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Metasurfaces, composed of prearranged artificial unit cells possessing different
electromagnetic (EM) responses, provide unprecedented abilities to realize versatile
wave manipulations. Especially in the terahertz spectrum, metasurfaces attract
broad attention by opening up further possibilities for wave regulating. Terahertz
applications in various fields, for instance, spatial light modulation (SLM), radar, imaging,
time-domain spectroscopy (TDS), and high-speed commmunication, have been facilitated
and improved. In this article, we first give a simple review on recent advances
on terahertz metasurfaces, including discussion of passive metasurfaces with fixed
structures and active metasurfaces integrated with tunable components. Then, we
briefly review the development of coding metasurfaces and programmable metasurfaces
represented by digitized bits. We mainly focus on some powerful functions, functional
multiplexing, and real-time controlled applications in terahertz frequencies. Finally, we
give an abbreviated overview of developing terahertz multifunctional metasurfaces and
programmable metasurfaces.

Keywords: terahertz metasurface, passive metasurfaces, active metasurfaces, coding and programmable
metasurfaces, real-time multifunctional control

INTRODUCTION

Terahertz spectrum, where frequency covers 0.1 to 100 THz (wavelength ranges from 3 pum to
3 mm), has conspicuous distinctions with microwave, millimeter-wave, and optical field. Due to
the inclusion of characteristic frequencies of most biological and chemical molecules, abundant
biological and material information can be detected [1]. Small attenuation, strong penetration,
and high time spectrum signal-to-noise ratio (SNR) also make terahertz wave itself suitable for
imaging [2]. In addition, its wide instantaneous bandwidth promotes the implementation of high-
speed communication [3]. As these advantages of terahertz spectrum are gradually recognized
and accounted, series of terahertz devices have been proposed to regulate terahertz wavefronts
[4-6], yet some devices need to face the large volume, high cost, and fabrication issue, which
restrict their applications in terahertz scenarios. Distinguished from conventional gratings or phase
waveplates, metasurface has played a significant role at terahertz spectrum. As an evolution of three-
dimensional (3D) metamaterial in two-dimensional (2D) geometry, metasurface retains advantages
in achieving intricate manipulations of electromagnetic (EM) waves that are difficult to realize
utilizing conventional technics, while compensating deficiencies of metamaterial such as bulky size,
high profile, and difficult fabrication.

Different from metamaterial that is characterized under effective medium theory with
retrieved permittivity and permeability [7], generalized sheet transition conditions (GSTCs)
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[8], and generalized Snell’s laws [9] are fitter for analyzing
and designing metasurface. Through permuting artificial and
subwavelength metasurface unit cells under characteristic
configurations, discontinued phase profiles, arbitrary amplitude
profiles, or desired surface impedance distributions can be
acquired and one can modulate the incident EM waves at liberty.
Hitherto, various metasurfaces have been designed and fabricated
to achieve tremendous functions in different physical fields,
including acoustic field, microwave and millimeter-wave field,
and optical field. Numerous functionalities have been realized,
such as high-efficiency transmission [10-12], orbital angular
momentum (OAM) generation [13], radar cross section (RCS)
reduction [14], and so on. Typically, metasurfaces have been
used to construct novel terahertz devices to break volume and
cost constraints at terahertz band. Capabilities of manipulating
terahertz waves have been enriched and available scenarios
have been broadened, such as spatial light modulation (SLM),
biological or medical imaging [15], and terahertz time-domain
spectrograph [16].

More recently, multifunctional metasurface, coding
metasurface, and programmable metasurface turn into
research hotspots because of demands of device integration
and real-time control. The multifunctional feature gives rise
to the advantage of compactness, which may contribute to
promoting the miniaturization of terahertz devices or systems.
Coding metasurface, of which EM responses are characterized
by digitalized bits, provides a direct joint between digital
sequences and metasurface. Programmable metasurface is an
extended form of coding metasurface, which can activate tunable
elements by importing digital coding sequence in the real-time
manner, thus realizing dynamic switching of functions. In
this article, we intend to review metasurfaces reacting in the
terahertz spectrum, of which multifunctional and programmable
properties are particularly focused and further regarded as a
develop prospect. The organization of this review is as follows.
In section Passive Metasurfaces for Terahertz Manipulation,
we briefly retrospect several passive metasurfaces aimed for
terahertz wave regulating and functional versatility. In section
Active Metasurfaces for Terahertz Manipulation, we introduce
some terahertz metasurfaces combining activated items to realize
tunable responses, while dynamically functional multiplexing is
included. In section Coding and Programmable Metasurfaces for
Terahertz Manipulation, we review the development of coding
metasurfaces and subsequent programmable metasurfaces by
listing certain remarkable achievements and real-time controlled
cases in terahertz category. In conclusion, we summarize the
review along with our prospection on further directions of
terahertz metasurfaces with multifunctionality and instantaneity.

PASSIVE METASURFACES FOR
TERAHERTZ MANIPULATION

Monofunctional Passive Metasurfaces

In contrast to traditional passive terahertz devices, metasurfaces
possess superiorities like ultra-thin profile, remarkable lightness,
easy fabrication, acceptable loss, and the tremendous potential

to manipulate terahertz waves freely. Up to now, passive
metasurfaces have been utilized to achieve beam deflection [17-
19], beam forming [20-22], object cloaking [23], focusing [24-
26], absorbing [27], and polarization converting [28-30], and so
on. In this part, we focus on the most frequently used functions,
for instance, beam deflection and beam forming.

