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Abstract
Terahertz (THz) science and technology have attracted significant attention based on their unique applications in
non-destructive imaging, communications, spectroscopic detection, and sensing. However, traditional THz devices
must be sufficiently thick to realise the desired wave-manipulating functions, which has hindered the development
of THz integrated systems and applications. Metasurfaces, which are two-dimensional metamaterials consisting of
predesigned meta-atoms, can accurately tailor the amplitudes, phases, and polarisations of electromagnetic waves
at subwavelength resolutions, meaning they can provide a flexible platform for designing ultra-compact and highperformance THz components. This review focuses on recent advancements in metasurfaces for the wavefront
manipulation of THz waves, including the planar metalens, holograms, arbitrary polarisation control, special beam
generation, and active metasurface devices. Such ultra-compact devices with unique functionality make
metasurface devices very attractive for applications such as imaging, encryption, information modulation, and THz
communications. This progress report aims to highlight some novel approaches for designing ultra-compact THz
devices and broaden the applications of metasurfaces in THz science.

Introduction
The electromagnetic (EM) spectrum between the
microwave and far-infrared regions, which is known as the
terahertz (THz) frequency band (0.1-30 THz), is a spectral
window that can facilitate rich scientific development1. It is
well known that technological advances related to THz
waves are not only driven by high-efficiency sources and
detectors, but also decided by a variety of high-quality
functional devices. Such devices (e.g., waveplates, beam
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splitters, convex/concave lenses, attenuators, and reflectors)
are applied to modulate THz wavefronts, which play an
important role in the application of THz waves. Currently,
most of these devices are fabricated from high-density
polyethylene, polytetrafluoroethylene, polymethylpentene,
silicon, quartz, etc. When THz waves pass through
functional devices made from such materials, their
wavefronts will be deflected by gradual phase retardation
inside predesigned media. However, such materials suffer
from limited refractive indexes that are determined by
permittivity and permeability within a narrow variation
range. Therefore, traditional functional devices are bulky
and must be sufficiently thick to generate propagation
phase accumulation to realise the desired wave-manipulating functionality. Although THz waves have many
promising applications ranging from biomedical and
medical examinations, imaging, and environment
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monitoring to wireless communications2–5, existing
limitations significantly hinder their application to the
development of next-generation integrated/smart THz
systems.
Metamaterials, which are artificial electromagnetic
media consisting of periodic subwavelength microstructures, enable the functionality of modulating EM waves
with tailored properties because their microstructures can
be tuned with arbitrary values of electric permittivity and
magnetic permeability. The major appeal of metamaterials
lies in their ability to exhibit unprecedented EM properties
that are impossible to achieve using naturally occurring
materials. Such properties facilitate the fabrication of lefthanded materials and negative-refractive-index materials6,7.
Previous works have demonstrated that metamaterials can
be widely applied to the realisation of superlenses8, EM
cloaks9, chiral media10,11, etc. It should be noted that
metamaterials enable these unprecedented functionalities
based on subwavelength structures, rather than their
constitutive materials. In contrast, metacomposites
(random nanocomposites)12–20 exhibit unique properties
such as negative permittivity and/or permeability based on
their compositions and microstructures. Although EM
metamaterials have achieved significant success, most
metamaterial-based devices are still bulky in size and
suffer from fabrication difficulties. To overcome these
shortcomings, metasurfaces, which are the twodimensional counterparts of metamaterials, have been
developed. Metasurfaces typically consist of planar
antennas that induce predetermined EM responses. These
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antennas are made of metals or traditional high-refractiveindex dielectrics that can be easily fabricated using
standard fabrication processes. Additionally, metasurfaces
with the functionality of manipulating EM waves are
dependent on abrupt phase changes at planar antenna
interfaces, meaning the thickness of a metasurface is
typically much smaller than the incident wavelength.
Metasurfaces can locally control the wavefronts of EM
waves at subwavelength resolutions, leading to various
practical applications such as the metalens21–26,
waveplates27,28, vortex beam generators29–33, beam
steering34,35, and holograms36–40. The ultrathin nature of
metasurfaces, their ease of fabrication, and subwavelength
resolution for manipulating of EM waves make
metasurfaces ideal candidates for THz device
miniaturisation (ultra-compact THz devices) and system
integration.
In this paper, we present an overview of metasurfacebased wavefront-modulation devices in the THz region,
including the planar metalens, holograms, arbitrary
polarisation control, special beam generation, and active
metasurface devices, which are illustrated schematically in
Fig. 1. In “Principles of metasurfaces ”, the working
principles of metasurfaces for manipulating linearly
polarised (LP) and circularly polarised (CP) EM waves will
be introduced. In “Metasurfaces for focusing”, we review a
variety of planar metalenses with different functions (e.g.,
spin-selected metalens, broadband metalens, spininsensitive metalens, polarisation-controllable metalens,
and imaging). In “Metasurfaces for generating holograms”,
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Fig. 1 Schematics of metasurfaces for manipulating THz waves. The associated THz responses include focusing, holograms, polarisation modulation,
special beams and active controlling.
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recent advancements in metasurfaces for generating
holograms in the THz band will be introduced. In
“Metasurfaces for controlling polarisation ”, THz
polarisation manipulation using polarisation rotators and
polarisation convertors realised by metasurfaces will be
discussed. In “Metasurfaces for generating special beams”,
we review special beam generation based on metasurfaces.
In “Metasurfaces for actively manipulating THz waves ”,
we review THz active metasurface devices. Finally,
“Conclusions and outlook ” concludes this review and
presents perspectives on future applications in this research
field.

Principles of metasurfaces
Generally, metasurfaces in the THz region are divided
into two categories: one is associated with antenna
resonance while the other is based on the PancharatnamBerry phase (or geometric phase). The former type, which
is used for realising desired phase changes, is related to the
delicate design of the antenna geometry (e.g., V-shaped
antennas with different arm lengths and opening angles for
manipulating LP waves). The latter type is typically related
to anisotropic antennas with identical structures, but
different in-plane orientations (for manipulating CP waves).
In this section, we summarise the physical principles of
these two types of metasurfaces.
Metasurfaces for manipulating LP EM waves

Traditional methods for reshaping the wavefronts of EM
waves are dependent on various lenses (e.g., waveplates,
convex/concave lenses, and attenuators) that can generate
gradual phase accumulations along an optical path. When
EM waves propagate at an interface between two different
media, the reflection/refraction properties are governed by
Snell’s law. It can be concluded that the angle of reflection
is equal to the angle of incidence, whereas the angle of
refraction is different from the angle of incidence, but
obeys a fixed relationship. Recently, Yu et al. proposed a
novel approach41 to manipulating the wavefronts of EM
waves and breaking the constraint of the traditional Snell’s
law (actually, the concept of a metasurface can be traced
back even earlier42). By introducing an abrupt phase delay
(phase discontinuity) at the interface between two media,
the laws of reflection and refraction can be revisited
according to Fermat’s principle. As shown in Fig. 2a, if a
light beam incident from point A propagates to point B via
two paths, the light beam will pass through the interface
with a fixed phase gradient (dΦ/dx) and Snell’s law of
refraction can be written as
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λ dΦ
(1)
2π dx
where λ is the working wavelength. After introducing the
phase gradient, Snell’s law of reflection is governed as
follows:
λ dΦ
(2)
sin θr − sin θi =
2πni dx
nt sin θt − ni sin θi =

Both Eqs. 1 and 2 are defined as the generalised Snell’s
law, providing an approach to manipulate EM waves with
multiple degrees of freedom.
Realising the desired phase gradient is of great
importance because an antenna can only modulate incident
waves with a fixed phase profile. Yu et al. designed Vshaped antennas with different opening angles,
orientations, and arm lengths to modulate phase over a 2π
range (see Fig. 2b). Therefore, a phase gradient can be
obtained by introducing supercell-based structures
(see Fig. 2c) to mimic the generalised Snell’s law. As
shown in Fig. 2d, for the normal incidence of an xpolarised light beam, a beam with cross-polarisation (ypolarised light beam) is transmitted through the interface.
Planar V-shaped antenna structures that can flexibly
manipulate the wavefronts of EM waves are defined as
metasurfaces. In addition to V-shaped metasurfaces, other
types of metasurfaces consisting of C-shaped SRRs (see
Fig. 2e), cross-shaped SRRs (see Fig. 2f), and U-shaped
SRRs with different sizes and shapes have also been
proposed to control the wavefronts of LP EM waves43–48.
Despite significant progress in terms of realising the
generalised Snell’s law, the aforementioned metasurfaces
suffer from low conversion efficiency, which is defined as
the ratio between the power with cross-polarisation and the
incident power. One approach to enhancing conversion
efficiency is to design multilayered metasurfaces49–54. As
shown in Fig. 2g, a multilayered structure consists of twolayered orthogonal metal gratings and a single-layer
metasurface. The conversion efficiency is greater than 60%
at an anomalous refraction angle of 24° based on
interference between multiple polarisation couplings in the
Fabry-Pérot-like cavity (see Fig. 2h). In addition to
multilayered metal-based metasurfaces, metasurfaces
consisting of dielectric rods with different sizes and shapes
can also enable high conversion efficiency. The
mechanisms behind the high efficiency of all-dielectric
metasurfaces are believed to be antireflection coatings55
and Mie resonances56–59. For example, Yang et al. designed
a Huygens’ metasurface consisting of low-index (air) holes
in a high-index (silicon) wafer, as shown in (Fig. 2i)57. The
response of this metasurface is governed by electric and
magnetic Mie resonances, resulting in a high conversion
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Fig. 2 Metasurfaces for manipulating LP EM waves. a Schematics used to derive the generalised Snell’s law41. b V-shaped antenna for supporting symmetric
and antisymmetric modes41. c Typical metasurfaces consisting of V-shaped antennas with different profiles, orientations, and flare angles41. d Calculated electric field
distribution beyond a metasurface41. e and f Two types of gradient-index metasurfaces composed of C-shaped split-ring resonators (SRRs) with different orientations43
and flare angles, and cross-shaped SRRs with different sizes46. g and h Enhanced efficiency of beam deflection based on metasurfaces and gratings49. i and j Beam
deflector with highly efficient transmission57. Images reprinted with the following permissions: a41, b41, c41, d41 from AAAS; e43 from John Wiley and Sons; f46 from
IEEE; g49, h49 from AAAS; i57, j57 from John Wiley and Sons.

