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Polarization Detection of Terahertz Waves using All-Silicon
Metasurfaces with Tightly Focusing Behavior

Hui Li, Chenglong Zheng, Shouxin Duan, Jie Li, Hang Xu, Yifan Li, Chunyu Song,
Fan Yang, Zhen Yue, Wei Shi, Yating Zhang,* Yun Shen,* and Jianquan Yao*

The manipulation of polarization states is reflected in the tailoring of
light-matter interactions and has great applications in fundamental science.
Nevertheless, the conventional polarization-separated detection behavior in
the terahertz (THz) band is very challenging when applied to visualize the
incident polarization state since its measurement requires sophisticated
instrumentation. Here, the feasibility of its reconstruction of the full-Stokes
parameter matrix in the THz band is explored by establishing an all-silicon
decoupled metasurface based on the polarization multiplexing encoding
technique. The pixelated focal spots gathered in the target plane allow us to
employ more elaborate methods to extract the characteristic parameters of
the incident polarization states. The resolvability of the THz polarization
detection behavior with a single focal spot is further optimized benefiting
from the longitudinal polarization component (E,) generated by the tightly
focused beam in the propagation direction. The capability of the
E,-component in determining the key parameters that compose the
polarization ellipse is evaluated by predefining the random incident
polarization on a standard Poincaré sphere. Thus, the proposed scheme offers
significant advantages in future THz communications, providing
opportunities for ultra-compact, high-resolution full-Stokes polarization

imaging and multidimensional information processing.

1. Introduction

State of polarization (SoP) is an inherent property of electromag-
netic (EM) waves, detailing the oscillatory direction of the elec-
tric field along the propagation path, and homogenous profiles
typically include linear, circular, and elliptical. Therefore, explor-
ing techniques for characterizing polarization states is critical

for optics-related applications such as
optical communications,! navigation,?!
and remote sensing.’] The full-Stokes
parameter matrix is typically employed
to evaluate the polarization state car-
ried by the incident wave, which can
be determined by measuring the in-
tensity of the three pairs of orthogo-
nal polarization components contained
within the matrix.[**! Stokes polarization
detection technology is an emerging tech-
nology that can be used to detect and
analyze the structure, material, composi-
tion, and surface state of objects. Conven-
tional approaches for measuring the full-
Stokes parameter matrix are typically di-
vided into single- and multi-optical path
measurements.[®’] However, to the best
of our knowledge, traditional polarization
measurement systems involve separated
and bulky components to distinguish dif-
ferent incident polarization states, which
leads to slow response and limited accu-
racy of the polarization system in collect-
ing SoP. Moreover, applications requir-
ing discrete components for alignment
are difficult to combine the two functions
of polarization detection and wavefront manipulation into one
system.[®%] Therefore, it is very challenging to determine the
SoP of THz waves during transmission quickly and with high
accuracy.

In recent years, metasurfaces have offered a new opportunity
for polarization-related applications due to their ultra-compact
structural design.l'%'2) As nanostructures capable of obtaining
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Figure 1. Working principle of the decoupled metasurface with central focusing characteristics. a) Schematic diagram of a meta-platform with a single
focusing effect within an RCP channel under LCP illumination. b) Schematic diagram of a meta-platform with a single focusing effect within an LCP
channel under RCP illumination. c) Geometric parameters of the designed meta-atoms with anisotropy. d) The focal spot produced under x-polarized
illumination observed in a predesigned focal plane, including the E,-, E,-, and E,-components, can be utilized to reconstruct the basic information of
the incident polarization state. The phase maps embedded in the LCP and RCP channels, respectively, are shown at the top of the figure.

full-Stokes parameters in a single snapshot, and artificially de-
signed meta-atoms can be integrated directly with complemen-
tary metal oxide semiconductors (CMOS).[1*7] Related appli-
cations that have been demonstrated include circular polariza-
tion detection,['21*] full polarization measurements,!'*2! polar-
ization imaging,?22*] and so on. Pors et al. successfully recon-
structed the full-Stokes parameter matrix in the visible range us-
ing a reflective plasmonic meta-grating. The resolution of the
polarization state for the incident light is determined by mea-
suring the corresponding diffraction intensity.'®) Arbabi et al.
demonstrate a new design for full-Stokes polarization measure-
ment based on all-dielectric metasurfaces at the working wave-
length about 850 nm. Such metasurface can split and focus light
in three different polarization bases with spatially separation
properties.?%] Sun et al. demonstrated the behavior of full-Stokes
polarization spectral imaging with highly integrated properties in
the wavelength range of 1400-1700 nm for spatially multiplexed
all-dielectric metasurfaces. Three pairs of typical orthogonal po-
larization states can be reconstructed from the full-Stokes param-
eter matrix consisting of three sets of off-axis sub-metalens.!*]
However, to the best of our knowledge, the metasurface design
regarding THz polarization detection with significant advantages
in high-resolution imaging is more challenging due to the limita-
tion of the emission efficiency of the integrated THz source. Al-
though a reflective metasurface operating in the low THz band
has been theoretically proposed for reconstructing the incident
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polarization state, the array design with four focal points presents
certain losses in experimental validation.!2¢]