Beam deflection is common and easy to achieve by using
conventional technics but need thick terahertz/optical elements
or complex light paths. Fortunately, metasurface can be adopted
instead to regulate incident waves to expected directions. An
external wave vector is applied to the transmitted or reflected
wave by etching periodically metasurface unit cells, which realizes
the beam deflection effect. According to the generalized Snell’s
law, a desired diffracting angle 6; can be achieved under an
arbitrary incident angle 6;,

Ao do

sin Oyn; — sinbin; = —
27 dx

(1
in which n; and n; are respectively refraction indexes of
two media above and underneath the metasurface, as shown
in Figure1A. X is the operating wavelength and dg/dx
corresponds to the phase gradient endowed by metasurface.
Similarly, in the case of reflection shown in Figure 1B, the
equation changes to

fo_do 2)

sin @, — sinf; =
2mn; dx

where 0; represents the reflection angle. Based on such a
principle, many metasurfaces have been proposed to achieve
flexible beam deflections. For example, a type of metasurface-
based beam deflector composed of C-shaped unit cells was
proposed by Zhang et al. [18]. The designed beam deflector was
experimentally verified to approach a wide operating frequency
range of 0.57 THz (from 0.43 to 1.0 THz); meantime, a maximum
deflected angle of 84° was achieved. Moreover, a meta-zone
plate was simultaneously proposed using such design method
to focus terahertz radiations within a wide frequency band.
Soon after, Liu et al. proposed a robust and facile approach
to achieve simultaneous control of phase and amplitude in a
single-layer metasurface over a broadband frequency range, and
untrammeled beam diffractions have been achieved [17]. This
design combined characteristics of two types of metasurfaces.
The metasurface for phase control was determined by the
geometrical configuration of each C-shaped unit cell, and the
metasurface for amplitude control was realized by angular
orientation manipulation of a rod-shaped unit cell, as shown
in Figure2A. In such a case, the phase and amplitude of
output light can be freely tailored by changing the geometrical
configuration of C-shaped unit cells and angular orientation
of rod-shaped unit cells, respectively. As a demonstration,
the realized metasurface was used to control intensities of
different diffraction orders of terahertz waves. Experimental
results, illustrated in Figures 2B,C, clearly demonstrate the
beam diffraction capability of this metasurface. Although the
aforementioned two kinds of metasurfaces have outstanding
beam deflecting property, the deflection efficiency is excluded
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FIGURE 1 | Schematic diagrams of generalized Snell’s law. (A) The diffracting situation. (B) The reflecting situation.
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FIGURE 2 | (A) Geometrical configuration of the metasurface unit cell. (B,C) Measured diffractions of metasurfaces with different geometries. Reproduced with
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from consideration. Miniaturization of unit cells can restrain
spatial dispersion and spurious diffraction that deteriorate the
metasurface performance. In 2019, Liu et al. proposed two deeply
subwavelength unit cells based on meander lines and meander
gaps with a total size of about 1/25 wavelength, and the latter
one was verified to maintain underdamped under the attenuation
of metal conductivity [19]. To further demonstrate the feasibility
of the meander gap metasurface, a beam deflector sample based
on meander gap metasurface was proposed. The authors verified
an efficient deflection effect at the diffraction order of —1 with
simulated deflection efficiency over 49% around 1 THz.

To achieve a complex EM pattern, the phase distribution,
amplitude distribution, or polarization conversion will be more
variable than that of beam deflection, and are no longer
monotonic gradient situations. Through endowing complex EM
responses to the metasurface, optical elements such as deflectors,
splitters, and waveplates can be replaced. The system complexity
can be reduced and proper shaping effects can be maintained.
For example, Lorentz beam can be used in a wide range of
scenarios due to its non-diffraction characteristic, yet multiple
optical elements are required to generate it. In 2017, Guo et al.
demonstrated a radially polarized Lorentz beam under circular
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polarized incidences in the terahertz spectrum utilizing a single-
layer metasurface composed of cross-shaped unit cells [22]. The
schematic diagram of generating Lorentz beam is shown in

A
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FIGURE 3 | (A) Schematic of the metasurface to generate a radially polarized
Lorentz wave from a right circularly polarized uniform plane wave. (B)
Schematic diagram of the cross-shaped unit cell. Parameters L, W, D1, and
D2 are respectively the length and width of the cross patch. (C,D) Simulated
and experimental transmitting intensities of the generated Lorentz beam.
Reproduced with permission from [22].

Figure 3A. The cross-shaped unit cell, depicted in Figure 3B,
provides different phase responses, amplitude responses and
polarization conversions by modulating typical sizes of the cross
pairs and orientation angle 6. Electric field distributions of the
metasurface have rotational symmetry with an angle of 90° under
two orthogonally circularly polarized (CP) waves (RCP and LCP).
Simulated and measured results of total transmitting intensities
are respectively depicted in Figures 3C,D, from which good
compatibility is observed. In addition to Lorentz beam, Bessel
beam is another modulated light possessing diftfraction-free
characteristic. Although ideal Bessel beam only exists in theory,
the actual EM radiation obeying formal solution of zero-order
Bessel function still exhibits merits like deep focal length, high
intensity, and small main-lobe size. Recently, Jia et al. proposed
a kind of transmitting metasurface in response to circular
polarization and experimentally demonstrated the realization of
high-performance Bessel distribution [21]. The authors designed
a tri-layer metasurface unit cell with only A/5 thickness to
provide full phase coverage (0° to 360°) and high transmission.
Based on the high-quality unit cell, the generated Bessel beam
was verified with outstretched longitudinal field and focused
transverse field, satisfying the non-diffracting desire. Besides,
OAM beam has also attracted much attention and been regarded
as an important way to improve communication capability and
information security owing to its infinite orthogonal modes.
OAM multiplexing and demultiplexing were demonstrated based
on a terahertz metasurface by Zhao et al. and the unit cell

10 5
15 5 0

z (mm) X (mm)

multiplexing. Reproduced with permission from [20].