efficiency of up to 84.7% (see the beam deflector in
Fig. 2j). A Huygens’ metasurface composed of nonuniform dielectric resonator antennas on a metal ground
plane also enables high conversion efficiency (appro-

ximately 80%) based on resonance enhancement60. An alldielectric KTiOPO4 (Huygens’) metasurface was also
reported by Tian et al. and a THz beam deflector with an
efficiency of 80% was numerically demonstrated61. Addi-
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been proposed (Huang et al., 2012) to harness CP EM
waves. Geometric metasurfaces typically consist of
anisotropic antennas with different in-plane orientations,
but identical shapes (see Fig. 3a, b). When incident CP
(e.g., right-hand CP (RCP)) EM waves interact with an
antenna (see Fig. 3a), the transmitted waves can be
represented as follows:
[ iφ/2
][ ]
e
0
1
Eout ∝ J(φ)EinRCP =
0
e−iφ/2
i
[ ]
[
]
φ 1
φ 1
= cos
+ i sin
(3)
2 i
2 −i

tionally, Zhao et al. designed a two-layered high-efficiency
Huygens’ metasurface and the corresponding efficiency of
anomalous refraction was calculated to be 66%53.
In addition to phase modulation, resonance-type
metasurfaces can also manipulate the amplitudes of EM
waves. The simultaneous control of phase and amplitude
has been demonstrated by carefully designing the
geometrical configurations and accurately controlling the
angular orientations of a C-shaped antenna-based
metasurface62. A dual-layered metasurface consisting of
metallic C-shaped SRRs (in the top layer) and
complementary SRRs (in the bottom layer) can
independently manipulate both phase and amplitude at two
THz wavelengths63. Additionally, approaches to the
simultaneous control of phase and amplitude have been
extended to THz surface plasmons, leading to the
development of an efficient meta-coupler for complex
surface plasmon launching64.

where J(φ) is the Jones matrix for deducing the
functionality of an anisotropic antenna (see Fig. 3a).
It should be noted that transmitted EM waves consist of
two components: co-polarised (non-converted) EM waves
and cross-polarised (converted) EM waves. The conversion
efficiency of converted EM waves depends on the phase
retardation (φ) between the long and short axes. When RCP
EM waves pass through a rotated antenna (antenna rotated
Metasurfaces for manipulating CP EM waves
Unlike the manipulation of LP EM waves based on counter-clockwise by an angle of θ (see Fig. 3b)), the
gradient-index metasurfaces, geometric metasurfaces have transmitted waves can be represented as:


φ
[ ]
[ ]  cos φ + i sin φ cos 2θ
[
]
 [ ]
i sin sin 2θ

φ i2θ 1
φ 1
1
 1
(θ)
2 φ 2
2
+
i
sin
Eout ∝ J(φ)
= 
=
cos
e
(4)

φ
φ
i
−i

2 i
2
i sin sin 2θ
cos − i sin cos 2θ  i
2
2
2
(θ)
where J(φ) is the Jones matrix for deducing the phase is known as a geometric phase or Pancharatnamfunctionality of a rotated antenna (see Fig. 3b). Here, the Berry phase. An antenna can be considered as an
transmitted electric field also contains two components: anisotropic scatterer that can convert a portion of incident
non-converted EM waves and converted EM waves. CP EM waves into the opposite helicity with an abrupt
However, converted light acquires an abrupt phase of 2θ phase.
induced by the rotated antennas. Therefore, this abrupt
Fig. 3c presents a typical structure of a geometric
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metasurface consisting of anisotropic antennas with
identical shapes, but different in-plane orientations65.
Because the abrupt phase is solely dependent on the
orientations of dipole antennas (anisotropic antennas),
rather than their spectral responses, the phase discontinuity
induced by the rotated dipole antennas is dispersionless,
resulting in a broadband response for manipulating the
wavefronts of EM waves. Under the illumination of lefthand CP (LCP)/RCP EM waves, the phase gradient of the
converted portion is ± dφ/dx, where ‘+’ and ‘−’ are
dependent on the helicity of the incident EM waves.
Therefore, a helicity-dependent deflection phenomenon is
generated under illumination from LCP/RCP EM waves, as
shown in Fig. 3d. This approach can also be extended into
the THz near-field region for manipulating anomalous
surface waves66.
It should be noted that the conversion efficiencies of
geometric metasurfaces increase with an increase of the
number of antennas in each unit cell based on near-field
coupling between the antennas in each unit cell67. When
multilayered geometric metasurfaces are stacked (e.g.,
three-layered metasurfaces shown in Fig. 3e), the average
conversion efficiency is as high as 76% (see Fig. 3f),

leading to a high-efficiency metasurface for THz wavefront
manipulation68. Unlike multiple-antenna metasurfaces and
multilayered metasurfaces, all-dielectric geometric
metasurfaces (see Fig. 3g, h) can also enable high
operating efficiency for manipulating CP EM waves based
on the resonance effect69 and coherence effect70,71.
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Because the concept of metasurfaces provides a robust
platform for controlling the wavefronts of EM waves, the
function of a lens with a convex phase profile can be easily
realised. For example, Fig. 4a presents a schematic of a
THz metalens that can focus x-polarised incident THz
waves into a y-polarised focal point. To focus incident LP
THz waves, the planar metalens has a phase profile defined
as follows72:
2π √
φ(x, y) = ( x2 + y2 + f 2 − | f |)
(5)
λ
where λ is the working wavelength and f is the focal
length. Under the illumination of x-polarised THz waves, a
y-polarised focal point can be observed after the metalens,
as shown in Fig. 4b, c. A THz flat lens comprised of Cshaped SRRs exhibits broadband focusing properties
ranging from 0.5 to 0.9 THz. Additionally, Jia et al.
reported a dilectric metalens (Huygens’ metasurface)
consisting of periodically arranged sub-wavelength silicon
cross resonators for focusing LP incident THz waves into a
focal point with a focusing efficiency of 24%73.
To demonstrate the versatility of C-shaped metalenses,
He et al. designed a THz ultrathin multi-foci metalens (see
Fig. 4d) based on the Yang-Gu amplitude-phase retrieval
algorithm74. Under the incidence of LP THz waves, four
focal points can be observed, as shown in Fig. 4e, f. This
metalens also exhibits broadband performance ranging
from 0.3 to 1.1 THz. By using cross-shaped structures with
different sizes to manipulate the wavefronts of THz waves,
a polarisation-insensitive multi-foci metasurface mirror can
be realised75. Additionally, spin-dependent multi-foci
metalens76 and holographic metasurface mirrors77 for
generating multiple THz focal points have also been
proposed in recent years.
Focusing efficiency, which is defined as the ratio of the
intensity of the focal point over the incident intensity, plays
a vital role in the evaluation of metalens performance. To
enhance focusing efficiency, a series of metalenses,
including multilayered metalenses51,78–81 and all-dielectric
metalenses55,57,73, have been proposed and fabricated. As
shown in Fig. 5a, a high-efficiency metalens has been
designed based on a sandwiched structure (i.e., three layers
of square aluminium cladding separated by polyimide
spacers). This metalens can focus x-polarised plane waves
into a focal point with a transmission efficiency greater
than 45% based on Fabry-Pérot-like resonance (the
corresponding electric field distribution is presented in
Fig. 5b). Chang et al. designed a tri-layered metasurfacebased lens with high focusing efficiency (68%). Their
metalens exhibited diffraction-limited focusing at an
operating frequency of 400 GHz79. For all-dielectric
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metalenses, focusing efficiency can reach as high as
54.9%57 and 61.3%55 by leveraging waveguide resonance
and Mie resonance, respectively.
In addition to the high efficiency of metalenses,
achromatic focusing is also essential for imaging. For
traditional metalenses under the illumination of EM waves
with multiple wavelengths, aberration effects occur as a
result of material dispersion, leading to numerous focal
points at different spatial positions and decreasing the
performance of imaging and detection. To realise
achromatic functionality, a conventional imaging system
typically uses a multi-lens cascade to compensate for phase
differences. It has recently been reported that chromatic
aberrations can be eliminated in multi-wavelength or
broad-bandwidth scenarios by using metalenses. Ding et al.
designed a metalens consisting of C-shaped/C-slit
structures with different opening angles that can focus THz
waves at 400 and 750 μm to the same focal distance82. As
shown in Fig. 5c, an all-dielectric metalens composed of Cshaped/inverse-C-shaped structures has been developed to
realise achromatic focusing. Under the illumination of RCP
THz waves, the focal lengths of focal points at 0.3, 0.6, and
0.8 THz are very similar, as shown in Fig. 5d-f. An
achromatic metalens can work in a broad bandwidth range
from 0.3 to 0.8 THz with a bandwidth coverage of 91% at
the centre frequency83.
The resolution of imaging realised by metalenses is
another crucial factor. Fig. 5g presents a schematic of a
metalens that can generate a near-field focal point84. The
measured electric field distribution is presented in Fig. 5h.
The full width at half maximum of the focal point is 337
μm (approximately 0.38λ), demonstrating that the designed
metalens enables high-resolution functionality in the nearfield region. This metalens provides a tuneable intensity of
the focal point by controlling the polarisation of incident
THz waves. As demonstrated in Fig. 5i-k, the intensity of
the focal point becomes stronger as the polarisation of the
incident THz waves is switched from LCP to RCP. Here,
the realisation of THz superfocusing can be attributed to
the scattering of surface plasmon polaritons (SPPs) into
free space with in-phase field superposition. Accordingly, a
polarisation-independent high-numerical-aperture dielectric
metalens and tri-layered metalens were designed by Chen
et al. and Zhang et al., respectively, to perform subwavelength tight focusing85,86.
Recently, metalenses have been reported as a promising
technology for imaging. In 2013, Hu et al. proposed an
ultrathin THz metalens (see Fig. 6a) composed of
complementary V-shaped antennas for imaging87. Three
letter patterns of ‘C’, ‘N’, and ‘U’ were used as imaging
objects and these three letters were clearly displayed on an
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consisting of two complementary structures83. d, e, and f Measured electric field distribution of the metalens under the illumination of RCP THz waves at 0.3, 0.6 and
0.8 THz, respectively83. g Normalized intensity distributions (in the x-axis) and optical image of a polarisation-controlled superfocusing metalens84. h Measured electric
field distribution at 0.34 THz84. i, j, and k Measured electric field distributions of the metalens under the illumination of LCP, LP, and RCP THz waves, respectively, at
focal planes84. Images reprinted with the following permissions: a51, b51 from John Wiley and Sons; c83, d83, e83, f83 from Science China Press; g84, h84, i84, j84 k84 from AIP
Publishing.

image plane (see Fig. 6b-d). Wang et al. reported spinselected imaging based on a spin-selected metalens. The
spin-selected metalens was designed based on the shift of
wave vectors and can generate two helicity-dependent focal
points. For predesigned letter patterns under the
illumination of LCP/RCP THz waves, the revealed images
are located at different positions, demonstrating the
realisation of spin-selected imaging76. Accordingly, a highefficiency metalens based on dual-layered metasurfaces
was also proposed for imaging80. Furthermore, Zang et al.
proposed a polarisation-controllable THz multi-foci
metalens for polarisation-dependent imaging88. Fig. 6e
presents a corresponding schematic in which two focal

points with different polarisation orientations can be
observed under the illumination of LP THz waves. As
demonstrated experimentally, a y-polarised focal point can
be observed at z = 3 mm, while the other x-polarised focal
point is observed at z = 6 mm under the incidence of xpolarised THz waves. A polarisation-dependent sample
was proposed to characterise lens imaging functionality
and polarisation rotation capability simultaneously. As
shown in Fig. 6f, g, when a polarisation-dependent sample
is embedded in the region of the left focal point, the left
capital letter ‘E’ is revealed. The ‘∃’ symbol on the right is
observed when the sample is embedded in the region of the
right focal point. Unlike traditional metalenses with limited

