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Terahertz Metasurfaces for Polarization Manipulation and
Detection: Principles and Emerging Applications

Yongliang Liu, Yifei Xu, Bo Yu, Wenwei Liu,* Zhengren Zhang, Hua Cheng,*

and Shugi Chen*

Terahertz frequencies locating between microwave and infrared regions can
record and process optical information for next-generation information
technology such as 6G communication. Metasurfaces, as emerging planar
optical components built with micro- or nanostructures, enable precise
control, and manipulation of electromagnetic waves from near fields to far
fields. These subwavelength artificial structures can be engineered to exhibit
specific polarization responses, thus holding significant potential for
applications in polarization detection. In the terahertz (THz) region,
polarization information is crucial for identifying and analyzing the properties
of materials in the terahertz. In this review, we focus on recent advances in
terahertz metasurfaces for polarization manipulation and detection, including

because most of the collective vibrational
modes of biological macromolecules are
located in the terahertz range, and the
chiral spectra in the visible and infrared
light range often lack distinguishable
fingerprint specificity.l* Traditional tera-
hertz biochemical sensing techniques are
mostly combined with terahertz absorp-
tion spectroscopy. However, traditional
terahertz absorption spectroscopy mea-
sures the single-polarized amplitude and
phase changes in the terahertz band,
making it difficult to capture the com-

principles and emerging applications. New polarization detection methods
such as polarization state conversion, polarization-selective absorption,
polarization-selective focusing, and vector beam construction are discussed.
Finally, it is concluded with a few perspectives on emerging trends and
existing challenges in the fields of terahertz polarization manipulation and

detection.

1. Introduction

Lying between the infrared and millimeter wave regimes, the ter-
ahertz frequency (0.1-10 THz) band is commonly denoted as
the “terahertz gap”, which is characterized as low photon en-
ergy, wide band, and high transparency.l'-3! One of the most in-
triguing applications of terahertz waves is biochemical sensing,

plete polarization and chirality informa-
tion that is vital to analyze structural bio-
chemical materials.[>!

Polarization, as a key attribute of elec-
tromagnetic (EM) waves, carries essen-
tial information about EM waves.l’-"]
The polarization of light provides a
pathway for a deeper understanding
of light-matter interactions. The ma-
nipulation and detection of polarization
states play essential roles in modern optics, and have been
widely applied in astronomy,!"1* remote sensing,!*! biology,!1¢!
medicine,['”! and microscopy.[*®! Currently, there are three com-
monly used methods to analyze and describe the polarization
states: Jones vector analysis,!?! Stokes parameters,?*?!! and
Poincaré sphere.?223] Conventional methods for detecting tera-
hertz polarization typically entail the utilization of elements such
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Figure 1. Terahertz metasurface polarization detection for different applications.

as polarizers, wave plates, or electro-optical crystals.[>*2%] How-

ever, such elements and resulting optical systems are bulky and
costly, hindering their widespread practical applications, minia-
turization, and system integration. In recent years, metasurfaces
have shown great potentials to solve these challenging problems.
Metasurfaces are planar arrays of artificial microstructures sup-
porting abundant EM resonances, and the dimensions of the
unit cell are comparable or smaller compared with the operat-
ing EM wavelength. The modulation of EM waves is achieved by
arranging meta-atoms in a predetermined order. The principle is
to effectively control the EM wavefront by utilizing the abrupt
phase changes of transmitted or reflected waves on the meta-
surface with the designed structure. This characteristic enables
the manipulation of phase, 3%l polarization,*"*?] amplitude,3!
and resonance frequency of waves.[>* Several effective designs
with diverse functionalities have been demonstrated, such as
the generation of specialized beams,[**~*7] holography,*®3%] and
metalenses.[*04!]

In this review, we focus on the recent development of
terahertz metasurfaces in terms of polarization manipula-
tion and detection. As shown in Figure 1, notable progress
has been made in three primary applications, including im-
age encryption, enhanced sensing, and biochemical detec-
tion. We introduce the fundamental principles of polariza-
tion, fundamentals of phase and polarization control and the
description of polarization states, encompassing electric vec-
tor representation of polarized light, the Jones vector, the
Stokes vector, and the Poincaré sphere. Then, we mainly in-
troduce the research progress of terahertz metasurfaces in
the aspect of polarization detection. Finally, we provide an
overview of recent implementations of terahertz metasurfaces
in the realm of polarization detection and offer insights
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into the challenges and prospects for future progress in this
field.

2. The Description of Polarization States and
Principles of Polarization Manipulation

As a fundamental property of light, polarization has been ap-
plied in various fields, such as optical displays, material charac-
terization, and sensing.[*>~*] Therefore, the precise characteriza-
tion of polarization and its manipulation are two crucial goals.
Traditional THz polarization controlling devices such as wave
plates consider light’s polarization as a homogeneous character-
istic at the propagation cut-plane. Recently, advanced wavefront-
shaping platforms called metasurfaces have been broadly devel-
oped, based on subwavelength arrays that can manipulate light’s
polarization point by point in space or time, thus expanding the
scope of polarization optics and its applications. In this Section,
we give a brief introduction to polarization theory, which is fun-
damentally required owing to the versatile capability of metasur-
faces to control polarization. We then explore several mathemat-
ical representations of polarization states including Jones vector,
Stokes parameters, and Poincaré Sphere, which provide powerful
tools for adequate characterization of polarization states. Then,
we discuss two principles of polarization manipulation that called
Pancharatnam-Berry (PB) phase and electromagnetic multi-pole
resonances, both have demonstrated strong capabilities to con-
trol the polarization state of light.

Light in free space is transverse EM waves, with the electric
and magnetic fields oscillating in a plane perpendicular to the di-
rection of propagation. Polarization pertains to the properties of
light within this plane, and the trajectory of time varying electric
fields defines the polarization state. The x and y components of
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the electric field along the z axis (direction of propagation) are
given by

E, = E,cos (kz — wt +5,,) (1)
E, = Ecos (kz—wt +4,) (2)

where E,, E, and §,, 6, represent the amplitude and the phase
at time instant t of light in the x, y directions, respectively. When
eliminating the wt term from the preceding equations, it can eas-
ily be shown that E, and E, satisfy the following equation:

2
DROR SR
— — | —2——-cosé =sin
E, E, E, E,

where § = §, — &, represents the relative phase difference be-
tween E, and E, components. Equation (3) represents an ellipti-
cal trajectory of the end of the electric field vector, where § = 0
or z indicates linear polarization state; § = + #/2, E, = E, corre-
sponds to a circular polarization state. Other cases represent the
elliptical polarization states.