FIGURE 4 | (A,B) lllustration of the metasurface to achieve OAM multiplexing and demultiplexing. (C,D) Simulation and experimental amplitude profiles of OAM
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FIGURE 5 | (A) Schematic diagram of the C-shaped unit cell. (B) Simulated
amplitude and phase responses of the C-shaped unit cell. (C,D) Experimental
holographic results of two characters “C” and “N”. Reproduced with
permission from [31].

was chosen as complementary C-shaped structure [20]. The
metasurface structure was designed to multiplex OAM beams
with distinct topological charges under the illumination of a
Gaussian incidence, and the demultiplexing can be verified by
the generation of a focal spot at the desire channel under
an individual OAM incidence. Schematics of the metasurface
and the corresponding multiplexing and demultiplexing effect
are shown in Figures 4A,B. By arranging eight types of unit
cells with different azimuth angle a and opening angle g, four
focused OAM wavefronts with topological charges of I = +1,
—1, +2, and —2 were simultaneously realized in simulation
and measurement. Then, by entering an OAM beam containing
singular topological charge, OAM demultiplexing effect also got
demonstration. Simulation and experimental results of OAM
multiplexing are depicted in Figures 4C,D.

Multifunctional Passive Metasurfaces

In line with the pursuit of high integration and miniaturization,
multifunctional devices are undoubtedly one of the current
research hotspots. Designing functional devices by traditional
methods may be impractical or undesirable ascribing to
limitations imposed by their own mechanisms. Fortunately,
the superb degree of freedom of metasurface makes functional
multiplexing a reality. Although the significant feature of the
passive metasurface is its fixed structure, functional multiplexing
can still be achieved. Multifunctional passive metasurfaces can
be divided into frequency multiplexing metasurfaces [31, 32] and
polarization multiplexing metasurfaces [33-38].

We start from the frequency multiplexing situation. Because
some metasurface unit cells can function at more than one
frequency band, the finally constructed metasurface can realize
multiple effects under an overlapping arrangement. As an

example, Wang et al. proposed a multi-color metasurface
hologram depending on the phase modulating of C-shaped
unit cells effective at different working frequencies [31].
The selected C-shaped unit cell, depicted in Figure 5A,
can manipulate transmitted phase responses from —180° to
+180° at both 0.50 and 0.63 THz, and meanwhile maintain
stable amplitude responses. Simulated amplitude and phase
responses are illustrated in Figure 5B. Utilizing this selected
unit cell, the authors designed a metasurface to image recorded
hologram characters “C” and “N” respectively at 0.50 and
0.63 THz. Experimental images of two characters are shown
in Figures 5C,D. Considering the presented images are cross-
polarized with respect to the incidence, cross-polarization
conversion efficiency of the meta-device was measured with
an absolute intensity above 10%. Later in 2018, a bi-
functional metasurface structure that could simultaneously
achieve anomalous reflection and transmission respectively at
dual terahertz bands has been designed and verified [32]. A
double-layer metasurface unit cell was firstly presented, in
which two C-shaped patterns separately provided reflected and
transmitted phase responses. Then, the authors designed a
metasurface structure and numerically demonstrated derivation
angles of —19.7° for reflection and —50° for transmission.
Furthermore, there are many circumstances belonging to
polarization multiplexing. To our knowledge, two principles
are commonly employed to design polarization multiplexed
metasurfaces, one is Pancharatnam-Berry (PB) phase [33-37]
and the other is anisotropy [38]. PB phase can be realized by
rotating metasurface unit cell structures, such as the C-shaped
structure and rod-shaped structure aforementioned, and there
exist a specific relationship between the orientation angle and
the PB phase. Values of the PB phase have opposite varying
trend under two orthogonal CP incidences when the unit cell
rotates, which is crucial for integrating multiple functions.
In addition, since unit cell structures based on PB phase do
not rely on EM resonances, they are able to maintain stable
phase change and amplitude response in wide bands. In 2015,
Wang et al. proposed a polarization-dependent metasurface
lens originated from PB phase, and a lens prototype was
designed and fabricated to achieve different focal spots and
disparate character images at different locations [36]. In this
work, a rod-shaped unit cell was adopted to provide transmitted
PB phase in a wide band. Focal spots were experimentally
verified to be diverging under RCP and LCP waves, in the
meantime with outstanding focusing effect from 0.65 to 0.95
THz. The lens was also measured with flipped imaging ability
under two perpendicular CP incidences. However, the proposed
metasurface lens is dominated by the reversal property under
different CP illuminations, which constrains the development
of functional multiplexing. Fortunately, this issue can be solved
by properly designing the cell structure and punching the
incidence with specific polarization. For instance, a polarization
and frequency demultiplexed holographical metasurface has been
designed in terahertz range [35]. Recurring to a super unit
cell composed of four C-shaped sub unit cells endowed with
different opening angles, orientation angles, and line widths,
transmitted polarization conversion intensity and phase response
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FIGURE 6 | (A) lllustration of the super unit cell composed of four C-shaped sub unit cells and simulated intensities of electric field. Under x-polarized incidence,
y-polarized transmission intensities are detected. The black solid line and the red dotted line respectively represent the intensities of unit 1 and unit 2. Blue
dashed-dotted line represents intensities of unit 3 and unit 4. (B-E) Measured images of the polarization and frequency demultiplexed holographical metasurface.
Reproduced with permission from [35]. (F) Schematic diagram of the anisotropic pillar-shaped unit cell. (G,H) Measured phase profile and intensity profile of the OAM
beam under x-polarized incidence. (I,J) Measured Bessel intensity profiles when y = 0 and z = 6 mm under y-polarized incidence. Reproduced with permission from

can be manipulated at multiple frequency points. It is observed in
Figure 6A that units 1 and 2 achieve y-polarized intensity peaks
respectively at 0.6 and 0.8 THz under an x-polarized incidence,
but units 3 and 4 have no polarization conversion effect. When
rotating the structure to 45°, units 3 and 4 are contributing
while units 1 and 2 are inoperative. Then, by using Rayleigh-
Sommerfeld diffraction theory, the authors demonstrated a
meta-holography possessing the novel functionality to realize
polarization selective and frequency selective holographic
imaging. Using the multifunctional metasurface, four characters
“CY “F’ “T7 and “W” were chosen to be displayed here, and
measured results are shown in Figures 6B-E. Furthermore, the
idea of polarization multiplexing has been utilized in designing
many other powerful meta-devices, such as dual-functional
polarization rotator [33] and dual-functional beam generator