In this work, a minimalist method is demonstrated for re-
constructing the full-Stokes parameter matrix and visualized
polarization ellipse of incident THz waves based on the genera-
tion of polarization multiplexing tightly focused beams, as shown
in Figure 1a,b. As a proof of concept, the proposed all-dielectric
metasurface consists of an array of subwavelength-spaced rect-
angular silicon columns used as birefringent waveplates with
a central operating frequency of 0.8 THz. The advanced Jones
calculus imparts independent and arbitrary phase profiles to the
two orthogonal circular polarization channels, allowing the pro-
posed design to efficiently split the incident polarization states.
The metasurface with spatial polarization separation based on
the hexagonal lattice configuration has a relatively large error in
determining the conventional incident polarization in the THz
range. This is because the insertion loss of conventional THz
waveplates is much higher than that of optical waveplates when
measuring the full-Stokes parameters.””] Subsequently, we
modified the conventional separated polarization detection for
the superiority of the THz near-field scanning system, i.e., the
full-Stokes parameters were reconstructed using multiplexed
metasurfaces with single-point focusing characteristics. The
pixelated focal spots assembled on the focal plane allow us to
employ more elaborate algorithms to extract the key parameters
of the incident random polarization state. To further emphasize
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the resolvability of the multiplexed metasurface with single
focusing capability, the incident THz waves are evaluated in
detail using the longitudinal (axial) electric field component (E,)
carried by the tightly focused beams, as shown in Figure 1d.
More interestingly, the encoding behavior for the orthogonal
circularly polarized (CP) channel will induce spin—orbit coupling
effects in the E,-component. As far as we know, there are almost
no reports on the visualization of incident polarization states
in the THz band using the generated E,-components. The
experimental results demonstrated by such design schemes
in polarization measurements are in good agreement with the
simulated results. Thus, the demonstrated all-silicon metasur-
face offers a potential opportunity for efficient, high-resolution
full-Stokes polarization devices operating in the THz band.

2. Design and Methods

The working mechanism of the THz polarization detection in-
strument with focused beams based on polarization multiplexing
technique is illustrated in Figure 1. Benefiting from the subtle
capabilities of the all-silicon multiplexed metasurface for wave-
front manipulation, a simplified version of the full-Stokes meta-
polarizer can be generated by imparting independent focused
phase profiles within the orthogonal CP channels, as shown in
Figure 1a,b. To obtain the phase distribution as shown in the in-
set in Figure 1, we applied the advanced Jones calculus to derive
the required constraints. The Jones vector in the orthogonal CP
channel for a meta-atom operating in a linear polarization basis
can be expressed as follows[28-30!

|4
=114 =
Y

|
L |
— =
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where “+” and “—” denote the handedness of circular polarization
states, representing the left-handed circularly polarized (LCP)
and right-handed circularly polarized (RCP) waves, respectively.
The subscripts “x” and “y” indicate the coordinate components
of the Cartesian coordinate system. The polarization state car-
ried by the transmitted THz wave following the anisotropic de-
sign of the meta-atom supported by the spin decoupling princi-
ple is its complex conjugate with respect to each input circular
polarization state, which can be expressed as [A*) — [(A1)") and
|A7) = |(A7)"), where * represents the complex conjugate. In or-
der to impose the desired phase profiles into a pair of orthogo-
nal CP channels, ¢*(x, y) and ¢~ (x, y) with one-to-one correspon-
dence are embedded in different channels with handedness |A*)
and | A7), respectively. The independent manipulation of the LCP
and RCP channels requires that the Jones matrix of each meta-
atom in the generated metasurface satisfies the following rela-
tionship, i.e.

(2)

](x'Y) : M+> = e"‘/”(’%y) . |(/1+)*>
Jley) - 1A7) = el () . |(/1—)*>
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For two orthogonal linear polarizations (e.g., x- and y-
polarization, i.e., 0°/90°), the Jones matrix J (x, y) can be ex-
pressed as

RO
J(x,y) = [0 e@’(%y)] (3)

Due to the diagonal symmetry of the target matrix J (x, y),
the geometrical parameters of the rectangular silicon column
with birefringent properties can be directly modified to obtain
a purely propagating phase modulation profile without the ge-
ometric phase modulation generated by the rotation of the sil-
icon column. For a general polarimeter with polarization sepa-
ration characteristics, using a simple coordinate transformation,
the spatial spin-multiplexing of the 45° and 135° linearly polar-
ized states can be achieved by rotating each rectangular silicon
column in the previous configuration by 45° with respect to the
x-direction, as shown in Figure S1 (Supporting Information Note
S1). Subsequently, by mathematical transformation and deriva-
tion, the new Jones matrix can be used to characterize the or-
thogonal circular polarization incidence behavior, such as RCP
and LCP, as follows

e ) N (25)7) e (20)7) (1A 14D) B
Jlxy) = it () . (/1+>*> el (%) . <,1—>*> |/1+> |/17>
Y Y Y !
)
Detailing the integration of the above-mentioned calculus, the

Jones matrix of the multiplexed metasurface under orthogonal
CP illumination can be described as

eid (xy) eid™ (%) 1 11"
—i.etx)  jleidT )| [ —;

. [ei¢+<x.y) 4 eid ) i eity) +i.ei¢*(x,y)]
2

Jlxy) =
(5)

2| i et 4. eit ) _eidt ey _ it ()

It is worth mentioning that the desired Jones matrix is uni-
tary and symmetric, which means that the input and output THz
waves have the same polarization ellipse, but an opposite hand-
edness, so it can be recast as its canonical form

cosf(x,y) —siné(x,y) RINESY) 0‘
sind (x,y) cosf (x,y) 0 elryxy)