2.1. Jones Vector

When a monochromatic plane wave travels in free space along
the z direction, the electric x and y components describe the po-
larization state since the E, component is zero. In 1941, R. C.
Jones introduced the concept of Jones vector:[*>4¢]

is,

5] =[5 “
Y y

inwhich the E, and E, components share the same frequency and

wavevector, allowing us to obtain complete polarization states re-

gardless of specific time and positions. Jones vector represents

the polarization state with the two orthogonal electric field am-

plitudes E, and E,, and the phases 6, and §,. A concise form can
be further written as:

1
E= i_ieib‘ (5)

A linearly polarized wave with amplitude E and a polarization
angle 0 relative to the x-axis can be represented by the normal-
ized Jones vectors [cos@ sind)]. For a circularly polarized wave with
E,=E and 6 =+ r/2, the Jones vector can be given by left-handed

% [—11'] and right-handed circularly po-

circularly polarized E, ., =

larized Eyp = %[1].

In addition to its simple representation of the polarization
state, the beauty of the Jones vector representation is that the ef-
fect of any homogeneous polarization device on a given polariza-
tion state can be obtained by multiplying the input Jones vector
by a 2 X 2 matrix,

— ]ll ]12
J= [le ]22] ©
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where J,1, J15, 1, Jo, represent the complex transmission coef-
ficient of each component.*’] Therefore, if a given polarization
state E passes through a polarized device whose Jones matrix is
J, the output polarization state E’ can be expressed as E’ = JE. Ac-
cordingly, the output polarization state F’ is F’ = J, |, ;...J; Ewhen
light transmit through optical devices in a sequence with Jones
vectors J; (i=1, 2, ..., n).

2.2. The Stokes Parameters and Poincaré Sphere

The Stokes parameters are more versatile to represent the polar-
ization state of any EM waves, including completely polarized,
unpolarized, or partially polarized waves.¥3*)] This representa-
tion involves four handily measurable parameters that are specif-
ically defined:

SO IO
S Iy =1

S = 1| = H v 7
S, Lyse = Lyse “)
SS IRCP - ILCP

where I, represents the intensity of the given light, and I, I,
450, Lyse, Incp, and I ¢p represent the intensity projected to the
horizontal, vertical, +45°, —45°, right-handed, and left-handed
bases, respectively. Equation (7) also provides an easy way to
experimentally obtain the Stokes parameters by measuring the
intensities of the given light in three orthogonal bases without
phase measurement.

The Stokes parameters for a partially polarized light can be ex-
pressed as a sum of polarized and unpolarized components as

Spartially = Spolarized + Sunpolarized’ given by

So pSo (1-p)S,

S|l | S 0

S11s, |T| o ®)
s,| | s, 0

The parameter p is the degree of polarization (DOP) of light,
indicating the fraction of fully polarized light intensity.l>"]

\/SE+ S+ S]

5 ©)

p =
Note that p = 1 represents the completely polarized light; 0 <
p < 1 represents partially polarized light; p = 0 represents unpo-
larized light, such as natural light.
For a completely polarized beam, the four Stokes parameters
are not independent and the Stokes parameters can be given as:

So=1
S, = Ipcos2 ycos2y
S, = Ipcos2 ysin2y
Sy = Ipsin2 y

(10)

where y and y represent the orientation and the ellipticity angle
of the polarized electric component. The state of polarization of
light can be described by a point on a sphere located at (Ip, 2y, 2 y)
in the spherical coordinate. In the case of completely polarized
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Figure 2. Representation of the Poincaré sphere and some common po-
larization states.

light, the mentioned sphere is called the Poincaré sphere, which
was introduced by Henri Poincaré in 1892, as shown in Figure 2.
Each point (S;, S,, S;) on the sphere corresponds to a specific
polarization state. The upper and lower vertices of the Poincare
sphere correspond to the right-handed and left-handed circular
polarization states, respectively. The points on the equator repre-
sent linearly polarized states with the polarization angle covering
arange of 180°. The upper and lower hemispheres represent the
right and left elliptically polarized light respectively. The elliptic-
ity is nearly linear close to the equator, and approaches circular
near the upper and lower vertices. This graphical representation
significantly improves the simplicity to describe any polarization
states, including their evolution in the parametric space.!!

2.3. PB Phase

The PB phase originates from the transition between the local
and laboratory coordinates, thus is independent of resonances
of artificial structures.>>>* For an anisotropic metasurface, the
local coordinate u and v can be established along the fast and
slow axes of the meta-atom. In general, the transmission process
of metasurface can be written as:

_ [ t,cos?0 + t,sin’6 (¢, —t,) sinfcosd 1
Jo= (t, —t,) sinfcosh t,sin’0 + t,cos’0 (1)
where t, and t, represent the transmission in the u and v direc-
tions, respectively. 0 is the rotation angle of the meta-atom rela-
tive to the laboratory coordinate system. R(6) is the rotation ma-
trix. When the incident light is x-polarized, the transmitted or
reflected light can be written as

Ezut 1 tusinze + tVCOSZG
I:E;)m:l _JG [0] - [— (tu - tv) siné cos 0 (12)
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when the incident light is circularly polarized, the transmitted or
reflected light can be written as

Eim J0 2ic0
2] e B 2]

(13)

where o = +1 represent the right-handed and left-handed circu-
lar polarization states, respectively. The first term on the right
side in the equation shows the co-polarization, while the second
term represents the cross-polarization state with an additional PB
phase of 266. The phase is related to the rotation angle of the sub-
wavelength meta-atom. PB metasurfaces have significantly ex-
panded our controllability on polarized light, stimulating many
fascinating applications such as efficient polarization detectors
and meta-holograms.

2.4. The Electric Dipole Resonance and Magnetic Dipole
Resonance

The resonance of subwavelength unit cell with incident light
fields at specific frequency allows for the functionalization of
metasurfaces, such as local field enhancement and polarization
conversion. The field distribution coherently enhanced by the de-
signed artificial structure is called the resonance mode. These
resonances indicate the interaction mechanism between light
and metasurfaces, enabling accurate manipulation of the polar-
ization state of light. Metasurfaces can support various local res-
onance modes such as electric dipole, magnetic dipole, electric
quadrupole, magnetic quadrupole resonance and so on.[>>]