[37]. Apart from PB phase, anisotropy is also an effective
principle for polarization multiplexing design. Other than the
polarization selectivity of PB phase, metasurface structures based
on anisotropy rely on polarization independence. To achieve
multiple functions, anisotropic unit cell structures that have
polarization-independent responses are required. In 2017, Zhang
et al. proposed a high-efficiency silicon metasurface consisting of
rectangular pillar-shaped unit cells [38]. The unit cell structure is
illustrated in Figure 6F. Through tuning the side length I, and [,
phase shifts corresponding to x polarization and y polarization
vary independently. To further demonstrate the anisotropy of
the silicon unit cell, the authors designed and fabricated several
prototypes of metasurfaces, among which the most conspicuous
one was proposed to realize bi-functional beam shaping. Under
x-polarized terahertz incidence, this prototype was verified to
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serve as an OAM beam generator, while under y-polarized
terahertz incidence, the metasurface was verified to generate a
Bessel beam. Measured phase profile and field intensities are
depicted from Figures 6G-]J.

ACTIVE METASURFACES FOR
TERAHERTZ MANIPULATION

Active Metasurfaces With Functional
Tunability

Although functional integration has been realized and widely
studied using passive metasurfaces, some intractable situations
need active items to perform dynamic control. At microwave
frequencies, PIN diodes, varactors, and triodes are widely
embraced to provide optional responses under different bias
signals, while in the terahertz spectrum, it is difficult to
obtain packaged semiconductors owing to the small electrical
size, and sophisticated parasitic effects are a formidable
challenge. Fortunately, many materials can be utilized as tunable
components in terahertz frequencies. Doped semiconductor
[39], vanadium dioxide (VO;) [40], liquid crystal (LC) [41],
transparent conducting oxide (TCO) [42], graphene, 2D
electron gas (2DEG) [43], halide perovskite [44], quantum dot
(QD) [45], and superconductor [46, 47] have been used to
design terahertz metasurfaces and experimentally verified with
freedom of regulating amplitude responses, phase responses, and
polarizations. The excitation method is no longer limited to
electric control, and thermal environment and light pump also
become effective incentives. Moreover, micro electromechanical
systems (MEMS) and nano electromechanical systems (NEMS)
are widely adopted to implement dynamic structure adjustment.
The former is suitable for terahertz applications, and the latter
can be used in near-infrared (NIR) regime [48].

To date, active metasurfaces have been widely used to
realize amplitude and/or phase modulation [39, 40, 43-45,
49-76]. Recently, Li et al. proposed an electrically controlled
superconducting metasurface to actively tune the transmitting
response [66]. As illustrated in Figures 7A,B, each unit cell
consists of a square-ring resonator and an SRR, which are all
made up of superconducting niobium nitride (NbN), and the
substrate is chosen as 1 mm MgO. To ensure the superconducting
effect, the authors cooled down the environment temperature
at 4.5K. The superconducting metasurface exhibits its ability
in tuning the transmittance after being applied different bias
voltages. Experimental results, as shown in Figure 7C, verified
a maximum modulation depth of 79.8% at 0.341 THz when
the applied bias voltage is 1V. The authors also employed
sinusoidal AC signal to testify the modulation speed, and the
metasurface was demonstrated with a maximum modulation
speed of ~ 1 MHz. Soon after, a hybrid perovskite metasurface
was proposed for transmittance tuning [69]. The authors first
arranged several closed-ring resonators (CRRs) and SRRs to
endow the metasurface with polarization sensitivity, and then
they covered the metasurface with a 55-nm halide perovskite
(CH3NH;3PbI3) to make the metasurface photoconductive. The
illustration of the metasurface that covers the perovskite film

is shown in Figure 7D. As illustrated in Figures 7E,F, these
CRRs and SRRs introduce Fano resonances at 0.86 THz under x
polarization and 1.12 THz under y polarization, and the covered
halide perovskite film make the resonances variable under an
extra optical pump. When the working fluence of the pump
changes from 0 to 240 |1J/cm?, experimental results demonstrate
the transmittance tuning ability at two different frequencies
with a maximum modulation depth of 25%. Lately, Xiong et al.
introduced a new scheme of perovskite-QD metasurface based
on inorganic perovskite (CsPbBr3) under optical excitation and
finally realized high-speed switching of terahertz wave [73].
It is clear in Figure 7G that the metasurface is composed of
periodic SRRs, and the perovskite-QD is embedded at the split
of each SRR. Similar to the previous work, optical pumps with
different fluence are chosen as driven signals. Figure 7H shows
the transmittance variation under various laser pump powers.
With the pump powers increasing from 0 to 240 J/cm?, the
transmittance drops from 90 to 10.9% at 0.5 THz. Furthermore,
the authors developed the perovskite-QD metasurface to achieve
high-speed switching. The authors demonstrated the metasurface
as an effective switch with different speeds of 10 KHz and 8
MHz, and the measured 8-MHz switching effect is depicted in
Figure 71.

