meta-platform
working in transmission mode, for example, usually has
the advantages of high damage threshold, ultra-thin size,
high modulation efficiency and large response bandwidth,
which makes it uniquely advantageous for the integration
of THz polarization-related functional devices [19-21]. To
the best of our knowledge, a completed polarization state
can be determined in terms of major axis, ellipticity, and
handedness [22, 23]. In fact, the three parameters mentioned
above are also the key components used to draw polar-
ization ellipses with visualization properties. The presence
of the parameter y describes the angle of the major axis
of the polarization ellipse with respect to the horizontal
direction, specifying its orientation. While the ellipticity # is
described by the intensity ratio of the left-handed circular
polarization (LCP) and right-handed circular polarization
(RCP) components. In other words, # =1and # = 0 represent
the LCP (RCP) and LP, respectively. For the handedness, it can
be readily obtained from the recorded complex amplitude
information.

In the THz band, to determine the polarization state
of the pulse signal emitted by a THz time-domain spec-
trometer (TDS), a coherent method is usually used for
polarization detection [24]. Wang et al. [25]. reported a
reflective metasurface with four focal points for THz
polarization detection in theory, however, there are sev-
eral difficulties in the experimental verification. Nowack
et al. [26], experimentally demonstrated an all-silicon
metasurface operating at 118.8 pm. Applying a typical
polarization-separated meta-platform with a hexagonal lat-
tice, focal points for characterizing the incident polar-
ization state were generated at different spatial coordi-
nates. However, the designed complex optical path assem-
bly is not applicable to the polarization detection behavior
at longer wavelengths. Recently, Jiang et al. [27]. applied
a Bessel vortex beam generated based on polarization

Table 1: Scheme for polarization detection in the THz range.
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multiplexing technique to achieve the detection of polariza-
tion states of continuous THz waves. Although the interfer-
ometric spot obtained along the propagation direction does
not determine the key parameters composing the polar-
ization ellipse one by one, the application of the polar-
ization multiplexing technique provides a reference for
realizing the polarization detection of pulsed THz beams.
Despite significant efforts have been devoted to designing
wavefront-assisted THz metasurfaces, to our knowledge,
no experimental result has been demonstrated in the THz
range for arbitrary incident polarization states using mul-
tiplexing coding techniques. In Table 1, we summarize the
reported polarization detection performance in the THz
range.

In this work, an all-silicon metasurface based on polar-
ization multiplexing encoding technique is demonstrated
(in Figure 1A and B), combining the matrix of full-Stokes
component, and using polarization ellipse as a key parame-
ter, vividly realizing one-to-one mapping of incident polar-
ization states with far-field images. The encoding technique
with decoupling effect imparts phase profiles with off-axis
bifocal characteristics to the LCP and RCP channels, respec-
tively, as shown in Figure 1C. By extracting the complex
amplitude information at different positions on the pixe-
lated focal plane, the key parameters belonging to the full
Stokes matrix as well as the polarization ellipse can be
reconstructed continuously. In fact, the phase difference
embedded within the orthogonal CP channels guarantees
that the polarization states reconstructed at off-axis bifocal
points can be verified against each other. Besides, the appli-
cation of the phase encoding technique with extended focal
length in the orthogonal circular polarization (CP) chan-
nel guarantees a good agreement between experimental
and simulation results. Thus, the proposed scheme opens a
new window for future THz polarization detection behav-
ior and breathes new life into the development of novel,
ultra-compact and high-performance meta-optoelectronic
devices.

Target polarization type Working mode Encoding method Number of foci Ref.
Arbitrary polarization states Reflection PB phase 4 [25]
Circular polarization states Transmission Dynamic and PB phases 2 [36]
Arbitrary polarization states Transmission Dynamic phase 6 [26]
Linear polarization states Transmission Dynamic phase - [27]
Linear polarization states Transmission Dynamic phase 1 [20]
Arbitrary polarization states Transmission Dynamic and PB phases 2 This work
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Figure 1: Schematic diagram of the THz polarization detection approach based on the polarization multiplexing coding technique. (A) Electric field and
phase distribution with off-axis bifocal characteristics for RCP incidence. (B) Electric field and phase distribution with off-axis bifocal characteristics for
LCP incidence. (C) Phase profiles embedded within the orthogonal CP channels using polarization multiplexing techniques. (D) Top view of the basic
building block of the rectangular configuration is presented, and the key structural parameters include L,, L, and the in-plane rotation angle 6 (x, y),

respectively.

