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Abstract: The forthcoming sixth generation (6G) communication network is envisioned to provide
ultra-fast data transmission and ubiquitous wireless connectivity. The terahertz (THz) spectrum, with
higher frequency and wider bandwidth, offers great potential for 6G wireless technologies. However,
the THz links suffers from high loss and line-of-sight connectivity. To overcome these challenges, a
cost-effective method to dynamically optimize the transmission path using reconfigurable intelligent
surfaces (RISs) is widely proposed. RIS is constructed by embedding active elements into passive
metasurfaces, which is an artificially designed periodic structure. However, the active elements
(e.g., PIN diodes) used for 5G RIS are impractical for 6G RIS due to the cutoff frequency limitation
and higher loss at THz frequencies. As such, various tuning elements have been explored to fill this
THz gap between radio waves and infrared light. The focus of this review is on THz RISs with the
potential to assist 6G communication functionalities including pixel-level amplitude modulation and
dynamic beam manipulation. By reviewing a wide range of tuning mechanisms, including electronic
approaches (complementary metal-oxide-semiconductor (CMOS) transistors, Schottky diodes, high
electron mobility transistors (HEMTs), and graphene), optical approaches (photoactive semiconductor
materials), phase-change materials (vanadium dioxide, chalcogenides, and liquid crystals), as well as
microelectromechanical systems (MEMS), this review summarizes recent developments in THz RISs
in support of 6G communication links and discusses future research directions in this field.

Keywords: reconfigurable intelligent surface (RIS); terahertz (THz); 6G communication; reconfigurable
metasurface

1. Introduction

With the commercial launch of the fifth generation (5G) network in 2020, research into
the sixth generation (6G) communication system is eagerly on the agenda [1-3]. In order to
meet the communication requirements of modern society in building smart cities, the 6G
wireless network is envisioned to provide ultra-fast data rates (~1 Tbps), ultra-low latency
(<1 ms), ubiquitous wireless connectivity, superior spectral and energy efficiency, as well
as extremely high reliability and security [4-6]. The terahertz (THz) spectrum, ranging
from 0.1 THz to 10 THz, is well suited for 6G applications due to its higher frequency, large
bandwidth, and short response time [7-9]. However, the THz spectrum is highly absorbed
by water molecules in the atmosphere, and its ultra-short wavelength is easily scattered
by obstacles along the propagation path. This high path loss limits the THz wave to short-
range transmission. Energy-concentrated directive beam transmission is imperative for the
THz network to compensate for propagation losses. In contrast with active phased-array
antennas [10,11] applied on the transmitting and receiving end, reconfigurable intelligent
surfaces (RISs) are proposed to modify the wireless transmission path [12-16]. RIS consists
of periodic elements (meta-atoms or unit cells) altering the phase and magnitude of incident
waves to have constructive/destructive interference in desired directions. Based on this,
THz wireless communication is capable of being extended to non-line-of-sight (NLOS)
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transmission (Figure 1a) [17]. Compared with existing relays using power amplifiers
for wave receiving and retransmitting, RIS enhances the transmission by phase control
using nearly passive elements, requiring less spectrum and energy [4,13]. Therefore,
RISs can be embedded within infrastructure cost-effectively, enabling advanced wireless
communication in 6G smart cities (Figure 1b) [18]. RIS is also known as reprogrammable
intelligent surface [19,20] or intelligent reflecting surface (IRS) [21,22] in some contexts. The
latter primarily denotes an intelligent surface operating in the reflective mode. A promising
application of such a surface is deploying it on infrastructure to reflect waves in a desired
direction [4].

ﬁeco

a i oConf

(@ m’eﬂlgen(il:lrlfable
dce

— RIS element
Incidence ray

Reflection ray ; RIS controller

e
Multi-path
scattering
UserK

User 1 User 2

Interfering drone

RIS controller ':Mﬂ-

Interfering vehicle Desired vehicle

6G Wireless Reconfigurable
LA R e o e Networks intelligent surface 2. RIS-aided drone communications
-]
-
3 . . 4
4. RIS-aided IoT communications ; ey * Receive 3. RIS-aided mobile edge computing
Desired user L2 ] Obstacle
A Interfering user a Cloud server

Edge server .-~ \"\.. Edge server

RIS controller § § =

RIS controller a3 ing sensor

D (.
Interfering device

Desired device

Figure 1. RIS-assisted wireless communication. (a) RIS-enabled non-line-of-sight (NLOS) transmis-
sion. Reprinted from Ref. [17]. (b) RIS-embedded smart infrastructures for future 6G communications.
Reprinted from Ref. [18].