Besides, metasurfaces have been utilized to realize dynamic
lenses in response to the demands of varifocal applications
[41, 77-80]. In 2017, Huang et al. proposed a graphene-based
metasurface lens that can tune the focusing length continually
by 1.251 [78]. The metasurface lens consisted of top gold
film etched with rod-shaped slot patterns and bottom substrate
containing quartz and silicon, with graphene sheet sandwiched.
As a monolayer carbon structure arranged in honeycomb
lattice, its intriguing merits are not limited to the ultra-
thin profile, and controllable optical properties under chemical
doping or electrical gating are also attractive. By tuning the
chemical potential from 0.1 to 0.3 eV, the authors numerically
demonstrated that the focal length decreased from 4.4 to 3.9 mm,
with a total shift of 0.5 mm. The authors also demonstrated an
acceptable performance tolerance under incidences < =+10°.
Later, Liu et al. modified this lens and further extended it to
experiment verification [79]. In such a work, graphene was
deposited above the patterned gold film, as shown in Figure 8A.
Through applying gate voltage to two electrodes attached to
the gold film and graphene separately, chemical potential of
graphene can be tuned; thus, phase profiles of the lens change
correspondingly. In the experiment, the incident wave was
centered at 0.75 THz, and two gate voltages 0 and 2V were
applied to the electrodes to explore the varifocal property. As
shown in Figures 8B,C, the focal length is 12.24 mm when gate
voltage is 2.0 V. When the electrodes are suspended, the focus
is changed with a shift of 1.78 to 10.46 mm. After applying an
adjustable gate voltage between 0 and 2V, the proposed lens
can achieve an outstanding varifocal range of ~4.45 A. Apart
from varifocal applications, metasurface lenses have also been
utilized to focal scanning. Roy et al. proposed a MEMS-integrated
metasurface lens for low angular focus displacements [77]. The
lens is passive and rotates under the traction of the MEMS
system, so it has lower ohmic loss than other active lenses based
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FIGURE 7 | (A) Unit cell of the superconducting metasurface. (B) Geometry of the superconducting metasurface. (C) Transmittance of the superconducting
metasurface under different bias voltages at 4.5 K. Reprinted with permission from [66]. (D) lllustration of the metasurface covered by perovskite film. (E) Experimental
transmission amplitude at 0.86 THz under different pump fluence. (F) Experimental transmission amplitude at 1.12 THz under different pump fluence. Reproduced
with permission from [69]. (G) Geometric structure of the perovskite-QD metasurface. (H) Measured transmittance of the perovskite-QD metasurface under different
pump fluence. (I) Measured effect of the 8-MHz switching. Reprinted with permission from [73].

on active materials. To verify the focal scanning property, a
collimated Gaussian incidence was illuminated on the scanner at
an oblique angle of 45°. Under two actuating voltages of 40 and
60V, the lens was measured with the focus scanning from 2.7°
to 7.3°. The lens-on-MEMS scanner exhibited a stable tunability
with an averaged measurement deviation of 0.2%, manifesting a
strong practicality. More recently, Ding et al. proposed another
graphene-based meta-lens to achieve focusing modulation [80].
The metasurface was composed of a graphene layer perforated
with rectangular unit cells, a SiO; substrate, and a metal ground,
as illustrated in Figure 8D. The authors first demonstrated that
the meta-lens can achieve efficient focusing effect with a designed
focal length of 140 pm at 5 THz. Then, by uniformly reducing
the Fermi energy of the graphene layer from 1 to 0.6eV, the
intensity at the focal point can be distinctly decreased without
perturbing the focal position. As depicted in Figures 8E,F, the

focusing efficiency changes from 66.6 to 15.8%, and the focal
length remains stable at 140 wm. Further, the authors discussed
the meta-lens with distinguished abilities in focal length tuning,
wideband focusing, and wide-angle focusing shifting. In addition
to the above two functions, active metasurfaces have also been
exploited to achieve absorbing [81-83], beam steering [42, 84—
87], polarization switching [88, 89], imaging [90], and so on.

Active Metasurfaces With Dynamically
Functional Multiplexing

Next, we introduce some metasurfaces that can achieve
functional multiplexing dynamically. Making functional
multiplexing dynamical can further improve the integration
level of various devices and systems, but facing design and
manufacturing difficulties is inevitable. In the terahertz and
optical spectrum, tiny dimensions and immature technics result
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FIGURE 8 | (A) Schematic of the graphene-based metasurface lens. (B,C) Measured focusing profiles when gate voltage is 0 and 2V, respectively. Reproduced with
permission from [79]. (D) Photography of the graphene-based meta-lens. (E) Simulated electric field intensity along the z axis under different Fermi energy. (F)
Simulated electric field intensity on the focal plane (z = 140 um) under different Fermi energy. Reprinted with permission from [80].

in the functional multiplexing facing great difficulties. Although  driven by current pulse, the authors also demonstrated the
more hardships are confronted compared to merely achieving  metasurface with the property of ultrafast modulation under laser
function tuning, some active metasurfaces with dynamically  pulse excitation. The measured transmissions under different
functional multiplexing have still been implemented [91-96]. pump-probe delays, as shown in Figure 91, demonstrate the

For instance, Liu et al. have realized a kind of VO,-based  metasurface with tremendous potential for ultrafast modulation
metasurface that can be regarded as electrical switching or  within 30 ps. The amplified femtosecond laser pulse brings
rewritable memory [93]. By means of the insulator-to-metal  the modulation speed to picosecond level in contrast to the
transition (IMT) property of a VO, substrate, as shown in electrical control in second level. Beyond the multiplexing of
Figure 9A, current-dependent reflectance of the presented unit  information processing functions, there exist active metasurfaces
cell can be realized in thermal equilibrium, and electrically  that can multiplex different EM functions, such as beam
triggered multifunctional control is expected in an achievable  deflection and holography. For example, Cong et al. discussed
extent. Furthermore, the authors developed the metasurface as  the multifunctional property of a MEMS-based metasurface
a multifunctional meta-platform with potentials as electrical  extended to 1D and 2D control [91]. The MEMS-based unit
switching and rewriteable memory. Both two functions rely on  cell was chosen to be a cantilever structure linked with bias
predefined reflectance as thresholds, and different current pulses  lines. By extending the dimension of bias control to 1D, the
are employed as trigger signals. By giving the metasurface a4.0-A  authors exhibited a beam deflecting function with a deflection
electrical pulse with a width of 0.25 s, the meta-platform showed  angle easily achieved at £70°. The authors further designed an
good switching effects at both 3.05 and 3.9 um with rising and  array with identical unit cells connected with more complicated
falling edge of ~0.2 and ~0.5s, as depicted from Figures 9B-D.  bias lines that can perform 2D bias control. With tunable 2D
Then, by changing the height of the trigger signal to 0.8 A,  phase profiles, a real-time rewritable holography was numerically
the meta-platform can serve as a rewritable memory device, = demonstrated and two holographic images were generated with
and the measured results are depicted from Figures 9E-G. More  overall efficiency larger than 25%. In the same year, a tunable
recently, Cai et al. proposed a kind of multifunctional VO,-  meta-lens that can simultaneously conduct focus shifting and
hybrid metasurface also based on IMT [94], as illustrated in  aberration control was proposed [96]. Different from MEMS
Figure 9H. In addition to switching and rewritable memory  relying on structural displacements realized by electrostatic