An electric dipole is effectively formed by two point charges
+q and —q connected by a vector p known as an electric dipole
moment |p| = gd, where q is the absolute value of one of the two
charges and d is the distance between the two charges. The di-
rection of the dipole moment starts from the negative charge to
the positive charge. The electric dipole resonance serving as a
time-varying current can also be excited by EM waves interacting
with rectangular metallic or dielectric structures. With an exter-
nal electric field, the effective positive charges are forced to one
side of the metallic rod, while negative charges are forced to the
opposite one. The magnetic dipole, equivalent to a flow of electric
charge around a loop, includes such as the electrons circulating
around atomic nuclei, electrons spinning on their axes, or rotat-
ing positively charged atomic nuclei. The magnetic dipole mo-
ment of a current loop carrying current I with area A is defined
as [m| = IA, and the direction of the magnetic dipole moment is
perpendicular to the plane of the current loop. By using metal-
lic split-ring resonators,l’) where the conduction current loop
within the split-ring resonators that is driven by incident fields
can lead to the formation of an effective magnetic dipole. The
multipole resonances, can be regarded as the higher-order term
of the dipole mode. In general, the contribution of the higher-
order resonances can be evaluated using perturbation theory, for
some specific structures or materials, the impact of higher-order
terms on the radiation field could be significant.
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Figure 3. Polarization conversion based on artificial structures. a) Terahertz metasurface with dual-band strong extrinsic 2D chirality. b,c) The circular
polarization conversion difference tuned by incident angles. a—c) Reproduced with permission.[®8] Copyright 2016, OSA. d) Meta-atom enantiomers with
contrasting chiralities. Reproduced with permission.[®1] Copyright 2021, OSA. The transmission of e) Enantiomer A and f) Enantiomer B for contrasting
chiralities. e,f) Reproduced with permission.[®2] Copyright 2021, AIP Publishing.

3. Spatially-Uniform Polarization Manipulation and
Detection

In general, the artificial sub-wavelength structures like metasur-
faces have provided excellent platforms for polarization manip-
ulation in the terahertz band. For example, Cao et al. theoret-
ically demonstrated a terahertz metasurface with a dual-band
strong extrinsic chirality originating from the incline incidence,
as shown in Figure 3a. Figure 3b,c demonstrate that the achiral
metasurfaces with a large circular polarization conversion differ-
ence can be tuned by the incident angle, which can be applied
for chiral sensing and highly efficient polarization conversion.!%®!
The intrinsic chirality for polarization conversion can be achieved
by breaking the structural symmetry along the direction of in-
cidence. Yin et al. observed the asymmetrically and circularly
cross-polarized transmission from the circular cross-polarization
conversion spectra and the circular conversion dichroism of the
chiral metasurfaces.>®) Ma et al. proposed a novel all-dielectric
metasurface exhibiting quasi-bound states in continuum with a
high Q factor and strong circular dichroism for both transmit-
ted and reflected waves by simultaneously breaking the in-plane
and mirror symmetries. The metasurface with high Q factors and
strong circular dichroism paves a new way for practical applica-
tions, such as chiral sensing.[*] Combining structures with vari-
ous chiralities can achieve more complex functions. As shown in
Figure 3d, Li et al. proposed a pair of lossless all-silicon metasur-
faces achieving giant intrinsic chiralities in the terahertz band.
The spin-dependent and tunable near-field image is displayed by
arranging the two kinds of meta-atom enantiomers.[®!l Similarly,
Zheng et al. proposed a pair of all-silicon metasurfaces with con-
trasting chiralities to achieve highly efficient circular polarization
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differential transmittance in the terahertz band. Specifically, the
circularly polarized transmission coefficients of Enantiomer A
are depicted in Figure 3e, and that of Enantiomer B are depicted
in Figure 3£.2 In addition, Yang et al. proposed a dual-frequency
structure consisting of a quarter-wave plate, a polyimide spacer,
and a filter, to distinguish the handedness of circularly polarized
light by filtering. The extinction ratio is 4 dB at 0.952 THz and
5.26 dB at 1.03 THz, and the maximum transmittance efficiency
reaches 40%.(6]

Furthermore, the pump methods based on light, thermo, elec-
tricity, and magneto have been presented to realize dynamic po-
larization manipulation and detection. By applying an external
pump to phase-change materials such as vanadium dioxide, the
properties of the materials can be changed, so that the inherently
chiral metamaterial structures can achieve dynamic polarization
conversion. For example, a chirality-tunable terahertz metasur-
face for dynamic polarization conversion was proposed by Yang
et al., based on a 3D folded structure with vanadium dioxide.
By folding the split ring resonators at a certain angle, the mir-
ror symmetry of the structure is broken. Additionally, the dy-
namic tuning of circular dichroism effect can be realized by ad-
justing the conductivity of VO, by pump. When VO, is gradu-
ally changed from an insulating state to a metallic state with the
increase of conductivity, the metasurface could be switched be-
tween the “ON” and “OFF” modes of chiralities.**) As shown
in Figure 4a, Kobachi et al. proposed a dynamic reflective meta-
surface based on a phase transition of vanadium dioxide that
induces the necessary structural transformation of the metallic
patterns. Figure 4b depicts that the dynamic helicity inversion
is at 0.90 THz with a conversion efficiency of over 80%./%] Ly
et al. investigated the versatile polarization manipulation in a
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Figure 4. Polarization conversion based on pump manipulation. a) Reflective terahertz metasurface based on the phase-change of vanadium dioxide
with b) switchable helicity conversion efficiency a,b) Reproduced with permission.[%3] Copyright 2021, John Wiley and Sons. c) Vanadium dioxide ter-
ahertz metamaterials for versatile polarization manipulation. Reproduced with permission.[®6] Copyright 2022, OSA. d) Dual-layer tunable terahertz
chiral device. Reproduced with permission.[®] Copyright 2023, OSA. e) Dynamic polarization conversion based on hybrid magneto-optical metasurface.
Reproduced with permission.[®8] Copyright 2021, John Wiley and Sons. f) Broadband switchable chiral metasurface consisting of polyimide, gold, and

graphene. Reproduced with permission.[] Copyright 2023, IOP Publishing.

vanadium dioxide terahertz metamaterial, as shown in Figure 4c.
The phase change of vanadium dioxide enables flexible switch-
ing between dual-band asymmetric transmission and dual-band
reflective half-wave plate. This switchable polarization metama-
terial could advance multichannel polarization detection.[®¢]
Apart from vanadium dioxide, materials such as graphene,
liquid crystals, and InSb can also achieve dynamic polarization
conversion. As shown in Figure 4d, Jiang et al. demonstrated
a dynamic terahertz chiral device based on a composite struc-
ture of anisotropic liquid crystals sandwiched between a bilayer
metasurface. The device supports symmetric and antisymmetric
modes under the incidence of left-circularly and right-circularly
polarized waves, respectively. The varying coupling strength of
the two modes responds the chiralities of the device. Due to the
anisotropy of the liquid crystals, changing the coupling strength
of the modes can bring tunability to the chiral device.l®”] Fan et al.
designed a scheme for dynamic terahertz anisotropy and chiral-
ity manipulations based on the hybrid magneto-optical metasur-
face with transversely magnetized InSb. The study revealed a spe-
cial transverse photonic spin state in the InSb and a transverse-
longitudinal spin coupling effect in the hybrid magneto-optical
metasurface in Figure 4e. This hybrid magneto-optical metasur-
face achieves a polarization conversion rate of near 100% and an
induced intrinsic chirality of over 15 dB, leading to some intrigu-
ing applications like polarization imaging, chiral spectroscopy,
and chiral sensing.[®] As shown in Figure 4f, Luo et al. achieved
the broadband switchable device in the terahertz band, by varying
the graphene Fermi energy of a graphene-metal metasurface. The
reflective metasurface can be switched between the function of
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half-wave plate with polarization conversion ratio exceeding 0.97
over a wide band ranging from 0.7 to 1.3 THz, and the function
of quarter-wave plate with ellipticity above 0.92 over 0.78 THz —
1.33 THz. The shared bandwidth reaches up to 0.52 THz with a
relative bandwidth as high as 50%.(]