Zang et al. Light: Advanced Manufacturing (2021)2:10

2
−2

400 μm

0
X (mm)

X

Ein

θ2

x

Eout

y
z

y (mm)

θ1

0

2
−2

2

f

e

Y (mm)

0

d

−2

0
X (mm)

g

6

4

2

2

−2
−4

Eout

−2

0

2

LCP

RCP

x (mm)

P R
ECP
...

dr

x (mm)

x
z
6.0

0
−2

−6
−6 −4

6

Min
−2

0

2

4

6
Max

0
−1
−2
2

4.5

l

Max

1
0
−1
−2

6.0
z=11 mm

z=15 mm

9 10 11 12 13 14 15 16 17 18 19 20
Min
z (mm)
6.0
z=19 mm Max
m
4.5

3.0

3.0

1.5

1.5

1.5

0
−1.5

y (mm)

3.0
y (mm)

y (mm)

Max

1

j

y

k

2

9 10 11 12 13 14 15 16 17 18 19 20
Min
z (mm)

R

4.5

4

r

LP

Min
0
X (mm)

2

i
LEC

0

−4

−6
−6 −4

h

Max

6

4

0

−2

2
−2

2

y (mm)

Y

c

−2

Y (mm)

b

Y (mm)

a

Page 9 of 25

0
−1.5

0
−1.5

−3.0

−3.0

−3.0

−4.5

−4.5

−4.5

−6.0
−6.0 −4.5 −3.0 −1.5 0 1.5 3.0 4.5 6.0
x (mm)

−6.0
−6.0 −4.5 −3.0 −1.5 0 1.5 3.0 4.5 6.0
x (mm)

−6.0
−6.0 −4.5 −3.0 −1.5 0 1.5 3.0 4.5 6.0
x (mm)

Min
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focal depths, metalenses with extended focal depths have
been designed and fabricated to enhance imaging depth89,90.
Fig. 6h presents a schematic of a metalens with extended
focal depth and polarisation insensitivity. Under the
illumination of LCP/RCP THz waves, there is a focal point
with a main field distribution ranging from 10 to 20 mm

(see Fig. 6i, j with a focal length of 10 mm), whereas the
focal length for a traditional metalens in this scenario is
only 4 mm. Additionally, an arrow-shaped sample was
considered to demonstrate the characteristics of a metalens
with an extended focal length. For the designed metalens
with an extended focal length (see Fig. 6k-m), the arrow
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can be observed at z = 11 mm, z = 15 mm, and z = 19 mm,
demonstrating the realisation of high-tolerance imaging.
For a traditional metalens, only one arrow-shaped image
can be observed when the arrow-shaped sample is placed at
z = 6 mm, z = 10 mm, and z = 14 mm.

which are referred to as metaholograms, enable higher
image quality and efficiency, superior broadband
characteristics, and a wider field of view.
Fig. 7a presents a V-shaped metasurface for generating
holograms87. The Gerchberg-Saxton iterative algorithm in
the Fresnel domain is used to retrieve the phase profile of a
phase-only hologram (e.g., the letter of ‘C’). Next, the
phase distribution is encoded onto the metasurface by
controlling the arm lengths and opening angles of the Vshaped structures. Under the incidence of LP THz waves,
the image of the letter ‘C’ is observed one a plane at a
distance of 4 mm from the metasurface, as shown in Fig. 7b.
However, phase-only (or amplitude-only) holograms
inevitably degrade image quality and resolution. To
overcome this issue, broadband metaholograms based on
amplitude-phase modulation have been developed in recent
years91,92. By simultaneously tailoring the amplitude and
phase, the disadvantages of traditional phase or amplitude
holograms can be overcome, leading to enhanced
performance and resolution. Fig. 7c presents a metasurface
with simultaneous amplitude and phase modulation for
generating high-performance holograms. C-shaped SRRs
with different rotation angles and opening angles are
designed for amplitude and phase modulation. In Fig. 7d,
under the illumination of x-polarised THz waves, a
hologram reconstructed from letters of ‘T’, ‘J’, and ‘U’ can
be clearly observed following the metasurface. As shown
in Fig. 7e, another hologram with the same letters can be

Metasurfaces for generating holograms
Holography can generate unique photographic images
without the use of a lens. Unlike photographic images,
which record variations in the intensity of light reflected
from an object, holography records both the intensity and
phase of light. Therefore, a hologram contains complete
information regarding an object’s scattered waves,
meaning it can generate vivid representations of images for
the human eye. The traditional method for realising
holograms is based on the interference between reference
light and scattered waves from an object. Computer
generated holograms, which are another approach to
generating holograms, typically provide significant
advantages compared to optical holograms because no real
objects are required. A holographic image can be generated
by calculating holographic interference patterns (phase
information) and encoding them onto a surface structure or
spatial light modulator (SLM). Because a metasurface can
accurately manipulate the wavefronts of EM waves,
metasurfaces are considered as ideal candidates for
generating holograms. Compared to holographic
technology based on SLMs, metasurface-based holograms,

b

a

−4

Max

Y (mm)

−2
0
2
Y

MAPM

d
Experiment
y (mm)

c

y
0.1 mm

4
−4

400 μm

X

z

x

3.0
1.5
0
−1.5
−3.0

−2

0
X (mm)

2

Min
4

Max

e

−6

−3

0
3
x (mm)

6

−6

−3

0
3
x (mm)

6
Min

Fig. 7 THz meta-holograms for image reconstruction. a Optical image of the metasurface for generating hologram87. b The measured result of the ypolarised electric distribution on the image plane87. c Optical image of the metasurface for generating hologram91. d The measured result of the y-polarised electric
distribution (after the metasurface with simultaneous amplitude and phase modulation) on the image plane91. e The y-polarised electric distribution (after the
metasurface with only phase modulation) on the image plane91. Images reprinted with the following permissions: a87, b87 from John Wiley and Sons; c91, d91, e91 from
Springer Nature.

Zang et al. Light: Advanced Manufacturing (2021)2:10

Page 11 of 25

generated using a metasurface with only phase modulation.
When comparing Fig. 7d, e, the resolution of the hologram
generated with amplitude-phase modulation is greater than
that of the phase-only hologram. In addition to the
manipulation of EM waves in free space (far-field),
metasurfaces can also be designed as plasmonic couplers
for the excitation and modulation of SPPs. It has been
reported that the amplitudes and phases of excited SPPs
can be freely modulated by etching slit-pair resonators with
predesigned orientations on a metal film, leading to
polarisation-controlled SPP holography93.
For metaholograms, one of the most important
performance indicators is information capacity. Recently,
the concept of holographic multiplexing has been proposed
and demonstrated to meet the growing need for improving
the information capacity of holograms. Fig. 8a presents a
−5

Y (mm)

c

Y (mm)

b

a

specific metasurface structure for the generation of
wavelength-multiplexed holograms. Each C-shaped
subwavelength metallic antenna is used as a dual-colour
wavefront modulator unit94. Under the illumination of xpolarised THz waves, two y-polarised letters of ‘C’ and ‘N’
are reconstructed at 0.5 and 0.63 THz, respectively (see
Fig. 8b, c). Similar to wavelength-multiplexed holograms,
polarisation introduces another degree of freedom that can
be applied to improve the information capacity of
holograms95,96. Fig. 8d presents a schematic of reflective
helicity-multiplexed metaholography. The metasurface for
generating helicity-multiplexed holograms consists of
periodic supercells in which two unit cells distributed in
the diagonal direction are designed to manipulate RCP THz
waves, while two unit cells distributed in the anti-diagonal
direction are designed to modulate LCP THz waves.
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Therefore, this metasurface can independently tailor THz
waves with different spin states. As shown in Fig. 8e, f,
two images of ‘L’ and ‘R’ can be reconstructed at the same
position under the illumination of LCP and RCP THz
waves, respectively. Additionally, Zhao et al. designed a
metahologram for multi-image hiding and seeking. Their
metasurface consists of rod slit antennas and C-shaped slit
antennas that are used to control CP and LP THz waves,
respectively (see Fig. 8g)97. Under the illumination of xpolarised THz waves, the C-shaped slit antennas convert a
potion of the incident THz waves into the y-polarised letter
‘H’ in channel 1 (see Fig. 8h). The rod slit antennas
simultaneously convert the other portion of the incident
THz waves into two helicity-dependent letters of ‘C’ and a
mirrored ‘C’ in channels 2 and 3, as shown in Fig. 8i, j,
respectively. In addition to wavelength- and polarisationmultiplexed metaholograms, metasurfaces can also be
accurately designed for spatial multiplexing of
holograms98,99.

Metasurfaces for controlling polarisation
Similar to phase and amplitude, polarisation is one of
fundamental properties of EM waves. The manipulation of
polarisation has found many useful applications in daily
life, including polarised sunglasses, photography, and 3D
display. Traditional polarisation manipulation is largely
based on the birefringence, scattering, and dichroism
realised by wave retarders, lenses, and spatial phase
modulators, which are typically large and bulky. In this
section, we focus on recent progresses related to ultra-thin
metasurfaces for manipulating the polarisation of THz
waves, including half-wave plates and quarter-wave plates.
Metasurface-based half-wave plates

LP EM waves can be considered as a superposition of
LCP and RCP components with the same amplitude. When
LP EM waves pass through materials with circular
birefringence (e.g. half-wave plates), the polarisation angle
of the output EM waves will be rotated based on the
different refractive indices of the LCP and RCP
components. Metasurfaces with carefully designed
anisotropic meta-atoms provide unprecedented capabilities
for mimicking circular birefringence, which has lead to the
development of a plethora of ultrathin and ultra-compact
THz half-wave plates49,100–104. Fig. 9a presents a schematic
of a reflective type of THz half-wave plate consisting of
identical anisotropic rods along the diagonal direction49.
Under the illumination of x-polarised THz waves, the
reflected THz waves are mainly comparised of y-polarised
component (cross-polarised THz waves), as shown in
Fig. 9b. Such a high-efficiency (greater than 80%) THz
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half-wave plate can operate in a broad bandwidth ranging
from 0.73 to 1.80 THz. Each of the anisotropic rods can be
considered as a localized half-wave plate with its principal
axis along the diagonal direction, meaning x-polarised THz
waves can be completely converted into y-polarised THz
waves. Additionally, dual- and tri-layered metasurfaces
have been proposed to realise high-efficiency and
broadband THz half-wave plates100–102. An all-dielectric
single-layered metasurface can also obtain a high
efficiency and broadband half-wave plate103. As shown in
Fig. 9c, a high-efficiency and broadband THz half-wave
plate has been designed based on a pair of rectangular
silicon pillars. By controlling the orientation of each pillar
and introducing a phase gradient, the cross-polarised
component (with a maximum conversion efficiency of
67.5%) can be spatially separated over a space covering the
range of 0.5-1.4 THz (see Fig. 9d). In addition to rotating
the polarization of THz waves in a single channel, Zang et
al. proposed an approach to realise an ultra-thin multichannel THz half-wave plate104. A reflective-type
metasurface (see Fig. 9e) was designed to reflect incident
LP THz waves as four beams, where the polarisation of the
reflected beams in each channel was modulated by a
rotation angle with respect to the incident THz waves,
resulting in a multi-channel half-wave plate. Under the
incidence of x-polarised THz waves, the polarization states
of reflected beams in horizontal channels are rotated with a
rotation angle of π/4 with respect to the incident THz
waves, whereas the rotation angle of polarisation in
perpendicular channels is π/2, as shown in Fig. 9f-i. In fact,
metasurface-based half-wave plates can be applied to
design chiral metamaterials, leading to asymmetric
transmission of THz waves. For example, Lv et al. have
designed a bilayer chiral metasurface consisiting of
orthogonally chained S-shaped metal-patterns, and such a
metasurface enables the functions of half-wave plate and
asymmetric transmission105. Furthermore, Rao et al. have
presented an all-silicon metasurface with the functionality
of half-wave plate to demonstrate the asymmetric
transmission effect106. In addition, a hybrid THz
metasurface embedded with VO2 (vanadium dioxide) was
also designed for polarization manipulation and thermalcontrolled chiral switching107.
Metasurface-based quarter-wave plates