J(x,y)=[

. -1
[cos 0(x,y) —siné(x Y)] (6)

sinf (x,y) cos6 (x,y)

By ingeniously combining Equations (5) and (6) to be able to
eliminate the unknown terms in the matrix, the correspondence
of the desired key parameters for different polarization bases can
be obtained as follows*!-3]

0ux)) = 5 (6" () + 9 (57)
0, (5 ) = 1 (" (v )+ (o y) — 7 7)
0(x7) = L (0" (xy) = &~ (x.1)
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Figure 2. Amplitude and phase response of meta-atoms with periodic boundary conditions produced under linearly polarized illumination. a,b) The
obtained transmission amplitudes and phase shifts of the meta-atoms with different geometric sizes under x-polarized incidence. c,d) The obtained
transmission amplitudes and phase shifts of the meta-atoms with different geometric sizes under y-polarized incidence. The e) amplitudes and f) phase
responses of the selected 15 meta-atoms that satisfy the constraints of Equation (7).

Compared to the meta-atoms in the diamond-shaped region
for linearly polarized incidence, as mentioned in Figure S1
(Supporting Information Note S1), the selected elements that
meet the decoupling condition have a phase interval of 22.5°
in the limit of Equation (7). Furthermore, the operating behav-
ior of the selected meta-atoms is characterized as rotatable half-
wave retarders (HWRs), i.e., satisfying |t,(x, y)| = [t,(x,y)| as well
as @,(x,y) + 7 = @,(x,y) under linearly polarized illumination.
Also, an orientation angle 6 (x, y) of the fast-axis as a function of
the global coordinate systems. In other words, the decoupling op-
eration for orthogonal circular polarization channels is achieved
by a combination of propagation phase and geometric phase re-
sponses. The adopted meta-atoms with anisotropy exhibit a rect-
angular initial configuration and the key parameters determining
their geometry are defined as Lx, Ly, and 6 (, y). In addition, the
height of the silicon column is h = 400 um and the thickness
of the substrate is t = 600 pm, as shown in Figure 1c. Subse-
quently, we monitored the normalized magnetic field intensity
of the meta-atom at an operating frequency of 0.8 THz under
x-polarized illumination, as shown in Figure S3 (Supporting In-
formation Note S2). The presence of the Mie resonance allows
the energy carried by the incident wave to be localized within
the silicon column with a high refractive index (¢ = 11.9, and
6 = 0.00025 S m~!(Electric cond.)), implying that the interfer-
ence coupling between two adjacent meta-atoms composing the
metasurface can be neglected.3*l The transmission coefficients
as well as the phase retardations of the building blocks shown in
Figure 2a—d were obtained by scanning a wide range of the key
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parameters Lx and Ly that determine the geometric configura-
tion of the meta-atoms under linearly polarized illumination. In
fact, multiplexed beams are achieved by manipulating both the
propagation phase and the geometric phase of the selected meta-
atoms, which can impart a higher degree of freedom to the com-
bined phase profile. Here, the propagation phase is defined in the
Cartesian coordinate system as ¢, and ¢,, respectively, and is ob-
tained by changing the dimensions of the anisotropic elements
along the x- and y-directions. As shown in Figure 2e, the metasur-
face with all-silicon configuration exhibits high transmission am-
plitudes under x- and y-polarized illumination due to Fabry—Perot
resonance, respectively, and the variation of t,, and t,,, is limited to
the range of 0.7-0.9. While the transmission phase under differ-
ent polarization incidence has appreciable coverage from 0 to 2,
as shown in Figure 2f. The geometric phase employment process,
however, is defined by the orientation angle 6 (x, y) of the meta-
atom, which can be obtained by rotating the meta-atom in the
counterclockwise direction. The elaborated meta-array with indi-
vidual focusing characteristics enables pixelated full-Stokes po-
larization measurement by selecting the 15 meta-atoms that sat-
isfy the assembly requirements. Subsequently, the selected meta-
atoms are expanded into an 8 X 8 matrix that satisfies a gradient
arrangement with a phase interval of 22.5° under CP basis. The
geometric parameters of the selected basic building blocks can be
found in the Supporting Information Note S3. It is worth men-
tioning that the independent phase encoding profiles effectively
simplify the arithmetic process of determining the classical full-
Stokes parameter matrix.
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3. Results and Discussions

Since the insertion loss present in the THz polarization measure-
ment system is much higher than that in IR optics, the error in
the THz range is relatively large by the conventional method of
measuring Stokes parameters in a separated configuration. As
shown in Figure 3, different from the polarization detection be-
havior with polarization separation characteristics that presents a
rhombic lattice (Supporting Information Note S1), the proposed
design principle distinguishes the key parameters that constitute
the full-Stokes matrix by monitoring the different polarization
components. As shown in Figure 1, the phase distribution em-
bedded within the orthogonal CP channel will lead to a focal spot
on the metasurface located at the center of the focal plane. It is
important to emphasize that the measured focusing behavior of
each polarization component at the focal plane contains a total
of 800 x 800 pixel factors. To further visualize the trajectory of
the electric field of the polarization state carried by the incident
THz wave, the homogenous values of the complex amplitudes
of the electric fields at the three-pixel points (400, 399), (400,
400), and (400, 401) are adopted to reconstruct the transmitted
full-Stokes parameter matrix as well as the polarization ellipse.
By pixelating the complex amplitude of the intensity distribu-
tion at the focal plane, the presented polarization ellipse can be
described as>+-3¢]

E? EE
§—§+—2Y—2 ' coss =sins
0 EOY EyEoy (8)
§=6,-26,

where E, and E, denote the monitored horizontal and vertical
components of the total electric field, respectively. E,, and K,
represent the maximum amplitudes in the x- and y-directions,
8., and §, are the initial phase responses of the simulated E,-
and E,-components, respectively. Subsequently, the incident and
transmitted polarization ellipses were plotted by taking the com-
plex amplitudes of the monitored electric fields at each central
spot representing the different illumination modes. Obviously,
the six polarization components can be visualized by recording
the obtained polarization ellipse at each focal spot occupied pixel
by Equation (8) and correspond one by one to the normalized
Stokes matrix.