In addition, exceptional points (EPs) are singularities of non-
Hermitian Hamiltonians used to characterize systems with open
boundaries enabling energy exchange with environment or mate-
rial gain or loss. These points are sensitive to perturbations in the
system and can be utilized for polarization detection. For exam-
ple, Li et al. took graphene as an alternative to metal for antennas
to investigate EPs in polarization space. They demonstrated that
EPs always emerge in pairs within the terahertz band by tuning
the geometric parameters and incident wavelengths. As a result,
the chirality of two EPs is completely opposite related to left cir-
cular polarization or right circular polarization output, and could
be altered by adjusting the incident direction and displacements
of two graphene strips along horizontal and vertical directions.!””!
Another example involved adjusting the external voltage to tune
the Fermi level of the Dirac semimetal, enabling the transition-
ing from the PT symmetry phase to the PT symmetry-breaking
phase. Yang et al. designed a tunable metasurface with bulk Dirac
semimetal for dynamic polarization manipulation, which could
be applied for polarization detection, manipulation, and ultrasen-
sitive sensing.!”!]

Moreover, metasurfaces could exhibit polarization-selective
absorption for incident terahertz waves with different polar-
ization states due to the broken symmetry in the x-direction
and y-direction of planar structure. Hu et al. fabricated
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Figure 5. Polarization-selective absorption. a) Structure and spectra of terahertz metamaterial absorber with polarization dependence. Reproduced with
permission.[72] Copyright 2014, Elsevier. b) Terahertz chiral metasurface with c) polarization-selective absorption. b,c) Reproduced with permission.[73]
Copyright 2022, The Authors, published by MDPI. d) Circular metallic structure without a square and dual-band absorption based on polarization an-
gles. Reproduced with permission.I”*] Copyright 2024, John Wiley and Sons. e) Polarization-dependent transmission and absorption metasurfaces.
Reproduced with permission.[’”] Copyright 2023, MDPI. f) Terahertz dichroic device with g) circular dichroism and h) tunable linear dichroism.

f-h) Reproduced with permission.l”®! Copyright 2023, Elsevier.

a polarization-dependent terahertz metamaterial absorber, as
shown in Figure 5a. The absorptivity for x-polarized wave is 0.9
at 1.42 THz, and for y-polarized wave is ~0.87 at 2.15 THz. It has
potential applications based on the metamaterial absorber, such
as terahertz polarization imaging, sensing, and detection.l”?] As
shown in Figure 5b, Zhang et al. proposed a triple-band tera-
hertz chiral metasurface. Figure 5c illustrates the absorption for
left circular polarization or right circular polarization in three
distinct frequency bands.!”?! Teber designed a dual-band tera-
hertz absorber metasurface structure, which consists of a metal-
lic base plane, a dielectric layer on this plane, and a circular
metallic without a square. Figure 5d demonstrates the absorp-
tion spectra of the metasurface structure based on the polariza-
tion angle.[”! Yang et al. proposed polarization-dependent meta-
surfaces in Figure Se, which allows two types of polarization
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information to be obtained simultaneously in a single beam
of light. Meanwhile, the circular polarization-dependent struc-
ture has a transmission extinction ratio of 8.1 dB and an ab-
sorption extinction ratio of 4.66 dB at 2.8 THz.[”>] Furthermore,
Chen et al. proposed a terahertz dichroic device based on a pat-
terned graphene layer and a gold layer, as shown in Figure Sf.
Figure 5g depicts that the proposed device can achieve maxi-
mum circular dichroism values of 0.866 at 1.09 THz and —0.614
at 1.76 THz, and maximum linear dichroism values of 0.779
at 0.51 THz and —0.633 at 0.76 THz. The dichroism of the de-
vice can be controlled through multiple dimensions, such as the
Fermi level of graphene, as shown in Figure 5h.’®) These works
of polarization-selective absorption are beneficial for the devel-
opment of high-resolution terahertz polarization imaging and
detection.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 6. Polarization-selective focusing. a) Reflective terahertz metalens with four focal points. Reproduced with permission.[””] Copyright 2020, OSA.
b) Multifocal metalens with four focal points. Reproduced with permission.l”8] Copyright 2024, Elsevier. c) Polarimeter for detecting the incident angle
and polarization state of incident light. Reproduced with permission.[”® Copyright 2020, John Wiley and Sons. d) Metalens with two orthogonally
polarized point sources. Reproduced with permission.[8] Copyright 2021, MDPI. ) The three sub-lattices structure of metasurface polarimeter f) to

focus terahertz waves into six focal points polarization-selectively. e,f) Reproduced with permission.[81 Copyright 2022, OSA.