Polarisation convertors such as quarter-wave plates can
also be realised based on birefringent effects, which can be
conventionally generated by certain materials, including
bulky crystals and polymers. It was recently reported that
the thicknesses of quarter-wave plates can be significantly
reduced to the subwavelength scale based on the use of
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Fig. 9 THz half-wave plates. a Schematic of a reflective type THz half-wave plate consisting of identical anisotropic rods along the diagonal direction49.
b Measured co- and cross-polarized reflectance49. c Schematic of a THz all-dielectric metasurface half-wave plate103. d Measured cross-polarized transmission spectrum
of the THz half-wave plate103. e Optical image of a THz half-wave plate104. f and g Simulated (solid curves) and experimentally measured (discrete asterisks) polarisation
distributions in the horizontal channels at 0.8 and 1.4 THz, respectively104. h and i Simulated (solid curves) and experimentally measured (discrete asterisks) polarisation
distributions in the perpendicular channels at 0.8 and 1.4 THz, respectively104. Images reprinted with the following permissions: a49, b49 from AAAS; c103, d103 from
Chinese Laser Press; e104, f104, g104, h104, i104 from AIP Publishing.

metasurfaces. Fig. 10a presents a schematic diagram of a
THz linear-to-circular/elliptical polarization convertor108
consisting of ultrathin aluminium SRRs (150-200 nm in
thickness). There are two air gaps in the aluminium SRRs.
By breaking the axial symmetry of these air gaps, linear-tocircular polarisation conversion can be realised (see
Fig. 10b-e). For δx = 0 μm, the output THz beam is in the

linearly co-polarised state (under the illumination of ypolarised THz waves). When the axial symmetry is broken
(e.g. δx = 10, 20 μm), right-hand elliptically and CP THz
waves are generated at 0.9 THz (see Fig. 10c, e). To
enhance the working bandwidth further, a tri-layered
metasurface was proposed to realise a broadband THz
linear-to-circular polarisation convertor109. Such a highly
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flexible quarter-wave plate enables the desired response
between 1.4 and 1.8 THz with a quasi-perfect RCP state
based on lattice diffraction modes and the plasmon
resonance induced by birefringence and phase
compensation. By introducing SRRs and gratings into a
single-layered metasurface, a broadband THz linear-tocircular THz polarization convertor (quarter-wave plate) in
two broad frequency bands of 0.64 to 0.82 THz and 0.96 to
1.3 THz was developed110. Unlike the approach in Ref. 82
(without considering inter-unit-cell coupling), Zang et al.

proposed a THz broadband linear-to-circular polarization
convertor based on inter-unit-cell coupling111. As shown in
Fig. 10f, the quarter-wave plate consists of two rectangle
arrays of different size. Each rectangle array appears as a
single-band quarter-wave plate and a broadband response
(see Fig. 10g, h) is obtained via the dual-band superposition based on the coupling between two rectangles of
different size. Additionally, a single-layered metasurface
can enable the functionalities of both a half-wave plate and
quarter-wave plate112,113. As illustrated in Fig. 10i, an all-

Zang et al. Light: Advanced Manufacturing (2021)2:10

dielectric metasurface composed of silicon brick arrays
enables the simultaneous excitation of dipole and
quadrupole resonances that can heavily suppress backward
scattering. Under the illumination of THz waves with
polarisation along the diagonal direction, this metasurface
can simultaneously operate as a quarter-wave plate at f1
and half-wave plate at f2 with transmission close to unity
(see Fig. 10j). Based on the coupled mode theory, Chang et
al. proposed and experimentally demonstrated offresonance reflective metasurfaces realising linear-tocircular polarisation conversion. Their linear-to-circular
polarisation convertor can operate over a full octave
bandwidth with near-unity power conversion efficiency114.
Additionally, Lee et al. proposed a dielectric-resonator
metasurface for designing a broadband THz polarisation
convertor to realise quarter- and half-wave mirrors. The
bandwidth for a quarter-mirror is 0.63 THz (with a
conversion efficiency of 92%) and that for a half-wave
mirror is 0.65 THz (with a conversion efficiency of
96%)115.

Metasurfaces for generating special beams
Metasurfaces have the unprecedented capability to
manipulate different physical parameters of wavefronts,
leading to a variety of unique applications. By accurately
controlling angular momentum, amplitude, and phase using
ultrathin metasurfaces, special beams such as vortex
beams, Bessel beams, and Airy beams can be generated,
enabling applications in high-capacity data transmission,
super-resolution imaging, particle trapping, etc. In this
section, we discuss various metasurface-based devices for
generating special beams.
Vortex beams

EM waves can carry two types of angular momenta: spin
angular momentum (SAM) and orbital angular momentum
(OAM). SAM is typically associated with CP beams and
has only two values of ± h̄ (per photon), whereas OAM has
various values (e.g. ℓh̄ per photon (ℓ = 0, ± 1, ± 2 · ··)).
Therefore, EM waves possessing OAM, which are defined
as vortex beams, can carry unprecedented quantities of
data, enabling high-capacity data transmission. Traditional
approaches to generating vortex beams include spiral phase
plates116, Q-plates117, cylindrical mode convertors118, and
spatial light modulators119. Recently, a series of methods
were proposed to generate THz vortex beams using
metasurface41,65, based on their ultrathin and broadband
characteristics. As shown in Fig. 11a, an ultrathin
plasmonic metasurface was proposed to generate THz
vortex beams. Eight types of complementary V-shaped slit
antennas were designed to encode the helical phase in the
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metasurface120. Under the illumination of x-polarised THz
waves, a converged vortex beam with polarisation along
the y-axis can be observed, as shown in Fig. 11b. As
illustrated in Fig. 11c, the corresponding topological
charge is ℓ = 1. For vortex beams, conversion efficiency is
one of the most important indicators determining device
performance. It was recently reported that the conversion
efficiency of vortex beams can be significantly enhanced
by all-dielectric metasurfaces consisting of circular or
cross-shaped resonators121,122. By carefully designing
dielectric resonators, conversion efficiency can reach as
high as 82.5%.
However, the aforementioned metasurfaces are restricted
to generating only one vortex beam with a specific
topological charge. Zhao et al. proposed an approach that
can convert LP THz waves into multiple cross-polarised
vortex beams with different topological charges, leading to
OAM multiplexing123. Fig. 11d presents a schematic of a
metasurface for generating multiple converged vortices.
Under the incidence of x-polarised THz waves, four
converged vortex beams (with polarisation along the y
axis) are generated following the designed metasurface, as
shown in Fig. 11e. The topological charges of these four
vortex beams are ±1 and ±2 respectively (see Fig. 11f).
This approach to designing metasurfaces to generate vortex
beams in free space (far-field region) can be also extended
into the near-field region for converting excited SPPs into
plasmonic vortices124,125. As shown in Fig. 11g, a metal film
with annularly distributed air slits was designed to excite
helicity-dependent plasmonic vortices based on a pure
geometry phase. The topological charges of the plasmonic
vortices are determined by the in-plane angle of each air
slit. When the rotation angle of the air slits in a turn is 3π,
the topological charge is 2 (−2) for the incidence of LCP
(RCP) THz waves, yielding two helicity-dependent
plasmonic vortices, as shown in Fig. 11h, i. In contrast,
when the air slits are designed as Archimedes spiral slit
arrays (see Fig. 11j), both helicity-dependent plasmonic
vortices are modulated by the geometry phase and dynamic
phase. When the rotation angle of the air slits in a turn is
also 3π, the topological charge is 3 (−1) under the
illumination of LCP (RCP) THz waves (see Fig. 11k, l).
Bessel beams, Airy beams, and vector beams

Bessel beams exhibit nondiffraction, self-healing, and
self-accelerating characteristics. Therefore, they have
various applications such as optical tweezing, superresolution imaging, and molecular detection. Recently,
metasurfaces have been proposed to generate Bessel beams
based on their flexible wavefront manipulation functionality.
Fig. 12a presents a high-efficiency metasurface consisting
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distributions of THz vortex beams in the focal plane120. d Schematic of a metasurface for THz OAM multiplexing123. e and f Measured amplitude and phase distributions
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from The Optical Society; d123, e123, f123 from ACS; g124, h124, i124, j124, k124, l124 from John Wiley and Sons.

of tri-layered (C-shaped) resonator arrays for generating
Bessel beams50. By encoding a special phase profile onto
the matasurface, a Bessel beam with extended focal depth
longer than 27λ can be observed, as shown in Fig. 12b.
When comparing Fig. 12b, c, one can see that the
beamwidth of the main lobe decreases with an increase in
the exit angle. By designing an all-dielectric magnetic
mirror metasurface (Huygens’ metasurface), Ma et al.
experimentally demonstrated a reflection-type Bessel beam
with a focal depth of 27λ and conversion efficiency of
80%60. Airy beams with non-diffracting waveforms can
also be realised based on metasurfaces via simultaneous
amplitude and phase modulation44,126,127. Fig. 12d presents a
schematic of a metasurface that can simultaneously
generate Airy beams for SPPs and transmitted waves.