Frontiers in Physics | www.frontiersin.org 9 October 2020 | Volume 8 | Article 584077


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Tian et al. Terahertz Metasurfaces

Active VO, layer

Electrical switching Electrically rewritable memory
= ] g Trigger < 181 E Wwrite ” n |
F 80 —— S g 06+
= £ ] S
£ il £ 50 g
il += :
(e E (3] T 172]
= 0.4

2 o ® 20 E Pump-probe delay
gao- g 60 4 -10 ps S ps
€e{D E |G o i 0.2 1.2 ps—— 8 ps
S & 504 [msth . [amge [ —— 2.5 ps—— 30 ps|
3 4] I 9 O e 0 i : : :
S 20 ; ; - - ® s d— kAR ol ool 0.4 0.8 1.2 1.6

0 5 10 15 20 25 0 10 20 30 40 50 60 70 F TH

Time (s) Time (s) requency (THz)
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metasurface. (F) Experimental results of rewritable electrical memory effect at 3.05 wm. (G) Experimental results of rewritable electrical memory effect at 3.90 wm.
Reproduced with permission from [93]. (H) lllustration of the multifunctional VO,-hybrid metasurface and its unit cell structure. (I) Measured ultrafast modulating effect
within 30 ps. Reproduced with permission from [94].

force, the meta-lens achieves adaptive profiles by electrically  illumination patterns based on PB phase. Under an established
controlled artificial muscles that provide strain field. The laser frame, as shown in Figure 10D, those regions that are
schematic diagram of the meta-lens is illustrated in Figure 10A,  photoexcited can be regarded as a series of rod-shaped metal
in which a dielectric elastomer actuator (DEA) combined with  unit cells, and the unilluminated regions maintain the intrinsic
five addressable electrodes is observed. After being attached to  insulator state. When laser pump is removed and re-modulated,
the middle electrode, the metasurface lens becomes stretchable  the former frame can self-erase and another desirable frame
under the strain field controlled by external voltages. To  can be excited. To demonstrate the photoexcited approach, the
demonstrate the feasibility of the lens, the authors performed  authors experimentally demonstrated the silicon metasurface to
focus measurement and calculated Zernike coefficients of the  be a multifunctional one by implementing dynamic holographic
phase profile as a demonstration of the vertical astigmatism.  imaging and focus shifting. Two characters “C” and “N” were
Measured results of focus shifting and the vertical astigmatism  imaged with clear outlines, as depicted in Figures 10E,F, and
are respectively depicted in Figures 10B,C. For further verifying  focus shifting was verified with focusing efficiency about 12%.
the mechanical robustness of the lens, the strain field was

applied more than 1,000 cycles and no image degradation

was observed. More recently, a novel photoexcited approach CODING AND PROGRAMMABLE

has been presented and applied to a thin silicon wafer for METASURFACES FOR TERAHERTZ

arbitrary terahertz wavefronts shaping [95], apart from the MANIPULATION
above electrically controllable metasurfaces. In such a work,

inhomogeneity of the metasurface was caused by a local IMT in Coding Metasurfaces

the silicon wafer, and Femtosecond laser was chosen as the photo- ~ Two concepts of digital characterization of metamaterial were
excitation. A conventional digital micromirror device (DMD)  proposed in the same year of 2014, but with essential
was employed to endow the incident laser pump with different  differences. The concept of “digital metamaterials” [97], given
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by Giovampaola and Engheta, contains definition of both
“metamaterial bits” that characterizes two distinct permittivity
functions and “metamaterial bytes” endowed by spatial mixture
of metamaterial bits. Different from digital metamaterials that
pertain to equivalent media theory, Cui et al. proposed the
concept of “coding, digital, and programmable metamaterial”
[98], which digitalizes phase responses instead of effective
parameters. For example, phase responses 0 and m are
correspondingly labeled as coding states “0” and “1” for a 1-bit
situation. When the situation turns to 2-bit, four coding states
“00,” “01,” “10,” and “11” correspond to phase responses 0, 0.57,
7, and 1.57, respectively. Specifically, the refracted or reflected
farfield function for an N x M coding metasurface illuminated
by a normal incidence can be expressed as

f0,0)=£00,0)

in which € and ¢ are respectively the elevation angle and azimuth
angle, k is the wavenumber, P is the dimension of the metasurface
unit cell, and £,(6, ¢) is the farfield function of each metasurface
unit cell. Finally, the directivity can be represented as

2 pm/2
D(6,¢) = 47 [f(e,w)f//o /0 [f(e,gn)yzsineded(p (4)

Compared with digital metamaterials, the coding concept is more
suitable for simplifying the design of metasurfaces based on
abrupt EM responses. More importantly, this concept plays a
role in bridging the physical world and the digital world, making
programmable metasurface a reality.