4. Spatially-Distributed Polarization-Selective
Manipulation and Detection

Compared with the methods of spatially-uniform polarization,
the spatially-distributed polarization-selective methods can also
achieve manipulation and detection of polarization. For exam-
ple, the polarization-selective focusing method based on the PB
phase can be utilized to selectively focus incident waves on spe-
cific focal points according to their polarization states. The en-
coding technique with a decoupling effect imparts phase pro-
files with off-axis bifocal characteristics to various polarization
states, respectively. By extracting the complex amplitude infor-
mation at different positions on the pixelated focal plane, the key
parameters of the full Stokes matrix as well as the polarization
states can be reconstructed continuously. As shown in Figure 6a,
Wang et al. proposed a reflective terahertz metalens for polar-
ization detection with four focal points. The polarization states
include left circular polarization, right circular polarization, and
two kinds of elliptical polarization. By measuring the intensities
of four focal points, the handedness, ellipticity, and major axis of
the polarization state can be determined. This capability is attrac-
tive for applications in terahertz polarization detection.”””! With
a similar design of reflective metalens with four focal points,
Jiang et al. demonstrated multifocal metalens controlled by cir-
cular polarization multiplexing, as shown in Figure 6b. Under
normal incidence of linearly polarized light, a metalens gener-
ates two points for left-circularly polarized light conversion and
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two points for right-circularly polarized light conversion.l”8! As
for transmissive metalens, Zhang et al. demonstrated a new type
of polarimeter for detecting the incident angle and polarization
state of incident light simultaneously, as shown in Figure 6c.
The polarimeter with 2 X 3 subarrays can control the polariza-
tion and phase of light and achieve polarization detection us-
ing modified Stokes parameters.”! Moreover, Zhou et al. pro-
posed the terahertz spherical aberration-corrected metalens to
achieve polarization-multiplexed imaging. Figure 6d depicts the
schematic of the spherical aberration-corrected metalens, where
two orthogonal polarization point sources are imaged at different
longitudinal and transverse positions. This work for terahertz po-
larization imaging introduces a novel approach to achieving mul-
tifunctional beam steering, tomographic imaging, and chiropti-
cal detection.®) Nowack et al. designed a metasurface polarime-
ter with three triangular sub-lattices in Figure 6e to focus tera-
hertz waves into six focal points polarization-selectively, as shown
in Figure 6f. The maximum average measurement accuracy of
multiple measurements is 92.1%.!81]

In addition, Li et al. demonstrated a new scheme for efficiently
realizing miniaturized polarization detection based on the po-
larization multiplexing encoding technique. The full Stokes pa-
rameter matrix of the incident polarization state can be recon-
structed in a single snapshot by recording the complex amplitude
information contained in a pre-designed plane. This work offers
a potential photonic meta-platform for polarization detection.!®2]
Zhang et al. directly applied the concept of phase discontinuities
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to surface wave launching with metasurfaces, which is sensitive
to both the incident polarization and the surface wave disper-
sion. The polarization state could be decoded by extracting the
amplitude and phase information of the surface waves in both
directions representing the left circular polarization and the left
circular polarization components. This property of polarization-
switchable wavefront shaping could realize the functions of po-
larization detection and sensing.®3] Therefore, by using metal-
enses and other artificial structures to focus polarized terahertz
waves onto different points of the focal plane, it is possible to
extract complex amplitude information at various points and re-
construct the parameters of the full Stokes matrix. These spatially
polarization-selective methods can obtain the full Stokes polar-
ization parameters and the specific polarization states of the in-
cident terahertz wave. It is significant for terahertz polarization
manipulation and detection, which can be applied in polarization
imaging, chiral sensing, and non-destructive evaluation in tera-
hertz band.

Another spatially-distributed polarization-selective scheme for
polarization manipulation and detection relies on the generat-
ing vortex beams through metasurfaces. It is based on the inde-
pendent control of left-handed and right-handed circularly polar-
ized terahertz waves. Through the modal analysis of the transmit-
ted fields modulated by metasurfaces, the parameters describing
the incident polarization states could be obtained. Subsequently,
the incident polarization states could be reconstructed using
the full-Stokes parameters. For example, Min et al. proposed a
notched concave metasurface to generate multifunctional vor-
tex beams like four vortex beams, focusing vortex beams, de-
viation focusing vortex beams, and multi-beam vortex beams.
Each vortex beam corresponds to various polarization states.[3]
As shown in Figure 7a, Jiang et al. proposed a metallic waveguide
array to determine the polarization state by measuring both the
phase difference and amplitude ratio of its two orthogonal com-
ponents, which is based on the generation and interference of
polarization-multiplexing vortex beams. When a fully polarized
terahertz wave passes through the waveguide array, its two or-
thogonal components will be converted into +1%- and —1%"-order
Bessel vortex beams. The phase difference and amplitude ratio
of these beams are related to the polarization state of the inci-
dent waves.[®! Xu et al. proposed all-silicon quasi-periodic ar-
rays based on polarization multiplexing technology, which can be
used for detecting arbitrary incident linear polarization states. By
embedding independent helical phase profiles in two orthogonal
linear polarization channels, the generated interference spot at
the pre-designed focal plane is resolvable to determine the inci-
dent polarization state in the polarized direction.*®] As shown in
Figure 7b, Zheng et al. demonstrated a terahertz polarization de-
tection scheme by using the reconstructed complete polarization
parameters of the transmitted vortex field. The detected polar-
ization states of linear polarizations, circular polarizations, and
elliptical polarization are characterized by polarization ellipses,
Poincaré sphere, and full Stokes parameters./®”] Then they es-
tablished a connection between the generated longitudinally po-
larized vortex and the polarization parameters of the incident
field by finely designing a phase profile of the all-silicon meta-
surface. The polarization detection based on the mode analysis
of transmitted longitudinally polarized vortex field is depicted in
Figure 7c.[88]
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Therefore, the polarization detection based on vector beams
provides a potential platform to determine the polarization state
of terahertz waves. It is significant for accelerating the practical
applications of terahertz waves in polarization detection, mul-
tiplexing communication, and chiral sensing. Li et al. achieved
the reconstruction of the full Stokes parameter matrix in the
terahertz band by establishing an all-silicon decoupled metasur-
face based on the polarization multiplexing encoding technique.
Figure 7d illustrates the working principle of the decoupled meta-
surface with central focusing characteristics. This scheme offers
opportunities for ultra-compact, high-resolution full-Stokes po-
larization imaging.[®#*) Moreover, combining off-axis dual-focus
and vector vortex beams, Tian et al. proposed a novel method to
provide potential solutions for miniaturized polarization detec-
tion. The ellipticity and handedness of incident terahertz waves
can be determined by the electric field intensity ratio of the two
off-axis focused spots. Additionally, the major axis direction of
linear polarization waves can be determined by extracting the az-
imuth of the vector vortex beams.® In order to realize the tun-
able polarization conversion, Li et al. constructed a terahertz ro-
tated metalens, as shown in Figure 7e. By rotating the metalens
at a certain angle to control the conversion of multi-polarization
states, the incident linear polarized terahertz waves can be con-
verted to three polarization states, i.e., linear polarization with-
out conversion, LCP and RCP. This multi-functional metalens is
expected to be used in the advanced terahertz camera for polar-
ization imaging.[®!l In summary, the polarization-selective focus
and constructing vector beam offer effective methods to achieve
the spatially polarization-selective manipulation and detection
for terahertz waves.

5. Applications

5.1. Enhanced Sensing by Terahertz Polarizer

As mentioned previously, metasurfaces have demonstrated a sig-
nificant localized resonance and field enhancement, leading to a
notable improvement in sensing capabilities. The effectiveness
of localized resonance sensing primarily hinges on monitoring
changes in intensity spectrum and frequency shift of the res-
onance peak within the THz spectra. Recent studies have in-
vestigated THz chiral sensing enhanced by metasurfaces, utiliz-
ing the polarization conversion and selection properties of chiral
metasurfaces.®>*] Polarization sensing exhibits higher quality
(Q) factor and figure of merit (FoM) compared with conventional
THz transmission resonance sensing.[®’! This approach could
obtain richer sensing information and better sensitivity, and has
been widely used in the field of THz sensing.