When THz waves are normally incident on the
metasurface, the excited SPP Airy beam propagates along
the gold/air interface, while the transmitted Airy beam
propagates into free space. When the incident THz wave
with polarisation switches from LCP to RCP, the position
of the SPP Airy beam shifts from the left to the right side
of the metasurface, as shown in Fig. 12e, f. Additionally,
metasurfaces can generate radially polarised Lorentz
beams128. As shown in Fig. 12g, a metasurface composed of
cross-shaped resonators with various sizes and orientations
has been designed to modulate amplitude and polarisation
simultaneously. Under the incidence of LP THz waves, a
radially polarised Lorentz beam can be observed following
the metasurface, as shown in Fig. 12h, i.
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Metasurfaces for actively manipulating THz
waves
Although metasurfaces have shown excellent
capabilities for manipulating THz waves, their modulation
functionalities are still limited based on their fixed
structures and material characteristics. Therefore, seeking
new approaches to realising active metasurfaces that can
dynamically control the wavefronts of THz waves, is of
great significant. Active metasurfaces cannot only enable
reusable properties, but can also modulate wavefronts to
generate predesigned functionalities, meaning active
metasurfaces can further expand metasurface applications.
In this section, we report recent advancements related to
active metasurfaces for the wavefront manipulation of THz
waves, including tuneable beam deflectors, metalenses, and

holograms.
Graphene, which is a two-dimensional carbon structure,
consists of atoms arranged in a honeycomb lattice and
typically exhibits gate-controllable light-matter interactions
by manipulating Fermi levels. By integrating singlelayered graphene onto a patterned metasurface composed
of U-shaped apertures (see Fig. 13a), an active metasurface
can be formed to manipulate the wavefronts of incident
THz waves dynamically129 because the Fermi level of
graphene can be accurately controlled by a gate voltage. As
illustrated in Fig. 13b, c, the amplitude of anomalous
refraction (generated by an active graphene metasurface)
can be effectively modulated by controlling the gate
voltage. It is also possible to construct active metasurfaces
with switchable functionalities in the THz frequencies130–132.

Zang et al. Light: Advanced Manufacturing (2021)2:10

Page 18 of 25

VCNP=2.2 V

a

VMAX=0 V

b

c

Ion gel
Electrode
Graphene
Metasurface

Air

Air

Polyimide
z
−0.5 V/m

x

y

0

f =0.6 THz

+Max

f =0.8 THz

e

d

0.5 V/m

0

Eyr/E0 −Max

f

f =1.0 THz

g

z
z

x

y

x

i

h

Stage 1
34.7°

+Max.

ktrans

#1
#2

j

Stage 2

#3
#4

−Max.
ktrans
400 μm

Fig. 13 Active metasurfaces for beam deflection. a Schematic of an active metasurface consisting of a single layer of graphene deposited on a U-shaped
aperture array129. b and c The y component of electric field distributions with gate voltages of 2.2 and 0 V, respectively, under the illumination of LCP THz waves129.
d Schematic of an active VO2 metasurface with switchable functionality130. e, f, and g The y components of electric field distributions at 0.6, 0.8, and 1.0 THz,
respectively, with σ = 20 000 S/m130. h Schematic of a THz tunable beam reflector based on a spatiotemporal dielectric metasurface136. i and j Electric field distributions
at two stages based on a temporal modulation136. Images reprinted with the following permissions: a129, b129, c129, d130, e130, f130, g130, h136, i136, j136 from John Wiley and Sons.

Fig. 13d presents an active metasurface consisting of
periodic VO2 brick-shaped antennas, double SRRs, and
VO2 films. By carefully designing the structure of each
antenna, a spatially linear phase profile can be obtained to
realise THz beam deflection. When x-polarised plane
waves are normally incident on the designed metasurface,
they are completely absorbed by the VO2 in its insulating
state at room temperature (σ = 200 S/m)130. In contrast,
90% of the reflected THz waves are contained within the
−1 diffraction order at temperatures above Tc (critical
temperature), as shown in Fig. 13e-g. The deflection of
THz beams through the VO2 metasurface in both the
horizontal and vertical directions can also be realised by

the applied current distribution on the VO2 substrate in the
horizontal and vertical directions131. Additionally, an alloptical switchable coding metasurface composed of Cshaped metal-VO2 hybrid resonators was proposed to
manipulate the wavefronts of THz waves dynamically132.
Accordingly, active metasurfaces consisting of C-shaped
metal-Si hybrid resonators or C-shaped slit SRRs with SiGaAs substrates have also been designed to realise THz
beam deflectors133,134. Coherent control of the ratio of
deflected THz beams can be realised by controlling the
relative phase of two incident beams135. In addition to
realising active metasurfaces by controlling the gate
voltage and temperature, Cong et al. proposed a
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spatiotemporal dielectric matasurface (see Fig. 13h) for
dynamically steering of THz beam. At temporal 1 (without
an external optical field), the transmitted THz wave is
steered at an angle of 34.7˚ (see Fig. 13i), while at temporal
2 (with an external optical field), the wavefront (see Fig. 13j)
of the transmitted THz wave is directed parallel to the
incident THz wave136. This kind of Huygens’ metasurface
can be applied to the design THz optically tuneable
absorbers that enable an intensity transmission modulation
depth of 99.93%137. In addition to external field
manipulation, the dynamic control of THz waves can also
be realised by mechanically tuneable meatsurfaces138. A
cascaded bilayer metasurface has been designed to
construct a tuneable beam deflector. When the distance
between two metasurfaces ranges 0 to 5176 nm, the
deflection angle increases with the displacement of the

a

b

metasurfaces, leading to a mechanically tuneable THz
beam deflector.
Active metasurfaces can be also extended to design
dynamic metalenses and metaholography devices. Fig. 14a
presents an optical image of C-shaped air slit arrays
deposited on a VO2 substrate139. For x-polarised incident
THz plane waves, one focal point can be observed
following the metasurface at 20˚C (see Fig. 14b), while
four focal points are generated at 70˚C (see Fig. 14c). By
using a graphene-based metasurface or integrating
graphene substrates and resonators/rods, dynamic
metalenses can be realised to manipulate the focal lengths
of focal points140–143. As shown in Fig. 14d, an active
metalens composed of a graphene substrate and anisotropic
rods with different orientations has been proposed. When
the gate voltage is 0 V, a focal point with a focal length of
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10.46 mm is generated, whereas a focal point with a focal
length of 12.24 mm is observed for a gate voltage of 2 V,
demonstrating a metalens with a tuneable focal length. For
a metasurface with C-shaped metal-VO2 hybrid resonators
(see Fig. 14g), thermally dependent dynamic holography
can be realised144. A letter of ‘H’ can be observed at 25˚C,
but it switches to ‘G’ at 100˚C, as shown in Fig. 14h, i,
respectively. Additionally, another approach for
dynamically generating metasurface structures on a silicon
wafer using a spatially modulated femtosecond laser was
proposed to generate hologram images dynamically98.

Conclusions and outlook
Amplitude, polarisation, and phase are the fundamental
properties of THz waves, whose spatial distributions can be
applied to process, store, and record information.
Therefore, the manipulation of THz wavefronts is of great
significance. Traditional elements for manipulating THz
waves, such as lenses, wave plates, attenuators, and
reflectors, are hindered by their large and bulky volumes,
limiting their applications and the development of nextgeneration on-chip devices. Although metamaterials have
achieved remarkable results based on the tuneable electric
permittivity and magnetic permeability of meta-atoms, they
are limited by technical challenges in their fabrication and
the high loss of metal-based unit cells. Metasurfaces with
planar structures can locally modify the wavefronts of THz
waves at subwavelength resolutions. Metasurfaces not only
provide an ultra-compact platform for manipulating the
wavefronts of THz waves, but can also facilitate a plethora
of applications that are difficult to realise using
conventional functional devices. An overview of recent
developments related to metasurfaces for manipulating
THz waves was presented in this paper. The fundamental
principles of metasurfaces for controlling LP/CP EM
waves were introduced. Ultrathin THz metalenses,
including the spin-dependent metalens, spin-insensitive
metalens,
polarisation-controllable
metalens,
and
achromatic metalens, were discussed. Metalenses for THz
imaging have been developed and experimentally
demonstrated in several studies. THz holograms based on
metasurfaces have been achieved by flexibly designing the
structure sizes and/or orientations of each SRR or rod.
Various applications of metasurfaces for generating
ultrathin THz waveplates (e.g., half-wave plates and
quarter-wave plates) and special beams (e.g., THz vortex
beams, THz radially polarised beams, and THz Bessel/Airy
beams) have also been realised. Additionally, active
metasurfaces have been proposed to manipulate THz
waves dynamically.
Metasurface-based approaches to manipulating THz
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waves have made significant contributions to the
development of ultrathin/ultra-compact and tuneable THz
components. The main advantages/contributions of THz
metasurfaces can be summarised as follows. (1) THz
components have reduced size. The functionalities of
focusing, OAM, and polarisation conversion realised by
metasurfaces have traditionally been obtained by using a
THz lens, helical phase plate, and half-wave (or quarterwave) plate, respectively. However, these traditional THz
components are relatively thick and require specific surface
topographies to realise the desired wavefront manipulation
(or predesigned functionality). The typical thicknesses of
these traditional THz components are on the order of
centimetres, leading to large and bulky THz devices.
Metasurfaces typically consist of planar meta-atoms that
provide a flexible platform for designing ultrathin/ultracompact THz components based on abrupt phase changes
in EM waves at meta-atom interfaces. For example, the
thicknesses of metal-based metasurfaces for metalenses,
OAM generators, and linear-to-circular polarisation
converters72,111,124 are 6.2, 25.2, 25.2 μm, respectively,
meaning these devices are much thinner than traditional
THz components. The thickness of an all-dielectric
metasurface-based THz component (e.g., THz metalens87)
is typically on the order of millimetres. THz components
realised using metasurfaces provide reduced thickness,
leading to significant advantages in terms of designing
ultrathin/ultra-compact THz components. (2) Metasurfacebased THz components can provide multiple functions.
Traditional THz devices (e.g., THz lenses and waveplates)
can only provide a single function. Metasurfaces not only
provide a flexible platform to realise ultrathin/ultracompact THz devices with single functions, but also
provide unprecedented capabilities for designing
multifunctional THz devices. A THz lens combined with a
THz half-wave plate can focus and rotate the polarisation
of incident THz waves into a focal point, but the focusing
phase and polarisation-rotation phase can be
simultaneously encoded onto a single metasurface, yielding
a multi-foci metalens with polarisation-rotated focal
points89. A polarisation-rotation phase and beam-splitting
phase can also be encoded onto a single metasurface to
realise multi-channel THz polarisation rotators104.
Conventional imaging systems for realising achromatic
functionality use multi-lens cascades to compensate for
phase differences, whereas a single metasurface (e.g.,
achromatic metalens) can enable both focusing and
dispersion compensation functionalities83. Additionally,
polarisation-dependent phase modulations can be encoded
onto a single metasurface for generating polarisationdependent holograms94 that are difficult or impossible to
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achieve using conventional methods. (3) Metasurfacebased THz components provide tuneable functionality.
Traditional THz components provide fixed functionality
based on their fixed structures and material characteristics.
Metasurfaces combined with VO2, graphene, etc. can open
new avenues for developing THz components with active
functions. For example, by modulating the gate voltage, a
patterned metasurface composed of U-shaped apertures
combined with single-layer graphene can effectively
modulate the amplitude of anomalous refraction129. A
metalens with a tuneable focal length can be realised by
integrating a graphene substrate with metasurfaces141.
Additionally, thermally dependent dynamic metaholograms
can also be realised by combining metasurfaces with
VO2144. Although metasurfaces have exhibit many
promising features, there are still some challenges must be
addressed. We propose some promising future directions
for THz metasurface research below.
Most metasurface-based THz functional devices utilise
passive metasurfaces that are limited to fixed functions.
Creating a single metasurface-based THz device with
tuneable properties or switching functionality is a difficult
task. Although approaches such as thermal tuning,
geometrical deformation, and voltage bias have been
introduced into metasurfaces to generate tuneable
functionalities, these methods are limited by requirements
for special materials such as semiconductors145,
graphene140–143,146,147, VO2130–132, 139,144, and Ge2Sb2Te5148.
Therefore, tuneable functionalities are limited to global
manipulation, rather than the independent modulation of
individual meta-atoms. Therefore, metasurfaces with
tuneable functionalities for individual meta-atom/unit cells
are very important. Recently, Cui et al. proposed a coding
scheme for designing digital and programmable
metasurfaces that can facilitate the digitalised description
of metasurfaces to provide flexible and real-time
manipulation of EM waves in the spatial domain,
frequency domain, and space-frequency domain149–155. By
integrating biased diodes into a metasurface, one can
digitally modify the voltage distributions on the
metasurface by using field-programmable gate array
hardware to control the ‘ON’ and ‘OFF’ states of the
biased diodes, leading to to the required ‘0’ and ‘1’ states
for a programable metasurface. If this approach is extended
into the THz region, we believe that it will yield a series of
practical applications in THz communications, imaging,
and detection.
THz metalenses, which represent a prominent
application of metasurfaces, have shown unprecedented
functionality compared to traditional lenses. As a typical
application, THz metalenses can be used for imaging.
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However, imaging resolution is limited by the diffraction
limit. Although a plasmonic metalens has been proposed
and fabricated84, this type of metalens is limited to nearfield imaging with a tight focus and low focusing
efficiency. Therefore, the development of metalenses with
high focusing efficiency and far-field superfocusing is
desirable. One could integrate polarisation modulation to
obtain radially polarised beams with phase modulation to
focus radially polarised beams into an all-dielectric
metasurface to achieve a high-performance longitudinally
polarised focal point156 that can be applied to highresolution medical imaging157 and defect detection158.
Additionally, previously reported THz metalenses are
symmetric in the forward and backward directions. It is
necessary to develop directional metalenses with
asymmetric focusing159 that can be used for unidirectional
imaging. Directional metalenses would provide the
functionality for capturing information one side while
protecting information on the other side, meaning they
could be utilised for information security and cloaking
applications.
THz components with multiple functions are promising
for device miniaturisation. Although the multiplexing of
multiple functions into a single metasurface provides
significant advantages, crosstalk between different
functions is an issue that must be addressed. For example,
Zhou et al. proposed a spin-decoupled metalens to generate
helicity-dependent vortices independently. Crosstalk is
generated when multiple helicity-dependent vortices are
generated for incident LP THz waves160. Crosstalk in the
multiplexing of plasmonic vortices has also been
observed161. With an increase in the number of functions
encoded on a single metasurface, crosstalk will become
more apparent. One could adopt optimisation algorithms
such as the particle swarm algorithm162 and covariance
matrix adaptation evolutionary strategy33 to eliminate
crosstalk. Another intriguing research direction is artificialintelligence-enhanced photonic techniques (e.g., photonics
neural networks). We believe that multi-functional
metasurface-based THz components will be made much
more efficient and performant with the aid of machine
learning techniques163,164.
In addition to device miniaturisation, system integration
is an important topic driving the development of advanced
THz technology. THz metasystems that can integrate a
variety of metasurface-based devices for manipulating THz
waves represent a promising research topic in this field.
One promising direction is the design of metasystems
consisting of two or more cascaded metasurface devices for
realising more complicated functionality. Another
intriguing direction is to integrate metasurface devices into
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conventional THz components that can simultaneously
leverage the advantages of each type of component165,166.
Based on their ultrathin and ultra-compact characteristics,
as well as their flexible wavefront-manipulating
functionality, metasurfaces will inevitably promote the
development of THz science and technology.
Acknowledgements
This work is supported in part by the National Key Research and
Development Program of China (2017YFA0701005), National Natural
Science Foundation of China (61871268, 61722111), Natural Science
Foundation of Shanghai (18ZR1425600), Shanghai Pujiang Program
(18PJD033), "Shuguang" Program of Shanghai Education Commission
(19SG44), Shanghai international joint laboratory project (17590750300),
111 Project (D18014), and Shanghai top talent program. the Russian
Foundation for Basic Research under Grant 18-29-20104 and Grant 2021-00143, the Ministry of Science and Higher Education in part within
the Agreement No. 075-15-2019-1950, in part within the State
assignment FSRC “Crystallography and Photonics” RAS.