A scanning electron microscope image of this meta-platform
with nonpolarization separation properties, fabricated using
standard UV lithography and inductively coupled plasma (ICP)
deep silicon etching techniques,*’-*! is shown in Figure 3a,b. It
is not surprising that the rectangular outlines of the blocks con-
tained in the meta-arrays are well defined and the sidewalls are
quite steep. For more detailed information on the sample prepa-
ration, see the Experimental Section. As proof-of-concept exper-
iments, the predefined electric field intensity profile in the z =
5 mm plane was characterized using a fiber-based THz near-field
detecting system,31*%] ag shown in Figure 3c. The detailed mea-
suring steps can be found in the Experimental Section too.

Monochromatically polarized plane waves propagating along
the z-direction carrying arbitrary polarization modes can be ex-
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pressed in terms of the Jones vector when located in the Cartesian
coordinate system as follows[*1=*]

E (A ei‘sl)
E=| ") =1 " )
( Ey) Age o

here Ex = ER +{E"™, Ey = E;“ + iE;m, respectively, denote the
complex amplitudes of the different polarization components at
the central pixel spot, where EX* and E/™ (i = x, y) are the real
and imaginary parts of the electric field distribution on the fo-
cal plane. A, and A, indicate the magnitude projection along
the horizontal and vertical linearly polarization axis, 6, and &,
represent the phase shift of A, and A, components. According
to the established functional relationship between the six po-
larization components of the full-Stokes parameter matrix, it
is known that E,. = (E, + EY)/\/E Eyye = (E, — EY)/\/E, Ex =

(E, + iEY)/\/E, and E, = (E, - ify)/\/i. To characterize the polar-
ization response of the meta-device, we first illuminate it with
six basis polarization states (0°/90°, 45°/135°, and LCP/RCP) in
successive order. Subsequently, we obtained the measurementre-
sults for different polarization component at the focal plane sep-
arately using the standard algorithm. The function employed to
reconstruct the full-Stokes parameter matrix S =[S, S;, S,, S;] ¥

at the target pixel spots is modified to that(2044]

So=AL+A (10a)
S, =A - A (10b)
S, =2A,A, cos (6, - 8,) = Al — AL, (10¢)
S; =2A,A,sin (8, - 5,) = Ay — A} (10d)

where A, and A5 represent the amplitude projection along
linearly diagonal and antidiagonal polarized, and Ay, A, indicate
the amplitude projection over RCP and LCP states. As can be seen
in Figure 3d, the parameter matrix calculated by combining the
E,- and E,-components indicates that the measurement results
are in good agreement with the simulation results. It is worth
noting that each of the remaining polarization components,
ie., Es., Ej35., Ep, and E; have equal normalized intensities
when the polarization mode carried by the incident wave is fixed
to x-polarization, as mentioned in the Supporting Information
Note S2. Therefore, the obtained histograms from the full-Stokes
parameters are dominated by S; only, but S, and S; are absent.
In addition, the polarization ellipse drawn by taking the complex
amplitude at the central pixel point strongly illustrates the effec-
tiveness of the design approach for reproducing the profile of
the incident polarization. Similarly, the Stokes parameter matrix
reconstructed from the multiplexed metasurface with a single fo-
cused spot under y-polarized illumination proves the consistency
of the experimental results, as shown in Figure 3e. On the other
hand, the selected meta-atoms from the established database are
constructed as the HWR (A = x). Thus, the encoding behavior
based on the pair of orthogonal CP channels determines that the
proposed design exhibits significant flipping characteristics in
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Figure 3. Experimental results of the fabricated metasurface samples with tightly focused properties. a,b) Samples obtained using inductively coupled
plasma (ICP) etching technique, based on silicon wafers with a thickness of 1 mm. c) Schematic of basic experimental setup. LP: linear polarizer.
QWP: quarter-wave plate. The normalized experimental results were used to reconstruct the full-Stokes parameter matrix as well as the profiles of
the polarization ellipse under d) x-linearly polarized, e) y-linearly polarized, f) 45°-linearly polarized, g) 135°-linearly polarized, h) RCP, and i) LCP

illuminations.
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the transmission mode when illuminated by the residual polar-
ization states. As recorded in the polarization ellipse plotted in
Figure 3f, when we switch the incident polarization to 45° linear
polarization, the transmitted field carries a polarization mode
exactly orthogonal to the incident polarization, i.e., 135° linear
polarization. This behavior is also clearly reflected in the recon-
structed full-Stokes parameter matrix by monitoring the complex
amplitude at the central pixel point of the E,;;-component. Con-
sequently, the same phenomenon is also recorded on the focal
plane after illumination by three types of incident polarization
that have not yet been introduced, as shown in Figure 3g—i. It is
worth noting that, except for the polarization component of the
electric field with orthogonal properties as shown in Figure 3,
the S-parameters calculated from the normalized intensity of the
residual transmitted polarization components to characterize
the full-Stokes parameter matrix are equal to zero, as shown in
Figure S4 (Supporting Information Note S4).