In the terahertz spectrum, the coding method has been
employed to achieve untrammeled EM manipulations and
simplify metasurface designs [99-105]. Regarding a ring-shaped
unit cell as “1” element and a blank unit cell as “0” element, a 1-bit

N M coding metasurface was constructed [100]. With a specific coding

Z Z exp{ — i{g (m,n) + kPsin 6 [(m — 0.5) cos ¢ sequence, the authors demonstrated the coding metasurface with
m=1n=1 wave diffusion below —10 dB for both TE and TM incidences in a

4+ (n — 0.5) sin ] } } (3)  wide terahertz band from 0.8 to 1.4 THz; meantime, the incidence
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insensitivity was confirmed up to 45°. In the same period, anovel =~ metasurface as verification [102]. Principle illustration of the
coding unit cell etching closed Minkowski loop was proposed  scattering pattern shift based on the convolution operation
to design both 1-, 2-, and 3-bit coding metasurface based on  is shown from Figures 11C-K. To testify the generality of
geometry adjustment [101]. Finally, the authors experimentally ~ the convolution principle, an arbitrary single-beam shifting
verified a 2-bit coding metasurface with outstanding diffusion  function was performed on the 2-bit coding metasurface and got
effect in wide bandwidth. A schematic of the metasurface is  experimental demonstration. This work not only makes up the
shown in Figure 11A, and the measured reflectance under incomplete ability of the coding metasurface that only discrete
normal incidence is recorded in Figure 11B, from which we can  angles can be manipulated but also provides a possibility for
observe the reflected wave no more than 0.4 from 0.8 to 2 THz.  full-space beam control. Furthermore, coding metasurface can
Besides, the authors irradiated the sample at a large incidence  also be utilized to design multifunctional devices [104, 105].
angle to study the incidence insensitivity, and experimental  As mentioned above, frequency multiplexing and polarization
results exhibit the metasurface with excellent diffusion along  multiplexing are the two most commonly used methods to
specular directions up to 40°. Later, Liu et al. proposed achieve function integration. In 2016, Liu et al. proposed a 2-
the principle of convolution operation on coding metasurface  bit anisotropic metasurface based on a dumbbell-shaped unit
and provided an octagon-shaped unit cell to construct 2-bit  cell that can provide 2-bit phase states respectively under two
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orthogonal linear polarizations [104]. Through endowing the
metasurface with different coding sequences under orthogonal
polarizations, dual functionality can be achieved. The authors
demonstrated functional combination on one-fold metasurface,
such as beam splitting and RCS reduction, beam deflection
directing to disparate angles, and so on. In the same years,
Liu et al. also verified a dual-functional metasurface based on
frequency multiplexing [105]. Based on a double-layer I-shaped
unit cell, 1-bit coding states can be obtained at 0.78 and 1.19 THz.
Beam splitting pointing to different directions were measured
to demonstrate the feasibility of frequency multiplexing of
coding metasurfaces.

Programmable Metasurfaces

Programmable metasurface, as the active form of coding
metasurface, requires flexible unit cells to realize state
conversion in a real-time manner. By inputting pre-stored
coding sequences, unit cells at specific locations exhibit
local EM responses and a global EM response can be timely

generated for wave manipulations. In microwave frequencies,
programmable metasurfaces have been widely studied and
realized. The first microwave programmable metasurface
was proposed by Cui et al. [98], and a field programmable
gate array (FPGA) was introduced to provide different bias
voltages through pins connected to each unit cell [98]. Several
coding sequences were input to the FPGA, and output
voltage sequences actuated conversion of EM responses, thus
generating different scattering patterns. Thereafter, powerful
programmable metasurfaces have been designed and contributed
to different fields such as holography [106], imaging [107],
space-time modulation [108], and communication system
[109, 110], while in the terahertz spectrum, programmable
metasurfaces are less studied, attributed to the difficulty
not only in realizing tunability per unit cell but also in
connecting sophisticated bias lines. In recent years, several
theoretical analyses and simulation verifications of terahertz
programmable metasurfaces have emerged as valuable attempts
in this intriguing spectrum [111-114]. Without considering

programmable metasurfaces. Reproduced with permission from [119].
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sample fabrications as well as actual bias connections,
programmable metasurfaces based on tunable components
such as VO3, semiconductor germanium (Ge), and graphene
have been proposed to demonstrate the feasibility of realizing
real-time control and conversion of various functions. The
attractive functions that have been implemented in the
microwave band, like beam splitting and deflection [115],
amplitude control [116], focus shifting [117], and space-time
modulation [118], have also been theoretically and numerically
verified for terahertz waves. However, theoretical analyses
and simulations are not enough; only through practical
measurements can terahertz programmable metasurface
be proven with authenticity and practicability. To date,
some experimental demonstrations have been presented and
discussed [119-124].

For example, a MEMS-based programmable metasurface
was proposed to perform different logical operations with
frequency multiplexing [121]. By inputting pre-stored coding
sequences to two bias terminals, as shown in Figure 124,
logical operations NOR and AND can be achieved. In the
metasurface design, two SRR unit cells were considered as the
effective unit cell; meantime, two bias terminals were connected
to two SRRs separately to provide individual bias states. In
this work, hanging of the bias was coded as “0,” and a pull-
in voltage of 30V was coded as “1.” Under different coding
states “00,” “01/10,” and “11,” two resonances of transmission
response can be obtained respectively at 0.26 and 0.36 THz,

as shown in Figure 12B. After defining the threshold of
the transmission amplitude, NOR and AND operations were
realized at the two frequency points. After that, Manjappa
et al. proposed a programmable Fano resonant metasurface and
experimentally verified it with multiple input-output (MIO)
states [119]. By biasing two SRR structures unequally to
increase and decrease the asymmetry 3, Fano resonance can
be tuned actively and one can define different input-output
states and then utilize them for various applications. Based on
the realized programmable metasurface, the authors performed
multiple wave-based logic operations at terahertz frequencies.
Two metastable states defined by two bias inputs 0 and 35V are
represented by binary codes. The “up-state” of the metasurface
is defined as binary “0, and the “down-state” corresponds
to “1.” Under different digital codes, logical operations such
as XOR, XNOR, PASS, and NOT logic gates in the far-field
optical states were demonstrated using the single metasurface
platform. It is noted that the XOR functionality possesses
a unique property of pseudorandom generation and can
serve as a key component of encryption/decryption techniques
for communication systems. As depicted in Figure 12C, a
cryptographic wireless communication network containing two
programmable metasurfaces has been proposed. It is obvious that
private messages can be encrypted by secret keys after passing
through the source metasurface, and the destination metasurface
can retrieve original messages. More recently, Cong et al.
proposed a kind of MEMS-based programmable metasurface