2 Design and methods

A schematic diagram of the designed all-silicon meta-
surface based on CP multiplexing encoding technique
is shown in Figure 1, which can produce the off-axis
tightly focused beams carrying specific polarization infor-
mation in the focal plane [28-30]. For example, THz plane
waves with RCP states can induce the proposed meta-
platform to produce tiny focal spots at spatial coordinates of

(—1000, 0, 5000) and (1000, 0, 5000), as shown in Figure 1A.
It should be emphasized that arbitrary polarization state
can be expressed as a superposition of LCP and RCP com-
ponents. Thus, the vertically incident LCP beams will be
converged to the same spatial coordinates, as shown in
Figure 1B. In order to achieve the desired function shown
in Figure 1, the phase distribution ®,; and ®;, within the
orthogonal circularly polarized (CP) channel should satisfy
that [31-33],
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where k = 27 /A represents the wave vector in free space,
A denotes the wavelength corresponding to 0.8 THz, (/’iR =
@}, =0 and @?, = —¢% = /2 indicate the initial phase

difference within two CP channels, r; = 4/ (x + 1000)* + ¥y,
ry=14/(x— 1000)? + y* denote the radius of the two polar

coordinates presenting an off-axis distribution, respectively,
and @, denotes the total phase distributions calculated to

generate the metasurface [34]. It is worth noting that the
adoption of the phase profile with extended depth of focus
effectively improves the focusing quality of the resulting
beam, thus reducing the error in the detection of the inci-
dent polarization. The focal lengths were set to f = 5 mm
and the extended focal range was set to Af = 0.5 mm. Ben-
efitting from the fundamental design principle of circular
birefringence, the metasurface introduces spin-dependent
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differences in the axial component of the incident THz wave.
Not only that, the proposed spin-polarization multiplexing
coding scheme can be applied to arbitrary wavebands for
reconstructing the full Stokes parameter matrix of the inci-
dent polarization state. Detailed simulation results of the
generalized design can be found in Supplementary Section 1.
The phase profile of the converging beam with tight focusing
characteristics generated according to Equation (1) is shown
in Figure 1C. By manipulating the initial phase difference
within the orthogonal CP channels, the proposed design can
reconstruct the vibrational trajectory of an arbitrary inci-
dent polarization state. The all-dielectric meta-atoms with
high aspect ratio (AR) are introduced as the key elements
composing the metasurface, as shown in Figure 1D. The key
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parameters that formed the silicon column were denoted
as Ly, L,, and 0 (x, y), respectively. Here, L, and L, deter-
mine the dynamic phase distributions while 6 (x, y) induces
the geometric phase responses. Figure 2A-D illustrate the
parameter library of the meta-atoms constructed by chang-
ing L; and L, in the simulation. CST MICROWAVE STUDIO
is applied to simulate truncated waveguides with periodic
boundary conditions, details of which can be found in Sup-
plementary Section 2. The meta-atoms with anisotropy pro-
vide potential opportunities for spin-dependent polariza-
tion manipulation. In other words, the selected meta-atoms
satisfying the spin decoupling condition operate with prop-
erties similar to half-wave plates (HWPs) with significant
polarization flipping behavior. It is worth mentioning that
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Figure 2: The fundamental features of meta-atoms with anisotropy. The database established by a wide range of parametric sweeps, which includes
(A) transmission amplitudes at x-polarized incidence, (B) transmission phase-maps at x-polarized incidence, (C) transmission amplitudes at y-polarized
incidence, and (D) transmission phase-maps at y-polarized incidence. Local scanning electron microscope (SEM) photo of the fabricated sample with
scale bars of (E) 1 mm, and (F) 500 um. (G) The amplitude and phase response of the selected 15 meta-atoms that satisfy the spin decoupling condition.
(H) The optical path of the near-field THz scanning system equipped with a probe.
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the structural parameters of the meta-atoms as a function
of the transmitted amplitude and phase shift are gener-
ated under orthogonal linearly polarized (LP) illumination.
Moreover, the all-dielectric meta-atoms presenting a rect-
angular configuration have oscillatory and efficient trans-
mission behavior due to the Fabry—Perot resonance effect,
as mentioned in Supplementary Section 3. According to the
limitations of spin decoupling, the phase relations between
the CP components and the expected LP components can be
expressed as [34, 35],