To further highlight the capability of the proposed design to
reconstruct the full-Stokes parameter matrix for arbitrary inci-
dence, we plot the electric field for each component in the fo-
cal plane for the incidence of randomly generated orthogonal po-
larization pairs in Figure S5 (Supporting Information Note S5).
Obviously, the variability of the focusing intensity of the individ-
ual polarization components profoundly illustrates the orthogo-
nality between the incident and transmitted polarization modes.
This design can easily manage either arbitrary linear or ellipti-
cal polarization incidence, including the reconstructed parame-
ter matrix as well as the polarization ellipse. In other words, the
proposed multiplexed meta-platforms with a single focused spot
can effectively simplify the complexity of arbitrary polarization
in readout. In fact, the division of the focal plane allows to ob-
tain different polarization information within a single snapshot,
i.e., the information carried in relation to polarization is assigned
to different polarization states or spectral components. Not only
that, encrypted meta-holograms constructed from binary dot ar-
rays can be realized by the proposed mechanism. Specifically, us-
ing the nonreciprocal property of the S-parameters in the matrix,
ie., S, is determined jointly by E, and E,, S, by E, and Ejs,
and S; by Eg and E,. As shown in Figure S6 (Supporting Infor-
mation Note S6), 25 binary focal spots can exist simultaneously
in the focal plane when x-polarized waves illuminate such meta-
lens vertically. It is worth mentioning that the conversion from
the incident x-polarization to an arbitrary polarization state dom-
inates in the design profile containing binary information. The
crossover arrangement of Os and 1s prompts the feasibility of
presenting complementary images within two orthogonal polar-
ization channels and carrying correspondingly homogenous po-
larization states at the focal spots. In other words, by combining
binary coding with polarization measurement, the desired trans-
mitted information can be hidden in different polarization com-
ponents. Although a binary image containinga 5 x 5 array of dots
is simple, it can be used to store encrypted information.

To further emphasize the resolvability of the multiplexed meta-
surface with the single focusing capability for arbitrary polarized
illumination, we proceed to reconstruct the transmitted polariza-
tion behavior using the E,-component at the focal plane. It is
well known that vortex beams with tightly focused properties can
attract the conversion of spin angular momentum (SAM) to or-
bital angular momentum (OAM) of photons in the longitudinal
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direction.l***8] This means that the SAM of the CP component
contained in the incident beam can be partially transferred to the
OAM of the longitudinally polarized electric field, producing a
longitudinally polarized beam. The electric field distribution (E,)
of the longitudinally polarized component of the resulting tightly
focused beam exhibits a typical doughnut-shaped profile with a
topological charge of 1 or —1. Thus, the distribution of the elec-
tric field in the focal plane of the E,-component produced by the
metasurface under linearly polarized illumination is a coherent
superposition of two tiny vortex spots with topological charges
of —1 and —1. The detailed parametric derivation model can be
found in the Supporting Information Note S7. The focusing be-
havior with an elongated focal depth can effectively attenuate the
errors introduced in the measurements, so that the phase profiles

embedded within the LCP and RCP channels can be described
25311

@ (%) = b [ +7)

FUE T2 4 AL - 2+ ) /R )
ko (%% +7%)

or (x,y) =

2[fy + Afy - (x> + ) /R?]

where k, denotes the wave vector in free-space, f = f; =5 mm
represents the initial focal depth, Af, = Af; = 1 mm indicates the
extended focal length, R is radius of the meta-lenses. Thanks to
the E,-component generated in the propagation path by a tightly
focused beam with extended depth, the imparted polarization
characteristics can distinguish different incident modes. To the
best of our knowledge, the axial electric field (E,-component) gen-
erated by such beam in the longitudinal direction has many novel
properties.*¥] The detection of incident polarization states by em-
ploying the spot shape of the far-field E,-component in combina-
tion with optical image processing has not been reported in the
THz band. The working mechanism for reconstructing an arbi-
trary linear polarization state using the E,-component generated
in the far-field mode is shown in Figure 4a.

Initially, we evaluated the electric field profiles of the E,-
component in the target plane under linearly polarized illumi-
nation using the designed metasurface. The simulation results
obtained by the commercial software CST MICROWAVE STU-
DIO, and the incident linear polarization state can be described
as y-polarization. As y gradually increases from 0° to 135°, it
is as if a certain point located on the Poincaré sphere is rotat-
ing counterclockwise along its equator, as shown in Figure 4b.
The fabricated samples were evaluated by fixing the transmit-
tance axis of the analyzer at an angle of 0° (red arrows) with re-
spect to the x-direction. Conventional linearly y-polarized waves
in the propagation direction can be generated by rotating the
LP and QWP elements with respect to the x-axis, as displayed
in Figure 3c. Unfortunately, the E,, and E,, components can
only be obtained by rotating the sample using a THz near-field
detecting system equipped with a probe (TeraSpike TD-800-Z).
Subsequently, the desired polarization components are obtained
using the superposition of the complex amplitude information