THz beam

FIGURE 13 | (A) Schematic of the LC-based programmable metasurface. (B) Measured (dotted lines) and calculated (dashed lines) beam deflection at 0.672 THz
under five different coding sequences with an incident angle of 20°. Reprinted with permission from [124].
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relying on chiral transformations [120]. Except for performing
logical operations like XOR and OR, the presented metasurface
can be used to perform multiplexed intensity modulation because
of its high-intensity extinction ratio at two frequencies. With the
aid of a wire-grid polarizer (WGP), two complementary images
can be respectively obtained at 0.4 and 0.7 THz under orthogonal
polarizations. The metasurface can transmit abundant and
multiplexed information in a real-time manner, which provides
potentials in increasing communication capacities. Apart from
logical operations, terahertz programmable metasurfaces have
also been employed to realize other functions, such as
anisotropic switching and beam steering [122-124]. For instance,
Pitchappa et al. proposed a type of metasurface structure with
particular capability in switching terahertz anisotropy [122].
The metasurface unit cell was composed of four cantilevers
with a cross-shaped arrangement. Two bond pads (named
MCX and MCY) were introduced to power the cantilevers
in x and y directions separately. By encoding MCX and
MCY with either “ON” or “OFF” states, different transmission
amplitudes can be achieved owing to the structure anisotropy.
Finally, a noticeable anisotropy switching with a difference of
1.8 is measured. More recently, Wu et al. proposed an LC-
based 1-bit programmable metasurface to achieve beam steering
[124]. A Jerusalem cross was chosen as the upper pattern
with LCs embedded below as the substrate. An FPGA and an
amplifier array were integrated to provide two bias voltages 0
and 40V, which are coded as “0” and “1 respectively. The
schematic of the LC-based programmable metasurface is shown
in Figure 13A. Then, by actuating different coding sequences
to the metasurface, different reflection angles can be steered in

real time. Measured results are depicted in Figure 13B, where
simulation results are also provided as reference. It is obvious that
both simulated and measured results demonstrate a desired beam
steering effect.

SUMMARY

As an artificial structure, metasurface exhibits unprecedent
capabilities in manipulating wave characteristics, in the
microwave, terahertz, and optical frequency bands [125-127].
In this article, we introduced the development of metasurface
and emphasis on recent advances in the terahertz spectrum.
Terahertz passive metasurfaces, terahertz active metasurfaces,
terahertz coding metasurfaces, and terahertz programmable
metasurfaces are within our retrospection.

First of all, passive metasurfaces with fascinating functions,
especially those with multifunctional properties, are briefly
reviewed. Multifunctional characteristic can be acquired
by two means, one is frequency multiplexing and the
other is polarization multiplexing. Extensive researches on
versatility plays an extremely important role in improving
device integration. Thereafter, several achievements on active
metasurfaces integrated with tunable materials or advanced
technics, such as semiconductor, VO,, LC, TCO, graphene,
2DEG, elastomer, perovskite, quantum dot, superconductor,
and MEMS, are concisely looked back. Although passive
metasurfaces have exhibited high freedom in regulating multiple
functions, fixed prototypes make adjustability improbable
and limit metasurfaces to restricted scenarios, while active

TABLE 1 | Comparison of several terahertz metasurfaces, including passive metasurfaces, active metasurfaces, coding metasurfaces, and programmable metasurfaces.

Types Methods or technologies Operating Functions and applications References
frequencies

Monofunctional passive Deep subwavelength structure 0.88 THz Beam deflection [19]

metasurfaces

Frequency multiplexing PB phase 0.5&0.63 THz Holography [31]

metasurfaces PB phase 0.4 & 0.85 THz Beam deflection [32]

Polarization multiplexing PB phase 0.6 & 0.8 THz Holography [35]

metasurfaces PB phase 0.65-0.95 THz Focusing [36]
Anisotropy 1THz OAM & bessel beam [38]

Active metasurfaces Superconductor 0.341 THz Transmittance modulation [66]

with functional tunability Perovskite 0.86 THz/1.12 THz Transmittance modulation [69]
Quantum dot 0.5 THz Transmittance modulation [73]
Graphene 5THz Focus tuning [80]

Active metasurfaces VO, 0.63 & 0.864 THz Electrical switching & rewritable [94]

with dynamically memory & ultrafast modulation

functional multiplexing Semiconductor (sili con) 0.5THz Reconfigurable holography [95]

Coding metasurfaces 1-bit coding method 0.8-1.4THz Wave diffusion [100]
2-bit Coding method & anisotropy 0.9-1.5 THz Beam splitting & RCS reduction [104]

Programmable MEMS 0.56 THz Logic operations (XOR, XNOR, [119]

metasurfaces PASS & NOT)
Liquid crystal 0.672 THz Beam Steering [124]
MEMS 0.4&0.7 THz Logic operations & multiplexed [120]

intensity modulation
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metasurfaces can get rid of this limitation and widen application
scopes. In particular, those metasurfaces with dynamically
functional multiplexing can offer multifunctional choices in
excess of tunability, thus providing the possibility for coexistence
of advanced performance and high integration. Finally,
some outcomes of coding metasurfaces and programmable
metasurfaces are simply retrospect. Characterized by digital
bits, coding metasurfaces bond physical EM responses and
digital signals without intermediary [128, 129]. Programmable
metasurface, as an active evolution of coding metasurface, not
only can perform information processing but also can realize
desired EM modulation. Therefore, programmable metasurfaces
can serve as an efficient and highly integrated approach
for terahertz radar, real-time imaging, and communication

system [130]. For intuitive overview, comparisons of
several aforementioned terahertz metasurfaces are listed in
Table 1.

In  summary, multifunctional  metasurfaces and

programmable metasurfaces play important roles in device
integration and information handling, particularly at the
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