Page 22 of 25

8.
9.
10.

11.
12.

13.

14.

15.

Author details
1

Terahertz Technology Innovation Research Institute, Terahertz Spectrum
and Imaging Technology Cooperative Innovation Center, Shanghai Key
Lab of Modern Optical System, University of shanghai for Science and
Technology, Shanghai 200093, China. 2Shanghai Institute of Intelligent
Science and Technology, Tongji University, Shanghai, 200092, China.
3
Department of Physics and International Laser Center, Lomonosov
Moscow State University, Leninskie Gory 1, Moscow 19991 Russia. 4ILIT
RAS-Branch of the FSRC
《 Crystallography and Photonics》 RAS,
Svyatoozerskaya 1, 140700, Shatura, Moscow Region, Russia

Author contributions
X. F. Zang proposed the framework of this review. All authors
contributed to the writing and discussion of the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.
Received: 04 August 2020 Revised: 11 November 2020 Accepted: 26 February
2021

Accepted article preview online: 01 March 2021
Published online: 22 March 2021

16.
17.
18.

19.

20.

21.
22.

23.

24.
References
1.
2.

3.

4.
5.

6.
7.

Zhang, X. C., Shkurinov, A. & Zhang, Y. Extreme terahertz science.
Nature Photonics 11, 16-18 (2017).
Michael, K. et al. Security applications of terahertz technology.
Proceedings of SPIE 5070, Terahertz for Military and Security
Applications. Orlando: SPIE, 2003.
Woodward, R. M. et al. Terahertz pulse imaging in reflection
geometry of human skin cancer and skin tissue. Physics in Medicine &
Biology 47, 3853-3863 (2002).
Fitzgerald, A. J. et al. Terahertz pulsed imaging of human breast
tumors. Radiology 239, 533-540 (2006).
Kleine-Ostmann, T. et al. Audio signal transmission over THz
communication channel using semiconductor modulator. Electronics
Letters 40, 124-126 (2004).
Pendry, J. B. Negative refraction Makes a perfect lens. Physical Review
Letters 85, 3966-3969 (2000).
Smith, D. R., Pendry, J. B. & Wiltshire, M. C. K. Metamaterials and

25.
26.

27.
28.
29.
30.

31.

negative refractive index. Science 305, 788-792 (2004).
Fang, N. et al. Sub–diffraction-limited optical imaging with a silver
superlens. Science 308, 534-537 (2005).
Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic
fields. Science 312, 1780-1782 (2006).
Rogacheva, A. V. et al. Giant gyrotropy due to electromagnetic-field
coupling in a bilayered chiral structure. Physical Review Letters 97,
177401 (2006).
Gansel J. K. et al. Gold helix photonic metamaterial as broadband
circular polarizer. Science 325, 1513-1515 (2009).
Shi, Z. C. et al. Random composites of nickel networks supported by
porous alumina toward double negative materials. Advanced
Materials 24, 2349-2352 (2012).
Wu, H. K. et al. Magnetic negative permittivity with dielectric
resonance in random Fe3O4@graphene-phenolic resin composites.
Advanced Composites and Hybrid Materials 1, 168-176 (2018).
Wu, H. K., Huang, X. S. & Qian, L. Recent progress on the
metacomposites with carbonaceous fillers. Engineered Science 2, 1725 (2018).
Li, T. et al. Achieving better greenhouse effect than glass: visibly
transparent and low emissivity metal-polymer hybrid metamaterials.
ES Energy & Environment 5, 102-107 (2019).
Jia, Y. L. et al. Thermal modulation of plasmon induced transparency
in graphene metamaterial. ES Energy & Environment 7, 4-11 (2020).
Lin, W. X., Huang, S. P. & Ren, J. Anomalous transient heat conduction
in fractal metamaterials. ES Energy & Environment 7, 56-64 (2020).
Qu, Y. P. et al. Simultaneous epsilon-negative and mu-negative
property of Ni/CaCu3Ti4O12 metacomposites at radio-frequency
region. Journal of Alloys and Compounds 847, 156526 (2020).
Sun, K. et al. Hydrosoluble graphene/polyvinyl alcohol membranous
composites with negative permittivity behavior. Macromolecular
Materials and Engineering 305, 1900709 (2020).
Sun, K. et al. Flexible silver nanowire/carbon fiber felt
metacomposites with weakly negative permittivity behavior. Physical
Chemistry Chemical Physics 22, 5114-5122 (2020).
Chen, X. Z. et al. Dual-polarity plasmonic metalens for visible light.
Nature Communications 3, 1198 (2012).
Arbabi, A. et al. Dielectric metasurfaces for complete control of phase
and polarization with subwavelength spatial resolution and high
transmission. Nature Nanotechnology 10, 937-943 (2015).
Khorasaninejad, M. et al. Metalenses at visible wavelengths:
diffraction-limited focusing and subwavelength resolution imaging.
Science 352, 1190-1194 (2016).
Wang, S. M. et al. Broadband achromatic optical metasurface devices.
Nature Communications 8, 187 (2017).
Chen, W. T. et al. A broadband achromatic metalens for focusing and
imaging in the visible. Nature Nanotechnology 13, 220-226 (2018).
Cheng, K. Y. et al. Realizing broadband transparency via manipulating
the hybrid coupling modes in metasurfaces for high-efficiency
metalens. Advanced Optical Materials 7, 1900016 (2019).
Jiang, S. C. et al. Controlling the polarization state of light with a
dispersion-free metastructure. Physical Review X 4, 021026 (2014).
Pfeiffer, C. et al. Polarization rotation with ultra-thin bianisotropic
metasurfaces. Optica 3, 427-432 (2016).
Yue, F. Y. et al. Vector vortex beam generation with a single
plasmonic metasurface. ACS Photonics 3, 1558-1563 (2016).
Yue, F. Y. et al. Multichannel polarization‐controllable superpositions of
orbital angular momentum states. Advanced Materials 29, 1603838
(2017).
Mehmood, M. Q. et al. Visible‐frequency metasurface for structuring
and spatially multiplexing optical vortices. Advanced Materials 28,
2533-2539 (2016).

Zang et al. Light: Advanced Manufacturing (2021)2:10

32.
33.

34.

35.