recorded in the focal plane, i.e., E,, = (E,, + E, /\/E and E,,

(E,, — icE, /\/E [l Here, E,, denotes the complex amphtude
obtalned under linearly polarized incidence while E, denotes
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Figure 4. Experimental results obtained using a THz near-field scanning system equipped with a z-microprobe. a) Schematic diagram of the detection
behavior of the incident linear polarization state utilizing the E,-component generated in the focal plane. b) Introduced for representing the evolutionary
trend of the incident linear polarization state of the Poincaré sphere. c¢) Schematic diagram for collecting the normalized amplitude distribution of the
longitudinal electric field components generated in the focal plane. d) Simulated normalized distributions on the focal plane for y = 0°, 45°, 90°, and
135°. e) Experimental normalized distributions on the focal plane for y = 0°, 45°, 90°, and 135°. f) Simulated phase profiles on the focal plane for y
= 0° 45°, 90°, and 135°, respectively. g) Measured phase distributions on the focal plane for y = 0°, 45°, 90°, and 135°, respectively. h) Normalized
curves extracted from the amplitude distributions along the black dashed path in (c) for y = 0°, 45°, 90°, and 135°, where the solid red line represents
the theoretical value, and the black circle and blue triangle indicate the simulation results and experimental results, respectively. The red (blue) arrows
represent the transmitted (incident) polarization direction.
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the complex amplitude recorded in the focal plane under CP in-
cidence, and ¢ = +1 and ¢ = —1 represent the transmitted LCP
and RCP components, respectively. The blue arrows represent
the incident polarization state in all electric field distribution im-
ages. As shown in Figure 4d, the polarization angle of the inci-
dent THz wave can be clearly distinguished from the distribu-
tion of the beams produced on the focal plane. In other words,
the brightest component contained in the petal-shaped profile is
along the y-direction when y = 0°, 45°, 90°, and 135°. Consider-
ing that the transmitted electric field distribution originates from
the coherent superposition of the LCP and RCP components, i.e.,
E =[1 4 cos?(ly +y + x)]/2.%°% Here, y represents the major
angle of the petals contained in the E,-component under linearly
polarized illumination, y corresponds to transmitted polarization
direction, and I = +1 denotes the topological charges carried in
the LCP and RCP channels. When E takes the maximum value,
then the parameter y,,, = (nx —y — x)/lll, (n =0, 1, ..., |2I-1]).
It means that the major angle of the vortex petal with |2I| sym-
metry generated at the focal plane with respect to the horizontal
direction can be simplified to v, ,, = —y. Therefore, the electric
field distribution map after mirroring can clearly distinguish the
polarization direction of the incident mode.

The experimental results are in high agreement with the re-
sults obtained from the simulation, as shown in Figure 4e. The
phase maps recorded during the simulation and experiment are
plotted in Figure 4f,g, respectively. Also, the phase profile carried
by the monitored E,-component has a typical discontinuity, i.e.,
the phases corresponding to the individual petal distributions are
different. In addition, we calculate more meticulously the corre-
spondence between the parameter y possessed by the incident
linear polarization and the lobe direction of the E,-component
using the time-domain finite integration method, as mentioned
in the Supporting Information Note S8. To further illustrate the
superiority of the longitudinal polarization component for polar-
ization measurement, the amplitude distribution was extracted
along the azimuthal direction of the resulting interference pat-
tern at the focal plane, as shown by the black looped path in
Figure 4c. The pixelated focal plane allows us to find the pixel
point where the maximum value is located and can be used as
a candidate to plot the azimuthal amplitude distributions at y =
0°, 45°, 90°, and 135°, respectively, as shown in Figure 4h. The
solid red line in the image represents the theoretical value while
the black circles and blue triangles indicate the amplitude distri-
butions extracted from the simulated and experimental results,
respectively. It can be clearly seen that the maximum values of
the normalized amplitude distribution correspond to 0°, 45°, 90°,
and 135° as the incident polarization angle gradually increases.
Fortunately, the maximum absolute error corresponding to the
results measured in the experiment is 7.4°, and the average ab-
solute error is below 3.1°, which meets the expected design re-
quirements. Although the employment of pixelated microprobes
limits the application of the proposed design principle in some
scenarios, the interpolation algorithm as well as the application
of high aspect ratio (AR) silicon columns greatly improves the
spatial resolution of the focused images compared to the report
inref. [51]. The EM response of a high AR dielectric column with
periodic boundary conditions is described in the Supporting In-
formation Note S9 under x- and y-polarized illumination, respec-
tively. Thus, the linear polarization direction of the input THz
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waves can be distinguished by the distribution of the interference
pattern on the focal plane.

To characterize the ability of the longitudinal polarization com-
ponent produced by the metasurface device to reconstruct the
vector ellipse, the interference pattern generated in the focal
plane under randomly incident polarization illumination with
different ellipticity is shown in Figure 5. The pair of orthogo-
nal polarization channels used to record the evolutionary trend
of parameter S; was employed, as shown in Figure 5a,. Not sur-
prisingly, the electric field generated by the metasurface under
LCP illumination shows a typical doughnut-shaped distribution.
On the other hand, the RCP-based illumination similarly evokes
a doughnut-shaped electric field profile at the focal plane, as dis-
played in Figure 5a,. From Figure 5b,,b,, it can be observed that
the experimentally measured results are in agreement with the
simulated. In addition, unlike the phase distribution on the fo-
cal plane under linearly polarized illumination, the phase pro-
file obtained at CP incidence has good continuity behavior, and
the topological charge carried by the interference pattern can be
clearly distinguished, as shown in Figure 5¢,,c,. Benefiting from
the photon conversion effect from SAM to OAM, we can con-
veniently extrapolate the topological charge carried by the beam
under LCP and RCP illumination to be —1 and 1, respectively, as
shown in Figure 5d,,d,. In other words, by monitoring the elec-
tric field distributions and phase profiles of E,-component under
polarized THz wave illumination, we can quickly reconstruct the
full-Stokes parameter matrix of the incident polarization state.
The electric field distribution on the focal plane was pixelated us-
ing an approach similar to that in Figure 4c, and the normalized
amplitude distribution was obtained as shown in Figure 5e, e,.
Clearly, the results shown in the images further illustrate the ef-
fectiveness of the proposed metasurface analyzer.