b = (brcp + Prep) /2
byy = (brcp + Prep) /12— 7 ®3)
0= —(¢ch - ¢RCP)/4

where ¢,, and ¢,, represent the phase distributions under
x- and y-polarized incidence, ¢;p, and ¢y denote the
phase profiles under LCP and RCP illumination. The selected
structural parameters of the basic meta-atoms operating
at 0.8 THz can be found in the Supplementary Section 4,
achieving full 2z phase control. Samples based on com-
mercial high-resistance silicon wafers were fabricated by
employing ICP (Inductively Coupled Plasma) etching tech-
nique [33-37]. In addition, the desired sample was fab-
ricated using a 4-inch silicon wafer with a thickness of
1 mm, and the height h of the dielectric column was about
400 pm. As shown in Figure 2E and F, scanning electron
microscopy (SEM) images of the samples taken at differ-
ent scales all show steep sidewalls with tolerable fabri-
cation errors. In addition, the specific steps of the sam-
ple fabrication session are described in detail in Supple-
mentary Section 5. It is worth mentioning that the rect-
angular silicon pillars composing the fabricated samples
exhibit high transmission efficiency under the illumination
of different LP plane waves supported by Fabry—Perot res-
onance. Moreover, the operating states of the selected 15
basic building blocks strictly obey the HWP, as shown in
Figure 2G.

The working principle of the metasurfaces with off-
axis hifocal characteristics for THz polarization detection
is illustrated in Figure 1A and B. The pixelated focal plane
imparts an extraordinary means of extracting the indi-
vidual polarization components at arbitrary polarization
incidence. Subsequently, the standard algorithm can be
applied to reconstruct the full Stokes parameter matrix of
the incident randomly polarization states. Extracting the
E,- and E,-components from the total electric field distribu-
tion allows the Stokes parameters to be readily calculated
as [11, 13],
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2 2
So E, +Ey
S E*— F?
s=|"1= oy 4
S, 2E,E, cos(6, — &)

S3| | 2E(E, sin(6, — &)

where 6, and 6, denotes the phase difference between
the two polarization components, E, and E, represent
the amplitude of the orthogonal LP channels, respectively.
Therefore, the polarization state of the incident THz beam
can be determined by extracting the complex amplitude of
the pixel at the pre-defined coordinates. It is worth men-
tioning that the pixelated complex amplitudes extracted
from the focal plane can be utilized to plot polarization
ellipses, enabling further visualization of the incident polar-
ization. The standard polarization ellipse can be defined as
[38, 39],

2 E? E
E E 2y cos(8, — 8,) = sin’(8, — 6,) (5)

3 Results and discussions

Utilizing a THz near-field scanning system as schemati-
cally shown in Figure 2H. Apparently, the system gener-
ates a pulsed THz beam for vertically illuminating the pro-
posed design. Subsequently, we used a near-field detector
to obtain the electric field distribution in the xoy plane at
z = 5.2mm, including amplitude and phase information.
The specific steps to follow when evaluating samples by the
THz near-field scanning system can be found in Supplemen-
tary Section 6. Figure 3 depicts the simulated and measured
electric field distributions of different polarization compo-
nent, at the working frequency of 0.8 THz. In simulation,
we chose 800 X 800 pixels as the basic profiles for con-
structing the electric field distribution at the focal plane, and
subsequently evaluated the detection performance of the
metasurface under linearly polarized incidences. The pixel
coordinates occupied by the maximum value extracted from
the metasurface in the E,-component under x-polarized
illumination is (462, 400), and its complex amplitude can
be denoted as A,exp(i@,). Then, the complex amplitude
at the same coordinates in the E,-component is extracted
using the standard algorithm, denoted as A,exp(ip,). As
defined in the full-Stokes parameter matrix, the parameter
S, is required to distinguish between horizontal (x) and
vertical (y) polarization states. To further determine the
incident polarization state, the electric field distribution of
the S;-component (normalized) at the focal plane is obtained
visually using the calculation in Eq. (3). It can be found
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obtained from direct measurements, the normalized cross-sectional intensity profile, and the parameter S, obtained by data processing. In addition,
the incident polarization is represented using a standard PS, and the full-Stokes parameter matrix of the incident polarization and the visualized
polarization ellipse are reconstructed using the complex amplitude information recorded in the focal plane. (A) Under x-polarized incidence, and