36.
37.
38.
39.
40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Devlin, R. C. et al. Arbitrary spin-to–orbital angular momentum
conversion of light. Science 358, 896-901 (2017).
Jiang, Z. H. et al. A single noninterleaved metasurface for highcapacity and flexible mode multiplexing of higher-order poincaré
sphere beams. Advanced Materials 32, 1903983 (2020).
Fu, X. J. et al. Terahertz beam steering technologies: from phased
arrays to field-programmable metasurfaces. Advanced Optical
Materials 8, 1900628 (2020).
Liu, S. et al. Convolution operations on coding metasurface to reach
flexible and continuous controls of terahertz beams. Advanced
Science 3, 1600156 (2016).
Huang, L. L. et al. Three-dimensional optical holography using a
plasmonic metasurface. Nature Communications 4, 2808 (2013).
Chen, W. T. et al. High-efficiency broadband meta-hologram with
polarization-controlled dual images. Nano Letters 14, 225-230 (2014).
Wen, D. D. et al. Helicity multiplexed broadband metasurface
holograms. Nature Communications 6, 8241 (2015).
Zheng, G. X. et al. Metasurface holograms reaching 80% efficiency.
Nature Nanotechnology 10, 308-312 (2015).
Li, X. et al. Multicolor 3D meta-holography by broadband plasmonic
modulation. Science Advances 2, e1601102 (2016).
Yu, N. F. et al. Light propagation with phase discontinuities:
generalized laws of reflection and refraction. Science 334, 333-337
(2011).
Falcone, F. et al. Babinet principle applied to the design of
metasurfaces and metamaterials. Physical Review Letters 93, 197401
(2004).
Zhang, X. Q. et al. Broadband terahertz wave deflection based on C‐
shape complex metamaterials with phase discontinuities. Advanced
Materials 25, 4567-4572 (2013).
Zhang, L., Zhang, M. & Liang, H. W. Realization of full control of a
terahertz wave using flexible metasurfaces. Advanced Optical
Materials 5, 1700486 (2017).
Wang, X. et al. Simultaneous realization of anomalous reflection and
transmission at two frequencies using Bi-functional metasurfaces.
Scientific Reports 8, 1876 (2018).
Zeng, H. X. et al. Terahertz dual-polarization beam splitter via an
anisotropic matrix metasurface. IEEE Transactions on Terahertz
Science and Technology 9, 491-497 (2019).
Zeng, H. X. et al. Maximizing beam-scanning angle in an expected
bandwidth based on terahertz metasurface with dual-mode
resonance. Applied Physics Express 12, 095501 (2019).
Liu, S. et al. Anisotropic coding metamaterials and their powerful
manipulation of differently polarized terahertz waves. Light: Science &
Applications 5, e16076 (2016).
Grady, N. K. et al. Terahertz metamaterials for linear polarization
conversion and anomalous refraction. Science 340, 1304-1307
(2013).
Liu, S. et al. Anomalous refraction and nondiffractive Bessel-beam
generation of terahertz waves through transmission-type coding
metasurfaces. ACS Photonics 3, 1968-1977 (2016).
Yang, Q. L. et al. Broadband and robust metalens with nonlinear
phase profiles for efficient terahertz wave control. Advanced Optical
Materials 5, 1601084 (2017).
Liu, S. et al. Free‐standing metasurfaces for high‐efficiency
transmitarrays for controlling terahertz waves. Advanced Optical
Materials 4, 384-390 (2016).
Zhao, R. Q. et al. High-efficiency Huygens’ metasurface for terahertz
wave manipulation. Optics Letters 44, 3482-3485 (2019).
Fan, J. P. & Cheng, Y. Z. Broadband high-efficiency cross-polarization
conversion and multi-functional wavefront manipulation based on
chiral structure metasurface for terahertz wave. Journal of Physics D:

Page 23 of 25

55.

56.

57.
58.

59.
60.
61.

62.
63.

64.
65.
66.
67.

68.

69.
70.

71.

72.
73.

74.
75.

76.
77.
78.
79.

Applied Physics 53, 025109 (2020).
Zhang, H. F. et al. High‐efficiency dielectric metasurfaces for
polarization‐dependent terahertz wavefront manipulation. Advanced
Optical Materials 6, 1700773 (2018).
Headland, D. et al. Dielectric resonator reflectarray as high-efficiency
nonuniform terahertz metasurface. ACS Photonics 3, 1019-1026
(2016).
Yang, Q. L. et al. Mie‐resonant membrane huygens' metasurfaces.
Advanced Functional Materials 30, 1906851 (2020).
Park, S. G. et al. Subwavelength silicon through-hole arrays as an alldielectric broadband terahertz gradient index metamaterial. Applied
Physics Letters 105, 091101 (2014).
Hong, X. R. et al. A beam deflector with dielectric metasurfaces in the
terahertz region. Laser Physics 30, 016204 (2020).
Ma, Z. J. et al. Terahertz all-dielectric magnetic mirror metasurfaces.
ACS Photonics 3, 1010-1018 (2016).
Tian, J. Y. et al. All-dielectric KTiOPO4 metasurfaces based on
multipolar resonances in the terahertz region. Optics Express 25,
24068-24080 (2017).
Liu, L. X. et al. Broadband metasurfaces with simultaneous control of
phase and amplitude. Advanced Materials 26, 5031-5036 (2014).
Ding, J. et al. Dual-wavelength terahertz metasurfaces with
independent phase and amplitude control at each wavelength.
Scientific Reports 6, 34020 (2016).
Xu, Q. et al. Efficient metacoupler for complex surface plasmon
launching. Advanced Optical Materials 6, 1701117 (2018).
Huang, L. L. et al. Dispersionless phase discontinuities for controlling
light propagation. Nano Letters 12, 5750-5755 (2012).
Zhang, X. Q. et al. Anomalous surface wave launching by handedness
phase control. Advanced Materials 27, 7123-7129 (2015).
Liu, Z. C. et al. High‐performance broadband circularly polarized beam
deflector by mirror effect of multinanorod metasurfaces. Advanced
Functional Materials 25, 5428-5434 (2015).
Luo, J. et al. Highly efficient wavefront manipulation in terahertz
based on plasmonic gradient metasurfaces. Optics Letters 39, 22292231 (2014).
Jiang, X. et al. All-dielectric metalens for terahertz wave imaging.
Optics Express 26, 14132-14142 (2018).
Kenney, M. et al. Pancharatnam-Berry phase induced spin-selective
transmission in herringbone dielectric metamaterials. Advanced
Materials 28, 9567-9572 (2016).
Li, S. H., Li, J. S. & Sun, J. Z. Terahertz wave front manipulation based
on Pancharatnam-Berry coding metasurface. Optical Materials Express
9, 1118-1127 (2019).
Wang, Q. et al. A broadband metasurface‐based terahertz flat‐lens
array. Advanced Optical Materials 3, 779-785 (2015).
Jia, D. L. et al. Transmissive terahertz metalens with full phase control
based on a dielectric metasurface. Optics Letters 42, 4494-4497
(2017).
He, J. W. et al. A broadband terahertz ultrathin multi-focus lens.
Scientific Reports 6, 28800 (2016).
Jia, D. L. et al. Multifocal terahertz lenses realized by polarizationinsensitive reflective metasurfaces. Applied Physics Letters 114,
101105 (2019).
Wang, S. et al. Spin-selected focusing and imaging based on
metasurface lens. Optics Express 23, 26434-26441 (2015).
Kuznetsov, S. A. et al. Planar holographic metasurfaces for terahertz
focusing. Scientific Reports 5, 7738 (2015).
Yang, Q. L. et al. Efficient flat metasurface lens for terahertz imaging.
Optics Express 22, 25931-25939 (2014).
Chang, C. C. et al. Demonstration of a highly efficient terahertz flat
lens employing tri-layer metasurfaces. Optics Letters 42, 1867-1870

Zang et al. Light: Advanced Manufacturing (2021)2:10

80.
81.

82.

83.
84.
85.

86.
87.
88.
89.

90.
91.
92.
93.
94.
95.

96.
97.
98.
99.
100.
101.

102.
103.
104.

105.

(2017).
Zhao, H. et al. High-efficiency terahertz devices based on crosspolarization converter. Scientific Reports 7, 17882 (2017).
Wang, J. C. et al. Terahertz metalens for multifocusing bidirectional
arrangement in different dimensions. IEEE Photonics Journal 11,
4600311 (2019).
Ding, J. et al. Multiwavelength metasurfaces based on single‐layer dual‐
wavelength meta‐Atoms: toward complete phase and amplitude
modulations at two wavelengths. Advanced Optical Materials 5,
1700079 (2017).
Cheng, Q. Q. et al. Broadband achromatic metalens in terahertz
regime. Science Bulletin 64, 1525-1531 (2019).
Zang, X. F. et al. Polarization-controlled terahertz super-focusing.
Applied Physics Letters 113, 071102 (2018).
Chen, H. et al. Sub-wavelength tight-focusing of terahertz waves by
polarization-independent
high-numerical-aperture
dielectric
metalens. Optics Express 26, 29817-29825 (2018).
Zhang, X. T. et al. Superresolution focusing using metasurface with
circularly arranged nanoantennas. Plasmonics 13, 147-153 (2018).
Hu, D. et al. Ultrathin terahertz planar elements. Advanced Optical
Materials 1, 186-191 (2013).
Zang, X. F. et al. A multi‐foci metalens with polarization‐rotated focal
points. Laser & Photonics Reviews 13, 1900182 (2019).
Zang, X. F. et al. Polarization‐insensitive metalens with extended focal
depth and longitudinal high‐tolerance imaging. Advanced Optical
Materials 8, 1901342 (2020).
Jiang, X. Y. et al. An ultrathin terahertz lens with axial long focal depth
based on metasurfaces. Optics Express 21, 30030-30038 (2013).
Wang, Q. et al. Broadband metasurface holograms: toward complete
phase and amplitude engineering. Scientific Reports 6, 32867 (2016).
Wang, Q. et al. All-dielectric meta-holograms with holographic
images transforming longitudinally. ACS Photonics 5, 599-606 (2018).
Xu, Q. et al. Polarization‐controlled surface plasmon holography. Laser
& Photonics Reviews 11, 1600212 (2017).
Wang, B. et al. Wavelength de-multiplexing metasurface hologram.
Scientific Reports 6, 35657 (2016).
Wang, Q. et al. Reflective chiral meta-holography: multiplexing
holograms for circularly polarized waves. Light: Science & Applications
7, 25 (2018).
Wang, Q. et al. Polarization and frequency multiplexed terahertz meta‐
holography. Advanced Optical Materials 5, 1700277 (2017).
Zhao, H. et al. Metasurface hologram for multi-image hiding and
seeking. Physical Review Applied 12, 054011 (2019).
Guo, J. Y. et al. Reconfigurable terahertz metasurface pure phase
holograms. Advanced Optical Materials 7, 1801696 (2019).
He, J. W. et al. Meta-hologram for three-dimensional display in
terahertz waveband. Microelectronic Engineering 220, 111151 (2020).
Xu, S. T. et al. Terahertz polarization mode conversion in compound
metasurface. Applied Physics Letters 111, 031107 (2017).
Chiang, Y. J. & Yen, T. J. A composite-metamaterial-based terahertzwave polarization rotator with an ultrathin thickness, an excellent
conversion ratio, and enhanced transmission. Applied Physics Letters
102, 011129 (2013).
Cong, L. Q. et al. A perfect metamaterial polarization rotator. Applied
Physics Letters 103, 171107 (2013).
Yang, Q. L. et al. Broadband terahertz rotator with an all-dielectric
metasurface. Photonics Research 6, 1056-1061 (2018).
Zang, X. F. et al. Metasurface for multi-channel terahertz beam
splitters and polarization rotators. Applied Physics Letters 112,
171111 (2018).
Lv, T. T. et al. Dual-band dichroic asymmetric transmission of linearly
polarized waves in terahertz chiral metamaterial. Nanophotonics 9,

Page 24 of 25

106.