For example, Liu et al. employed a polarization-dependent
metasurface to investigate the inhibition effects of aspirin on
cell proliferation through THz polarization sensing,[* as shown
in Figure 8a,b. The study presented a significant enhancement
in the Q factor and FoM of polarization sensing, which are 4
to 5 times higher than that in traditional resonant sensing. The
minimum cell concentration obtained by resonance sensing
was 5.88 X 10* cells mL~!, while polarization sensing achieved
comparable results with a substantially reduced concentration
of 3.0 x 10° cells mL~!. This observation shows the promising
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Figure 7. Constructing vector beam. a) A schematic for determining the polarization state based on metallic waveguide arrays. Reproduced with
permission.[33] Copyright 2023, John Wiley and Sons. b) A terahertz polarization-parameters reconstruction scheme by transmitted vortex field. Repro-
duced with permission.[8”] Copyright 2023, OSA. c) A metasurface for mode analysis of transmitted longitudinally polarized vortex fields. Reproduced
with permission.[88] Copyright 2024, Elsevier. d) A central focusing scheme to construct vector beams based on the decoupled metasurface. Repro-
duced with permission.[3%] Copyright 2023, John Wiley and Sons. e) Terahertz rotated tunable metalens for multifunctional polarization conversion and
focusing. Reproduced with permission.l®l Copyright 2022, Opto-Electronic Advances.
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Figure 8. Polarization-enhanced sensing. a,b) Measurement of cell proliferation under aspirin inhibition with a) the geometric structure of unit cell of
the metasurface and b) transmissive wave polarization information of B16 including polarization ellipticity spectra (left) and polarization rotation angle
spectra (right). a,b) Reproduced with permission.[®®] Copyright 2020, OSA. c,d) Quantitative detection between different lactose concentrations with
c) the micrograph of the flexible metasurface sensor and d) experimental polarization ellipticity (PEA) and the polarization rotation angle (PRA) of THz
flexible metasurface sensing attached with lactose-polyvinyl alcohol films of different concentrations. c,d) Reproduced with permission.[>’] Copyright
2022, Elsevier. e,f) Hybrid resonator-graphene metasurface with a refractive index distinguish sensitivity can reach 1074 GHz/RIU. e) The schematic
view and the geometric dimensions of the meta-atom as well as the detailed layered structures and f) the relationship between analyte thickness and

sensitivity. e,f) Reproduced with permission.[%8] Copyright 2023, OSA.

potential of THz polarization sensing in biological investi-
gations. However, THz polarization sensing faces challenges
related to strong absorption, particularly in aqueous solutions.
Zhong et al. proposed an ultra-thin flexible metasurface sensor
via THz polarization sensing,’’] as shown in Figure 8c. The
metasurface localized and enhanced THz waves and exhibited
minimal absorption due to its extremely thin profile, which
improved the sensing sensitivity. Figure 8d illustrates the po-
larization ellipticity (PEA) and the polarization rotation angle
(PRA) of the output light corresponding to varying concen-
trations of lactose. Compared with the blank metasurface, the
shape of the lines changed regularly with the increase of lactose
concentration, which is different from the resonant sensing.
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The study indicates that minute quantities of lactose as low as
35 pg on the metasurface can be detected, with a sensitivity
reaching 1.43 GHz/(ug cm™2) or 0.57°/(ug cm™2), surpassing the
sensitivity of resonance sensors by 1.5 times. Graphene metasur-
faces have demonstrated significant effectiveness in generating
localized resonance and field enhancement. Hao et al. proposed
a precise refractive index sensing capabilities achieved through
dynamically modulated Fano resonances of circularly polarized
waves utilizing a hybrid resonator-graphene metasurface,®®! as
shown in Figure 8e. By adjusting the Fermi level of graphene,
the metasurface successfully achieved high-precision detection
across a refractive index range of 1-1.6. Furthermore, Figure 8f
represents that a refractive index distinguish capability of
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1/10 000 can be attained with the polarization extinction ratio
below —50 dB, while the sensitivity could reach 1074 GHz/RIU.

5.2. Biochemical Substances with THz Polarization Detection

The THz polarization sensing techniques and metamaterial sen-
sors have emerged as a potential approach to THz biochemi-
cal sensing, offering better sensitivity, accuracy, and comprehen-
sive insights into the anisotropy and chirality of samples. For
example, the circular polarization spectra of chiral isomers dis-
play distinct fingerprint features that are specific to each isomer.
Through the analysis of the circular polarization spectrum of a
chiral isomer, researchers can obtain precise details regarding its
chemical composition and distinguish it from other isomers.[*!
In addition to chiral isomer identification, THz polarization sens-
ing methods have been employed in diverse fields such as physic-
ochemical processes of a protein, cell biology, and virus detection.
These methods present significant benefits in various fields of
biochemical sensing.[*]

Amin et al. presented a technique to distinguish three viruses
that possess comparable optical properties by employing a
graphene plasmonic metasurface combined with polarization
sensing.1°!l The chiral unit cell with a split-ring configuration
is adopted which consists of two L-shaped graphene elements
of slightly different dimensions, as shown in Figure 9a. The
graphene-based plasmonic metasurface constructed with chiral
unit cells exhibits significant near-field enhancement, thus in-
ducing a sharp variation in the phase discrepancy between the
electric field vector components. This results in a swift transition
of the reflected THz polarization states from left-handed to right-
handed ones. The polarization states of three different strains of
influenza viruses HIN1, H5N2, and HIN2 are shown at two res-
onant frequencies 1.364 and 1.717 THz in Figure 9b. Each virus
can be uniquely traced by linearly polarized, left-handed or right-
handed elliptically polarized reflection. In 2021, Chang’s group
introduced a new THz sensing method based on THz reflective
time-domain polarization spectroscopy (RTDPS) system and a
chiral metasurface sensor.'®?! Figure 9c shows the structure pa-
rameters and the micrograph of the fabricated metasurface, the
single-layer spiral metasurface can exhibit strong chirality, lead-
ing to the strong capabilities of polarization conversion and chiral
selectivity for THz waves. As shown in Figure 9d, the structural
formulas of D- and L-proline are similar. However, it can be seen
from the ellipses that the output polarization states of D- and L-
proline, especially in the polarization rotating angle, have a great
difference at the same concentration and frequency.