Figure 3: Simulated and experimental results of the fabricated samples at different polarization incidences. This includes the electric field distribution
(B) under y-polarized incidence.
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that the tiny spots on the focal plane with off-axis bifo-
cal characteristics carry different polarization information.
Also, the simulation field data are in good agreement with
the experimental results. Subsequently, the Stokes param-
eter matrix of the transmitted polarization state can be
rapidly reconstructed, as shown in Figure 3A. As a proof
of concept, we obtained the measurements at the pixelated
focal plane using the Fourier transform and extracted the
corresponding complex amplitudes at the focal point by
the same algorithm. It is worth mentioning that the recon-
structed full-Stokes parameter matrix matches well with the
simulation results, as shown in Figure 3A. In addition to
the electric field intensity and section curve, here we also
use the standard Poincaré sphere (PS) to intuitively show
the incident polarization state. Based on the extracted mea-
surement results, we can also plot the polarization ellipse
of the transmitted polarization state for further visualiza-
tion and characterization. It can be found that the recon-
structed polarization trajectory is consistent with the inci-
dent polarization state. Subsequently, the electric field dis-
tributions of the E,- and E,-components at the focal plane
were obtained by switching the incident mode to the y-
polarization, as shown in Figure 3B. The acquired section
curves corresponding to the electric field distribution are
in agreement between the simulation and experimental
results. Moreover, the distribution of the parameter S; (nor-
malized) gathered under y-polarized illumination is utilized
to characterize the polarization information carried at dif-
ferent focal spots. It can be found that the division of the
regions does not significantly affect the focusing efficiency
of the metasurface [36]. The complex amplitude information
at the target focal spot was extracted and its S-parameters
were subsequently calculated using a homemade algorithm,
respectively. As expected, the simulated and experimental
values of parameter S, are —1and —0.97, respectively, while
parameters S, and S; are both approximately equal to 0.
In addition, the polarization ellipse reconstructed using the
experimentally obtained amplitude and phase information
completely visualizes the incident polarization mode. It is
worth mentioning that we also calculated the additional
parameter DoP (degree of polarization, defined as DoP =

§3 485+ 8%/83) to characterize the degree of polariza-
tion of the transmitted wave [40]. Apparently, the calculated
DoP is 1 for arbitrary linear polarization illumination, fur-
ther clarifying the reasonableness of this all-silicon polar-
ization detector.

The Jones matrix with two degrees of freedom allows
for independent phase profiles to be embedded within
the orthogonal polarization channel, and the transmit-
ted polarization states must be the same as the incident

H. Li et al.: Terahertz all-silicon metasurfaces with off-axis bifocal characteristics === 3365

ones with flipped handedness (or mutually conjugate).
Therefore, when the incident polarization is switched to
45°-polarization mode, the polarization trajectory recon-
structed using the extracted complex amplitude informa-
tion at (462, 400) is exactly orthogonal to the incident polar-
ization state, as mentioned in Supplementary Section 7
(see Figure S5A). In fact, due to the employment of the
initial phase factor @, part of the incident plane wave
with x-polarization will be artificially converted into the
E,-component, producing a polarization conversion effect
similar to the HWP. Thus, the key parameters consistent
with the incident polarization state can be extracted from
another coordinate (400, 337) with focusing characteris-
tics, as shown in Figure 4A. In other words, the full-Stokes
parameter matrix reconstructed at pixel point (400, 337)
remains consistent with that possessed by the initially inci-
dent polarization state. The normalized intensity curves
obtained from the cross-section effectively verifies the ratio-
nality of Ay explipys) = (A, explig,) + A, explig,))/V/2
[34, 36], i.e., with the polarization information carried by
both the E,- and E-components. In addition to the simu-
lation and experimental results captured at the focal plane
under the 45° linear polarization incidence, we also plot the
profiles of the parameter S, that determines the 45°/135°
polarization state, as shown in Figure 4A. It can be clearly
seen that the converging regions with off-axis distribution
show different polarization distributions. Then, we eval-
uated the electric field distributions at the incidence of
another linear polarization state that can determine the
parameter S,, i.e., 135°-polarization. The utilization of a
standard PS characterizes the incident polarization state,
as shown in Figure 4B. The electric field distribution in
the focal plane was obtained by employing a near-field
probe, as shown in Figure 3D. Obviously, the experimen-
tal and simulation results obtained under 135°-polarization
incidence match well. Moreover, the full-Stokes parame-
ter matrix and the polarization trajectory reconstructed
from the complex amplitudes have tolerable errors. Besides,
the distribution of the normalized parameter S, is com-
pletely opposite to the results of the metasurface under
45°-polarized illumination. Reconstruction results with the
same flip characteristics can be found in Figure S5B (see Sup-
plementary Section 7) when the incident plane waves are
135°-polarized.