So far, we have successfully reconstructed the full-Stokes pa-
rameter matrix using the longitudinal polarization component
produced by such tightly focused beam. Subsequently, the gen-
erated random polarization states were used to illuminate this
multiplexed metasurface, and the processed simulation and ex-
perimental results are shown in Figure 5a,,a,,b,,b,, respectively.
It is well known that the polarization ellipse is a visual ap-
proach used to characterize polarized THz waves, whose prop-
erties can be described by three key parameters, such as hand-
edness, azimuthal angle, and ellipticity. It is not difficult to find
that the continuity of the phase distribution imparts the resolv-
ability of the randomly incident polarization state, i.e., the chi-
rality of the polarization ellipse. Correspondingly, the simulated
and experimental results recorded in the focal plane are shown
in Figure 5¢;,¢,,d;,d,, respectively. As can be seen from the blue
outline at the top of Figure 5, the orientation angles of the se-
lected elliptical polarization with respect to the horizontal direc-
tion are 90° and 0°, respectively. It is interesting to note that
the maximum value of the normalized amplitude curve corre-
sponds exactly to the azimuthal angle of the polarization el-
lipse, as displayed in Figure 5e;.e,. Based on the experimental
results obtained in Figure 5b,,b,, the electric field distribution
at the incidence of the elliptical polarization state was recon-
structed using the polarization decomposition method, as shown
in Figure 5b;,b,. Obviously, there is good agreement between the
experimental and simulation results, and the little deviation may
attribute to the nonuniformity of the incident waves.
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Figure 5. The electric field distribution of the designed metasurface under circular or elliptical polarization incidence obtained by the method of polar-
ization transformation. a;—a,) Simulated normalized electrics field distributions on the focal plane at the incidence of RCP, LCP, left-handed elliptically
polarized (LEP), and right-handed elliptically polarized (REP). b;—b,) Experimental normalized electric field distributions on the focal plane at the inci-
dence of RCP, LCP, LEP, and REP. c;—c,) Simulated phase distributions on the focal plane at the incidence of RCP, LCP, LEP, and REP. d;—d,) Measured
phase profiles on the focal plane at the incidence of RCP, LCP, LEP, and REP. e;—e,) Normalized curves extracted from the amplitude distributions along
the black dashed path in Figure 4c at the incidence of RCP, LCP, LEP, and REP, respectively. The red (blue) arrows represent the transmitted (incident)

polarization direction.

Then, we define a movable point on the Poincaré sphere to
further illustrate the superiority of the longitudinal polariza-
tion component for polarization measurement, as displayed in
Figure 6b. The electric field and phase profiles generated at the
predefined focal plane were monitored using the polarization
state represented by the defined point during its movement along
the path b—a—d as the incident mode, as shown in Figure 6a.
In fact, the parameter a describes the evolutionary trend of the
incident polarization state during the movement of the defined
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point along the path b—a—d. Therefore, establishing a theoret-
ical model between the parameter « and the ellipticity # is the
key event. As illustrated in the inset in Figure 6¢, the normal-
ized intensities represented at points A, B, C, and D can be de-
fined as I, I, I, and I, respectively, in the closed-loop path.
Herein, I, and I represent the two maximum intensity spots
while I and I, represent the two minimum intensity spots in the
distributions. In order to weaken the real errors in the measure-
ment process, the ellipticity # of the incident polarization can be

© 2023 Wiley-VCH GmbH
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Figure 6. Using the parametric theoretical model developed by E,-component in the measurement of randomly incident polarization states. a) The
normalized electric field distribution in the focal plane monitored as the polarization state carried by the incident THz wave moves along the path
b—a—d on the Poincaré sphere. b) Schematic diagram of the evolution of the polarization state along path b—~a—d located on the Poincaré sphere. c)
The normalized amplitude distribution extracted along the closed loop path A—C—B—D in the pixelated focal plane as a function of the ellipticity of the
incident polarization state. d) The trends of the reconstructed full-Stokes parameters as well as the DoP during the motivation of the incident polarization
state along path b—a—d, where a is located in the interior of the Poincaré sphere and is used to characterize the evolution of the polarization states.

The red arrows represent the incident polarization direction.

calculated by the intensity ratio corresponding to each spot,
which can be described asl*?

;1=\/(IC+ID)/2/\/(IA+IB)/2 (12)

Obviously, n =1 and 5 = 0 correspond to circularly and linearly
polarized incidence. The pixelated focal plane allows us to extract
the normalized amplitude intensity on the path A—~C— B— D by
coded methods. Thus, for an arbitrary elliptical polarization in-
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cidence, the key parameter 5 can still be obtained using the E,-
component.