In another work, they developed a versatile twisted dual-layer
metasurface sensor to identify protein concentrations.'®] The
peak value and difference of the circularly polarized spectrum
as the denaturation degree of the bovine serum albumin (BSA),
the whey protein (WP), and the ovalbumin (OVA) protein solu-
tions increase from 0% to 100%. The circularly polarized spec-
tra of the three proteins exhibit distinct characteristics during
thermal denaturation due to their unique molecular structures.
Moreover, Shi et al. proposed a THz phase shift sensing method
based on a polarization-dependent electromagnetically induced
transparency (EIT) metasurface, which was performed for amino
acid enantiomers detection.['"] Figure 9e shows the schematic
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of the metasurface consisting of double-ring arrays. Based on
the isoelectric point theory, an amino acid will carry a positive
charge when its isoelectric point exceeds the pH of the solvent.
In the case of Arg, with an isoelectric point of 10.7, it is posi-
tively charged and is different from other amino acids such as
Pro, Cys, and Ala. Therefore, Arg is uniquely capable of attach-
ing to the functionalized metasurface via electrostatic adsorption,
and Figure 9f reveals that the frequency shift for Arg at concen-
trations of 10 and 40 mg ml~! are both highest compared with
Cys, Ala and Pro, allowing for the distinction between Arg and
the other three amino acids. For Lactic acid (LA) detection, Yang
et al. reported a method for the identification of chiral LA enan-
tiomers (D-LA and L-LA).'®] This method employs an achiral
THz EIT metasurface to measure the chiral enantiomers present
in LA samples. The chiral parameters can be extracted from the
circular polarization transmission coefficients. Notably, the sen-
sor spectra of LAs with different chirality exhibit a consistent red-
shift as the concentration increases, while the resonant frequency
and the concentration dependency are different among different
types of LAs.

The above studies both used the THz polarization sensing
method to distinguish the non-chiral biochemical substances.
It can be seen that the optical response of the biochemi-
cal substances can be enhanced by chiral metamaterials, en-
abling recognition with a high accuracy due to the rich spectral
information.[1%1%7] THz polarization detection is advantageous
in high sensitivity and rich detection dimensions, providing wide
applications compared with traditional sensing methods

5.3. Information Encryption and Multi-Channel Imaging

With advancements in material science and fabrication tech-
nology, metasurfaces are becoming increasingly practical and
versatile. These devices now can simultaneously modulate the
amplitude,'%! phase,1® and polarization of incident waves, al-
lowing for the generation and manipulation of vectorial optical
fields.!''% Moreover, metasurfaces can flexibly manipulate po-
larization to ensure their efficient functionality. Anisotropic di-
electric metasurfaces exhibit distinct effective refractive indexes
along two birefringent principal axes, enabling improved con-
trol over polarization states. By adjusting geometric parameters
along these axes and rotating the entire structure, it is pos-
sible to modulate the phase of the transmitted wave, thereby
altering the polarization. Various applications such as special-
ized vectorial beams,!’!] polarization-sensitive metalenses, 112!
and holograms!'!3! have been successfully developed using such
metasurfaces, demonstrating their potentials for creating multi-
channel functional devices.

For instance, Gao et al. proposed a reconfigurable chiral meta-
surface utilizing the phase transition properties of VO,, capable
of modulating circular dichroism (CD).["'] Figure 10a depicts the
structural diagram of the meta-atom with incorporated VO,. The
two narrow-band CD resonances significantly broaden when the
phase of VO, transitions from insulating to metallic, as shown
in Figure 10b. By employing the inherent chiral mechanism in
the metasurface, the spin-selective absorption effect of the cir-
cularly polarized wave is precisely reversed by mirroring the
original meta-atom. This adjustable characteristic introduces an
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Figure 9. Polarization-specific detection. a) The chiral biosensor is constructed by a diagonally-symmetrical unit cell which consists of a graphene
split ring designed with two L-shaped resonators, and the linearly polarized incident light is reflected as elliptically polarized light. b) The polarization
states of the three strains of virus at two resonant frequencies 1.364 THz and 1.717 THz. Reproduced with permission.[®!] Copyright 2021, Elsevier.
¢,d) Qualitative discrimination D- and L-enantiomers with c) geometry and dimensions of the chiral spiral metasurface and d) the structural formulas of
D- and L-proline and the polarization ellipses of output THz waves of D- and L-proline at the concentration of 0.6 and 0.3 g mL~" at 0.55 THz., respectively.
Reproduced with permission.['%] Copyright 2021, Elsevier. e) Schematic of the metasurface consisting of double-ring arrays. f) The frequency shifts with

the concentrations of 10 and 40 mg ml~", respectively. e,f) Reproduced with permission.['9"] Copyright 2023, OSA.

additional level of intricacy and utility to the metasurface.
Figure 10c shows the designed “C” pattern, which is arranged in
two areas inside and outside the metasurface array by two differ-
ent types of metasurface unit structures. The “C” part is arranged
with the units high reflection, and the rest of part is arranged
with units of low reflection. This characteristic enables the near-
field imaging of the character “C” (Figure 10d). The proposed chi-
ral metasurface has the potential for polarization-sensitive imag-
ing. As shown in Figure 10e, Zhao et al. presented a novel tri-
layer metallic THz metasurface for multi-channel polarization
generation and phase modulation.!'"] The metasurface consists
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of three distinct layers, each serving different purpose. The top
and bottom layers are composed of orthogonal metagrating ar-
rays, serving as precision polarization filters. This allows for dy-
namic control over the polarization states of the THz wave, offer-
ing unprecedented flexibility and control. The middle layer of the
metasurface comprises a C-shaped antenna array, the opening
angle of which is meticulously adjusted to modulate the phase
of the transmitted THz wave. This phase modulation capabil-
ity is crucial for beamforming and holography. Figure 10f shows
the designed THz vectorial hologram metasurface with channels
C1 to C8, and the phase modulations of C1 to C8 are designed
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Figure 10. Polarization near-field imaging. a) The unit structure diagram of the reconfigurable chiral metasurface. b) The CD spectra with VO, in the
insulating (left) and metallic state (right). c) The designed “C” pattern is arranged in two areas inside and outside the metasurface array by two different
types of metasurface unit structures. d) The image of reflected electric field at the observation plane 20 um away from the metasurface. a—d) Reproduced
with permission.['] Copyright 2023, Elsevier. e) The schematic of the designed tri-layer unit cell and top view of the middle layer of the unit. f) The
designed THz vectorial hologram metasurface with channels C1 to C8. g) The amplitude distribution of a hologram without polarization selection and
h) the amplitude distributions when an image is hidden in channel C1 with the detected polarization chosen as 67.5°. e-h) Reproduced with

permission.l3] Copyright 2023, Opto-Electronic Advances.