Relying on both resonant and Pancharatnam-Berry
mechanisms, our meta-platform can converge THz beams
with specific polarization states at different spatial coordi-
nates and then reconstruct the full-Stokes parameters using
the complex amplitude information generated by the pixe-
lated focal plane. Unfortunately, our experimental step does
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the incident polarization is represented using a standard PS, and the full-Stokes parameter matrix of the incident polarization and the visualized
polarization ellipse are reconstructed using the complex amplitude information recorded in the focal plane. (A) Under 45°-polarized incidence, and (B)

Figure 4: Simulated and experimental results of the fabricated samples at different polarization incidences. This includes the electric field distribution
under 135°-polarized incidence.
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not allow direct measurements of the electric field distribu-
tions of circularly polarized components. Transforming the
measured data to circular-polarization electric field com-
ponents A, exp(ip,) = (A, explip,) — icA, exp(i(py))/\/i
(c = +1), we then observe the electric field and com-
plex amplitudes for transmitted RCP and LCP components.
Therefore, we selected orthogonal circular polarizations
with opposite spins to illuminate the metasurface and moni-
tored the E,-and E,-components at the focal plane, as shown
in Figure 5. Clearly, the E,- and E,-components under RCP
illumination has a bifocal characteristic with two focal spots
located at pixel points (462, 400) and (337, 400), respectively.
The simulation results at coordinates (462, 400) are selected
as the origin of the reconstructed full-Stokes parameter
matrix, as shown in Figure 5A. There is good agreement
between the experimental and simulation results obtained
at the same scale, and the relative error of parameter S;
is only 0.04. In addition, the plotted polarization ellipses
with visualization characteristics meet the expected design
requirements. In fact, the design principle relies on polar-
ization multiplexing techniques with isolation characteris-
tics at circularly polarized incidence. As expected, the exper-
imental result for S5 is —1, while §; and S, are 0.12 and —0.14,
respectively, when the proposed design is illuminated with
LCP plane waves, as shown in Figure 5B. In addition, the
polarization ellipse recorded according to the pixel coordi-
nates corresponds to its reconstructed parameter matrix.
Thus, the proposed all-silicon meta-platform can directly
determine the polarization state carried by the incident
pulsed THz wave in a single snapshot.

The above derivation procedure covers the six fun-
damental polarization states and profoundly demonstrates
the reconstruction capability of the proposed meta-platform
with off-axis bifocal characteristics for the full-Stokes
parameter matrix of the incident polarization. As an
example of the complex amplitude recorded on a pre-
designed focal plane at x-polarized incidence, we illus-
trate the broadband functional properties (=100 GHz)
of the designed metasurface in Figure S6 (Supplemen-
tary Section 8). To further evaluate the resolvability of this
design mechanism for the incident polarization, we selected
the random polarization located at the surface of the stan-
dard PS as the incident polarization to develop a generalized
parametric theoretical model, as shown in Figure 6 [41]. The
moving trajectory of the incident polarization state defined
on the surface of the PS is consistent with B— A — D, i.e., the
gradual conversion from x-polarization to y-polarization
incidence without any change in handedness, as displayed
in Figure 6C. From Figure 64, it can be derived that the
two focused spots produced in the plane of z = 5.2 mm are

H. Li et al.: Terahertz all-silicon metasurfaces with off-axis bifocal characteristics === 3367

different under general polarization incidence with differ-
ent ellipticity. Measurements under linearly polarized illu-
mination were obtained using a near-field scanning system
equipped with a microprobe. Subsequently, we obtained the
electric field profiles under different polarization incidence
using the polarization conversion step in the THz band, as
shown in Figure 6B. It is worth mentioning that a good
agreement is shown between simulation and experimen-
tal results. The slight difference between experiment and
simulation is due to the imperfection of the sample and
measurement error. As schematically shown in the inset
in Figure 6D, the electric field intensities of the focal spots
located in the left and right regions in the E,-component,
defined as I, and I, were extracted separately. In order
to evaluate more conveniently the evolutionary trend of
the incident polarization state, the key parameter # of
the incident THz beam can be calculated by the intensity
ratio, that is,

y = (Is —I4) /2 ©)