The incident polarization state represented by the pointlocated
on the Poincaré sphere gradually converts from horizontal polar-
ization to RCP as it moves from b to a along the predefined path,
as shown by the red marker in Figure 6a. It can be clearly seen
that the evolution of the interference pattern produced on the fo-
cal plane shows a gradual trend from petal to doughnut shape,
with the parameter a gradually increasing from —90° to 0°. Also,
with the parameter a gradually increasing from 0° to 90°, the re-
sulting electric field profile gradually changes from doughnut to
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petal shapes. More elaborate predictions can be made by devel-
oping generalized parametric theoretical models to characterize
the relationship between the parameter « as a function of the ex-
tracted ellipticity, as shown in Figure 6c¢. By extending the 13 inci-
dence methods as shown in Figure 6a, a more sophisticated data
acquisition guarantees the effectiveness of the prediction model.
Itis interesting to note that the function obtained by fitting the pa-
rameter a to the ellipticity n exhibits typical parabolic properties.
The coefficients used to characterize the second-order, first-order,
and constant terms in the function are calculated as —1.042e-04,
1.251e-05, and 0.9363, respectively. In addition, we calculate the
trend of the S-parameters that comprise the full Stokes matrix as
the parameter «, used to represent the incident polarization state,
gradually increases from —90° to 90°. Since the predefined path
coincides with the meridian on the Poincaré sphere, the param-
eter S; will undergo a variation from —1 to 1. The employment
of the control variables method guarantees the plausibility of the
prediction model, so that the handedness of the incident polariza-
tion state remains unchanged. Thus, the curve in Figure 6d con-
cerning parameter S, reasonably shows the evolutionary trend
of the handedness. Furthermore, the phase profile monitored at
the focal plane illustrates the same evolutionary trend described
above, as shown in Figure 6a. However, the parameter S, always
remains constant because the starting point b (horizontal polar-
ization) and the ending point d (vertical polarization) of the de-
fined path are located on the straight line representing the param-
eter S;. In addition, we calculated the DoP (degree of polarization,
\/Si + S5 + S3/S}) of the transmitted polar-
ization for illustrating the completely polarized characteristics of
the transmitted THz waves. Benefiting from the demonstrated
meta-device that can work in single excitation, it can be applied
to characterize the incident polarization state by a single snapshot
with high accuracy.

expressed as DoP =

4, Conclusions

In conclusion, we propose and demonstrate a novel method for
measuring the polarization state of incident THz waves using all-
silicon metasurfaces generated based on polarization multiplex-
ing techniques. The full-Stokes parameter matrix associated with
the incident polarization state can be effectively reconstructed
by extracting the complex amplitudes at the focal plane of mul-
tiplexed meta-platforms with a single focal spot. Moreover, the
employment of the polarization elliptic equation more precisely
evaluates the polarization detection capability of the proposed
mechanism in the THz band. Benefiting from the resolvability
of the pixelated focal plane, we evaluate the incident polarization
state by applying the longitudinal polarization component E, car-
ried by the resulting beam with tightly focused characteristics.
Moreover, by monitoring the normalized intensity distribution
and phase profile of the E,-component at the focal plane, the two
key parameters that determine the trajectory of the incident elec-
tric field, i.e., azimuthal angle and handedness, are ingeniously
reconstructed. Ultimately, the parametric theoretical model is de-
veloped to completely predict the evolution of the incident polar-
ization state and determine the ellipticity of the polarization el-
lipse. Therefore, such efficient meta-platforms provide a promis-
ing method for evaluating the SoP of THz waves, accelerates the
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practical application of THz radiation in high-resolution imag-
ing, sensing, and so on.

5. Experimental Section

Sample Fabrication: The selected basic material for all-dielectric meta-
surfaces operating in the 0.5-2 THz range was generally silicon with a di-
electric constant e = 11.9. A standard high-resistance silicon wafer with a
thickness of 1 mm and a radius of 2 in. was used as a candidate, whose
transmission coefficient at the target frequency (0.8 THz) was about 0.9 af-
fected by the Fabry—Perot resonance. First, the wafer needed to be cleaned
to remove various contaminants from its surface. Then, a photoresist film
with a thickness of about 6.8 um could be obtained by spin-coating the
positive photoresist AZ 4620. The obtained mask was aligned with the sil-
icon wafer and exposed, and the desired pattern could be obtained after
development. Subsequently, the obtained array was etched by introduc-
ing the ICP etching technique (STS MULTIPLEX ASE-HRM ICP ETCHER,
UK) with a depth of 400 um. Last, the fabricated arrays were washed using
acetone and separated to obtain the sample to be measured.

Experimental Steps: To obtain the pixelated focal plane in transmis-
sion mode, a terahertz near-field imaging system (TeraCube Scientific M2)
was employed to measure the fabricated samples, as shown in Figure 3c.
The femtosecond laser source used in the system was 780 nm with 100 fs
pulse width and 80 MHz repetition rate. The sample was scanned using a
polarization system equipped with a microprobe and the electric field dis-
tribution on the focal plane was recorded pixel-by-pixel. In the experiment,
a linearly polarized terahertz beam was generated from a commercially
available photoconductive antenna and collimated by a TPX terahertz lens.
The incident terahertz wave was then illuminated vertically from the sub-
strate side of the fabricated all-silicon sample in order to produce a target
spot on a predesigned focal plane. Then, the generated electric field com-
ponents were detected by a commercial terahertz near-field probe, which
was placed x5.2 mm above the sample during the measurement. Subse-
quently, the different polarization components were recorded by rotating
the sample and changing the microprobes. Finally, polarization calcula-
tions were performed using standard code to yield the desired electric field
distribution.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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