to generate holograms of numbers 1 to 8 using the simulated
annealing algorithm based on the Rayleigh—Sommerfeld diffrac-
tion theory. The image was measured without polarization selec-
tion and the images 1-8 in all channels C1 to C8 could be dis-
tinguished clearly with almost the same amplitude, as shown
in Figure 10g. Figure 10h shows the result when the images
of C1 are hidden with a specific linear polarization for detec-
tion, while the images in other channels can still be observed
with different amplitudes. This feature offers enhanced security
for information encoded in holograms, holding immense po-
tential for future THz communication and information security
applications.
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In addition, Li et al. proposed a single-layer diatomic all-
dielectric metasurface working in the terahertz band,!'*®) which
can efficiently demonstrate an ability to perform bi-functional po-
larization switching. This unique meta-platform is constructed
from a pair of anisotropic silicon pillars, each with meticulously
optimized lateral dimensions and in-plane twist angles. The key
aspect of this design is the ability to tailor the transmitted polar-
ization states by arranging and combining the in-plane twist an-
gles of half-wave plates (HWP) and quarter-wave plates (QWP).
Additionally, the near-field imaging platform, an essential part of
many optical systems, can be significantly improved by utilizing
this diatomic design approach. The dual-functional polarization

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85UBD1 7 SUOLILIOD BAIERID 3|00l [dde 3y} Aq pauRA0S 8Je S3[oe YO ‘SN 0 S3INJ 0} ARIq1T 8UIIUO A1/ UO (SUO3IPUCD-PUB-SLULBYW0D A8 | WA RRJq 1 BU1|UO//:SARY) SUORIPUOD PUe SWie 1 843 83S *[7202/TT/20] U0 A%iqiT aulluo A8 |1M ‘00T00Y20Z 1Xde/z00T 0T/10p/wod A8 M AReiqjauljuo//Sdny Woy papeojumod ‘0 ‘002TTS.E


http://www.advancedsciencenews.com
http://www.advphysicsres.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fapxr.202400100&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

conversion capability introduces a new opportunity in the field of
integrated meta-optical engineering.

The aforementioned studies are about the THz polarization
metasurfaces for near-field imaging and generating holograms
and their applications in information encryption and multi-
channel imaging. Compared with traditional THz polarization
optical elements such as waveplates and polarizers which rely-
ing on anisotropic crystal materials, metasurface polarization op-
tical elements can manipulate the phase or amplitude of THz
waves of different polarization by the well-designed micro- and
nano-structures. Consequently, they possess more precise and
flexible characteristics, allowing for pixelated encoding of the po-
larization states of THz waves at the subwavelength scale. THz
metasurfaces manipulating polarization information may find
tremendous applications in the fields of information encryption,
multi-channel imaging, and display.

6. Conclusion and Outlook

Terahertz waves possess abundant spectral information, high
penetration and non-destructive testing capabilities. The polar-
ization analysis of terahertz waves holds significant potential
for various applications such as material recognition, medical
imaging, and security screening. Hence, the investigation and
advancement of polarization detection technology for terahertz
waves have emerged as a prominent area of research interest.
New methods for processing and detecting polarization infor-
mation are required to tackle the challenges of rising system
miniaturization and the rapid increase in data volume. The full
Stokes polarization detection provides a comprehensive charac-
terization of the polarization state of the THz, which can re-
veal subtle material properties and interactions surpassing linear
polarization state characterization. Although commercially avail-
able terahertz sources typically emit only linearly polarized light,
the chiral THz wave and its arbitrary polarization manipulation
have been realized.[''”] It is significant to detect the polarization
states of the generated terahertz waves for device design and op-
timization. In recent years, metasurfaces have demonstrated un-
precedented capabilities in manipulating light propagation, pro-
viding unconventional methods for developing ultra-thin, ultra-
flat, compact optical devices for polarization detection. In this re-
view, we introduce the basic principles of polarization and the
description of polarization states, including the electric vector
representation of polarized light, Jones vector, Stokes vector, and
Poincaré sphere. Through reviewing the research on polarization
manipulation based on terahertz metasurfaces, we summarized
the latest progress in utilizing terahertz metasurfaces to control
and modulate the polarization state of terahertz waves, as well
as in detecting polarization information. Finally, we introduced
the application achievements of terahertz metasurfaces in the
fields of polarization detection and imaging, including enhanced
sensing, biochemical substance detection, information encryp-
tion, and multi-channel imaging. Polarized imaging provides a
method of measuring and detecting the polarization informa-
tion through an imaging process. These developments represent
notable progress in addressing conventional constraints in po-
larization detection and imaging, offering an effective path for
improving the integration and accuracy of polarization detection
systems.
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Although some exciting progress has been made in the re-
search of polarization detection technology based on terahertz
metasurfaces, challenges still exist in areas such as metasur-
face fabrication technology and optoelectronic integration. Uti-
lizing dynamically tunable materials with optical properties to
create terahertz metasurfaces is a highly promising technology,
enabling dynamic control of polarization devices. The key to this
technology lies in selecting appropriate structures and materi-
als (such as thermal control, electrical control, etc.), and design-
ing mechanisms capable of achieving dynamic control. Dynamic
polarization metasurfaces play important roles in fields such as
communication, imaging, and sensing. For example, in the field
of communication, adaptive polarization control can be achieved
using dynamically tunable polarization metasurfaces to enhance
the stability and reliability of signal transmission; in imaging,
real-time adjustable polarization characteristics of optical devices
can improve imaging quality and resolution; in sensing, polar-
ization metasurfaces can be used for highly sensitive detection
of the polarization state of light, enabling more precise sensing
applications. On the other hand, the development of informa-
tion technology and digital technology are mutually reinforcing,
which also applies to the design of terahertz polarizers. Digital
technology has advantages in programmable signal processing,
control, and communication, providing more flexible and precise
control and adjustment of terahertz metasurfaces. In addition,
digital design can also simplify the manufacturing process of ter-
ahertz metasurfaces and reduce costs. The design of polarized
terahertz metasurface devices also needs to consider how to be
applied to digital information systems, which have increasing de-
mands for high-speed, high-precision data processing and trans-
mission in fields such as communication, imaging, and sensing.
The designed polarized devices need to be seamlessly integrated
with digital information systems to achieve more efficient and re-
liable data processing and transmission. By combining polarized
devices with digital signal processors, optoelectronic converters,
and other digital components, a powerful polarized information
processing system can be constructed to meet the needs of digital
information systems.

Overall, terahertz metasurfaces have great potentials for ad-
vanced polarization manipulation and detection. With the contin-
uous advancement of technology and increasing application de-
mands, we believe terahertz metasurfaces will play increasingly
important roles in the future, bringing more opportunities for
innovation and development in high-bandwidth communication
and next-generation communication technology.
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