(I +1,) /2

Figure 6D shows the experimental results obtained
when the incident waves with different ellipticity are illu-
minated vertically on the designed metasurface. It can be
found that the values of # are —1, 0, and 1 for the corre-
sponding polarization states of x-polarization, RCP, and y-
polarization, respectively. In other words, the employment
of the parameter # ensures that the intensity distribution
extracted in the focal plane establishes a one-to-one corre-
spondence with the incident polarization. As the incident
polarization state moves along the defined trajectory over
the surface of the PS, the angle a gradually increases from
—90° to 90° and the corresponding key parameter # gradu-
ally evolves from 1 to —1. As a corroboration, the off-axis
bifocal characteristics exhibited in the E,-component are
exactly opposite to those in the E,-component, as shown in
Figure 6E. Therefore, by extracting the normalized inten-
sity values I, and Iy in the pixelated E,-component, the
established functional relationship between the parameter
n and the angle « exhibits an incremental evolution trend,
as shown in Figure 6G. As far as we know, a completely
polarization state can be described by a polarization ellipse,
and the three key parameters that determine the polariza-
tion ellipse are the main axis, ellipticity, and handedness.
Therefore, we can further visualize the incident polariza-
tion state by recording the complex amplitude information
at the target coordinates to restore the full Stokes param-
eters. The schematic evolutionary behavior containing the
S-parameters is shown in Figure 6F. The parameter S, rep-
resented by the black circle gradually increases from 1to —1
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Figure 5: Simulated and experimental results under orthogonal CP incidence obtained using polarization conversion. The £,- and £,-components of
the monitored electric field distribution are included, as well as the full-Stokes parameter matrix reconstructed from the extracted complex amplitudes
on the pixelated focal plane and the polarization ellipse. (A) Under RCP incidence, and (B) under LCP incidence.

as the polarization state defined on the standard PS sur-
face moves from x-polarization to y-polarization along the
path B - A — D. Meanwhile, the parameter S, remains
almost constant (=~0) during the movement of the incident
polarization state because the axes represented by S; and S,
are mutually perpendicular. Moreover, since the pre-defined
moving paths are concentrated in the upper part of the
standard PS, the parameter S, first experiences a gradual

increase behavior from 0 to 1 and then decreases to 0. In fact,
this is an evolutionary behavior in which the handedness
will not be reversed. The polarization ellipse in transmission
mode was reconstructed using the complex amplitude infor-
mation carried by the pixelated focal, as shown in Figure 6G.
Benefiting from the appropriate step size of the microprobe
when moving, the plotted polarization trajectories match
well with the theoretical distribution (Figure 6).
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Figure 6: The parametric model established by using the monitored electric field distribution when the incident polarization moves along the

pre-designed trajectory B— A — D. The distribution of the electric field generated in the focal plane by the incident polarization with different ellipticity
can be calculated as: (cos n/mz - |L) + sin n/mz - |R))/\/§, and m, n denotes an arbitrary non-zero positive integer. (A) Simulated and (B)
experimental results of the electric field distributions obtained under different polarization incidence. (C) Schematic diagram of the trajectory of the
incident polarization state on the surface of PS. The functions established using the intensity ratio monitored in the focal plane as the parameter a (D)
the E,-component, and (E) the E,-component. (F) The variation curves of the S-parameters, and (G) polarization ellipse recorded during the evolution of

the polarization state.

4 Conclusions

In summary, a facile all-silicon metasurface mechanism
operating in the THz band is demonstrated that allows
direct polarization detection for the incident plane waves.
The focal spots on the pre-designed focal plane for char-
acterizing the polarization state has off-axis bifocal char-
acteristics based on the polarization multiplexing phase
encoding technique. Recording the electric field distribu-
tion in the focal plane one by one by employing micro-
probes allows us to reconstruct the full Stokes parameter
matrix of the incident polarization state using standard
algorithms. The simulation results for the typical six polar-
ization incidence modes obtained by the time-domain finite

integration method show good agreement with the experi-
mental results. Subsequently, the evolutionary trend of the
spot with off-axis bifocal properties on the focal plane was
evaluated by defining a random incident polarization state
on the surface of a standard PS. Moreover, the trajectory
of the incident polarization under a predetermined path
is visualized using polarization ellipses to further confirm
the polarization detection capability of this meta-platform.
We expect the proposed mechanism to be of considerable
interest for applications in polarimetric THz imaging, com-
munication, and remote sensing.
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