107.

108.

109.
110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

3235-3242 (2020).
Rao, Y. F. et al. Asymmetric transmission of linearly polarized waves
based on Mie resonance in all-dielectric terahertz metamaterials.
Optics Express 28, 29855-29864 (2020).
Lv, T. T. et al. Hybrid metamaterial switching for manipulating
chirality based on VO2 phase transition. Scientific Reports 6, 23186
(2016).
Cong, L. Q. et al. Polarization control in terahertz metasurfaces with
the lowest order rotational symmetry. Advanced Optical Materials 3,
1176-1183 (2015).
Cong, L. Q. et al. Highly flexible broadband terahertz metamaterial
quarter‐wave plate. Laser & Photonics Reviews 8, 626-632 (2014).
Nouman, M. T., Hwang, J. H. & Jang, J. H. Ultrathin terahertz quarterwave plate based on split ring resonator and wire grating hybrid
metasurface. Scientific Reports 6, 39062 (2016).
Zang, X. F. et al. Dual-band superposition induced broadband
terahertz linear-to-circular polarization converter. Journal of the
Optical Society of America B 35, 950-957 (2018).
Wang, D. C. et al. Multipolar-interference-assisted terahertz
waveplates via all-dielectric metamaterials. Applied Physics Letters
113, 201103 (2018).
Mo, W. C. et al. Ultrathin flexible terahertz polarization converter
based on metasurfaces. Optics Express 24, 13621-13627 (2016).
Chang, C. C. et al. Broadband linear-to-circular polarization
conversion enabled by birefringent off-resonance reflective
metasurfaces. Physical Review Letters 123, 237401 (2019).
Lee, W. S. L. et al. Dielectric-resonator metasurfaces for broadband
terahertz quarter- and half-wave mirrors. Optics Express 26, 1439214406 (2018).
Sueda, K. et al. Laguerre-Gaussian beam generated with a multilevel
spiral phase plate for high intensity laser pulses. Optics Express 12,
3548-3553 (2004).
Karimi, E. et al. Efficient generation and sorting of orbital angular
momentum eigenmodes of light by thermally tuned q-plates.
Applied Physics Letters 94, 231124 (2009).
Beijersbergen, M. W. et al. Astigmatic laser mode converters and
transfer of orbital angular momentum. Optics Communications 96,
123-132 (1993).
Biener, G. et al. Formation of helical beams by use of
Pancharatnam–Berry phase optical elements. Optics Letters 27, 18751877 (2002).
He, J. W. et al. Generation and evolution of the terahertz vortex beam.
Optics Express 21, 20230-20239 (2013).
Zhang, H. F. et al. Polarization-independent all-silicon dielectric
metasurfaces in the terahertz regime. Photonics Research 6, 24-29
(2018).
Dharmavarapu, R. et al. Dielectric cross-shaped-resonator-based
metasurface for vortex beam generation at mid-IR and THz
wavelengths. Nanophotonics 8, 1263-1270 (2019).
Zhao, H. et al. Demonstration of orbital angular momentum
multiplexing and demultiplexing based on a metasurface in the
terahertz band. ACS Photonics 5, 1726-1732 (2018).
Zang, X. F. et al. Manipulating terahertz plasmonic vortex based on
geometric and dynamic phase. Advanced Optical Materials 7,
1801328 (2019).
Xu, Q. et al. Coupling‐Mediated selective spin‐to‐plasmonic‐orbital
angular momentum conversion. Advanced Optical Materials 7,
1900713 (2019).
Wang, S., Wang, X. K. & Zhang, Y. Simultaneous Airy beam generation
for both surface plasmon polaritons and transmitted wave based on
metasurface. Optics Express 25, 23589-23596 (2017).
He, J. W. et al. Abruptly autofocusing terahertz waves with meta-

Zang et al. Light: Advanced Manufacturing (2021)2:10

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.
138.
139.

140.

141.
142.

143.
144.

145.

146.

hologram. Optics Letters 41, 2787-2790 (2016).
Guo, J. Y. et al. Generation of radial polarized Lorentz beam with
single layer metasurface. Advanced Optical Materials 6, 1700925
(2018).
Kim, T. T. et al. Amplitude modulation of anomalously refracted
terahertz waves with gated‐graphene metasurfaces. Advanced Optical
Materials 6, 1700507 (2018).
Ding, F., Zhong, S. M. & Bozhevolnyi, S. I. Vanadium dioxide
integrated metasurfaces with switchable functionalities at terahertz
frequencies. Advanced Optical Materials 6, 1701204 (2018).
Hashemi, M. R. M. et al. Electronically-controlled beam-steering
through vanadium dioxide metasurfaces. Scientific Reports 6, 35439
(2016).
Li, J. et al. All‐optical switchable vanadium dioxide integrated coding
metasurfaces for wavefront and polarization manipulation of terahertz
beams. Advanced Theory and Simulations 3, 1900183 (2020).
Cong, L. Q. et al. All-optical active THz metasurfaces for ultrafast
polarization switching and dynamic beam splitting. Light: Science &
Applications 7, 28 (2018).
Su, X. Q. et al. Active metasurface terahertz deflector with phase
discontinuities. Optics Express 23, 27152-27158 (2015).
Zhang, H. F. et al. Coherent control of optical spin‐to‐orbital angular
momentum conversion in metasurface. Advanced Materials 29,
1604252 (2017).
Cong, L. Q. & Singh, R. Spatiotemporal dielectric metasurfaces for
unidirectional propagation and reconfigurable steering of terahertz
beams. Advanced Materials 32, 2001418 (2020).
Fan, K. B. et al. Phototunable dielectric Huygens’ metasurfaces.
Advanced Materials 30, 1800278 (2018).
Du, Z. Y. et al. Tunable beam deflector by mutual motion of cascaded
bilayer metasurfaces. Journal of Optics 21, 115101 (2019).
Wang, T. et al. Thermally switchable terahertz wavefront metasurface
modulators based on the insulator-to-metal transition of vanadium
dioxide. Optics Express 27, 20347-20357 (2019).
Liu, Z. & Bai, B. F. Ultra-thin and high-efficiency graphene metasurface
for tunable terahertz wave manipulation. Optics Express 25, 85848592 (2017).
Liu, W. G. et al. Graphene-enabled electrically controlled terahertz
meta-lens. Photonics Research 6, 703-708 (2018).
Ullah, N. et al. Efficient tuning of linearly polarized terahertz focus by
graphene-integrated metasurface. Journal of Physics D: Applied
Physics 53, 205103 (2020).
Ullah, N. et al. Gate-controlled terahertz focusing based on
graphene-loaded metasurface. Optics Express 28, 2789-2798 (2020).
Liu, X. B. et al. Thermally dependent dynamic meta‐holography using a
vanadium dioxide integrated metasurface. Advanced Optical Materials
7, 1900175 (2019).
Lou, J. et al. Multifield-inspired tunable carrier effects based on
ferroelectric-silicon PN heterojunction. Advanced Electronic Materials
6, 1900795 (2020).
Fan, Y. C. et al. Tunable terahertz meta-surface with graphene cut-

Page 25 of 25

147.
148.

149.

150.
151.

152.
153.
154.
155.
156.
157.

158.

159.
160.

161.
162.

163.

164.
165.

166.

wires. ACS Photonics 2, 151-156 (2015).
Fan, Y. C. et al. Graphene plasmonics: a platform for 2D optics.
Advanced Optical Materials 7, 1800537 (2019).
Zhu, W. et al. Realization of a near-infrared active Fano-resonant
asymmetric metasurface by precisely controlling the phase transition
of Ge2Sb2Te5. Nanoscale 12, 8758-8767 (2020).
Cui, T. J. et al. Coding metamaterials, digital metamaterials and
programmable metamaterials. Light: Science & Applications 3, e218
(2014).
Gao, L. H. et al. Broadband diffusion of terahertz waves by multi-bit
coding metasurfaces. Light: Science & Applications 4, e324 (2015).
Dai, J. Y. et al. Independent control of harmonic amplitudes and
phases via a time-domain digital coding metasurface. Light: Science &
Applications 7, 90 (2018).
Li, L. L. et al. Electromagnetic reprogrammable coding-metasurface
holograms. Nature Communications 8, 197 (2017).
Li, L. L. et al. Machine-learning reprogrammable metasurface imager.
Nature Communications 10, 1082 (2019).
Zhang, L. et al. Breaking reciprocity with space-time-coding digital
metasurfaces. Advanced Materials 31, 1904069 (2019).
Ma, Q. et al. Smart metasurface with self-adaptively reprogrammable
functions. Light: Science & Applications 8, 98 (2019).
Wang, H. F. et al. Creation of a needle of longitudinally polarized light
in vacuum using binary optics. Nature Photonics 2, 501-505 (2008).
Pahlevaninezhad, H. et al. Nano-optic endoscope for high-resolution
optical coherence tomography in vivo. Nature Photonics 12, 540-547
(2018).
Mao, Q. et al. Convolutional neural network model based on
terahertz imaging for integrated circuit defect detections. Optics
Express 28, 5000-5012 (2020).
Yao, B. S. et al. Dual-layered metasurfaces for asymmetric focusing.
Photonics Research 8, 830-843 (2020).
Zhou, T. et al. Spin-independent metalens for helicity–multiplexing of
converged vortices and cylindrical vector beams. Optics Letters 45,
5941-5944 (2020).
Zang, X. F. et al. Geometric metasurface for multiplexing terahertz
plasmonic vortices. Applied Physics Letters 117, 171106 (2020).
Zhang, Q. et al. High-numerical-aperture dielectric metalens for
super-resolution focusing of oblique incident light. Advanced Optical
Materials 8, 1901885 (2020).
Jiang, J. Q. & Fan, J. A. Global optimization of dielectric metasurfaces
using a physics-driven neural network. Nano Letters 19, 5366-5372
(2019).
Liu, D. J. et al. Training deep neural networks for the inverse design of
nanophotonic structures. ACS Photonics 5, 1365-1369 (2018).
Li, Z. Y. et al. Controlling propagation and coupling of waveguide
modes using phase-gradient metasurfaces. Nature Nanotechnology
12, 675-683 (2017).
Guo, X. X. et al. Molding free-space light with guided wave-driven
metasurfaces. Science Advances 6, eabb4142 (2020).