RIS benefits have been realized as a result of the flourishing development of elec-
tromagnetic metasurfaces in the last decade. Metasurfaces are two-dimensional versions
of metamaterials and have the advantages of low profile, reduced loss, and ease of fab-
rication [3,4]. Metasurfaces consist of artificially designed periodic structures, enabling
unprecedented wave manipulation that is unattainable with natural materials [23]. In
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2011, Yu et al. first proposed the generalized Snell’s law, including abrupt phase shifts
from the metasurface unit cells to realize nearly arbitrary wavefront shaping [24]. Since
then, various fascinating wavefront manipulations have been demonstrated, such as re-
flectionless wide-angle refraction [25,26], sub-diffraction focusing with ultrathin planar
lens [27,28], and wave-impedance matching across different material boundaries [29].
Such metasurfaces have only a static function once fabricated, whereas reconfigurable
metasurfaces with tunable functions are gaining attention. The reconfigurable function is
achieved by incorporating meta-atoms with tunable components or materials, which alter
the electromagnetic response through external stimuli. With the development of digital
control, coding metasurfaces were proposed to manipulate waves by changing the coding
sequences of digital particles (unit cells) [30-36]. Active electronic components, such as
positive-intrinsic-negative (PIN) diodes [30,37-39], have been widely applied in RISs work-
ing at 5G networks but are incompetent for applications in 6G systems due to the cutoff
frequency limit. To overcome this challenge, reconfigurable technology approaches from
both the electronic and optical sides are being explored intensively to fill the “THz gap” [40].
Beyond that, phase-change materials and microelectromechanical systems (MEMS) for THz
RISs are also widely investigated.

Most existing review papers focused on summarizing various possible applications of
RISs in wireless communication [41] or analyzing different tunable metasurfaces according
to their tuning mechanisms [42,43]. Several review papers analyzed active metasurfaces
for only one tuning element [44—47]. This paper emphasizes reconfigurable metasurfaces
operating in the THz spectrum with the potential to assist 6G communications, i.e., meta-
surfaces with tunable functions such as pixel-level amplitude modulation or wide-range
phase coverage for beam steering. Polarization modulation is briefly discussed as a possi-
ble future carrier-wave function. To underline the reconfigurability, RISs are categorized
based on their tuning mechanisms, including complementary metal-oxide-semiconductor
(CMOS) transistors, Schottky diodes, high-electron mobility transistors (HEMTs), graphene,
photoactive semiconductor materials, phase-change materials (vanadium dioxide, chalco-
genides, and liquid crystals), and MEMS.

The rest of this paper is organized as follows: Section 2 presents various reconfigurable
metasurfaces with pixel-level amplitude modulation or dynamic-beam-steering functions
at THz frequency (0.1 THz-10 THz). Subsections are divided according to the tuning
elements. Section 3 summarizes the properties of THz RISs and discusses possible future
research directions.

2. Terahertz Reconfigurable Intelligent Surface

Various THz RISs with the potential to assist 6G communications are discussed in this
section. The functionality of the reconfigurable metasurface focuses on amplitude modula-
tion at the pixel-level or phase modulation for dynamic beam steering. The subsections are
devoted to the tuning elements, investigating the reconfigurable mechanism for achieving
RIS. The analysis begins with electronic approaches (CMOS transistors, Schottky diodes,
HEMTs, and graphene), followed by optical approaches involving semiconductor materials,
then phase change materials (vanadium dioxide, chalcogenides, and liquid crystals), and
finally MEMS-based structural deformation.

2.1. Electronic Approaches

Active electronic components, such as diodes and varactors, have been widely uti-
lized in microwave and millimeter-wave regimes for reconfigurable metasurface con-
trol [30,37-39,48-51]. However, they are incompatible with 6G applications in the THz
spectrum due to the restricted cutoff frequency and dramatically increased loss [52]. To
overcome this obstacle and implement reconfigurable metasurfaces in the THz spectrum
using electronic approaches, CMOS transistors have to be embedded in meta-atoms with
specially designed structures for local resonances [52]. Alternative solutions include inte-
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grating metasurface meta-atoms with layered semiconductor structures or graphene with
electrical tunability.

2.1.1. Complementary Metal-Oxide-Semiconductor (CMOS) Transistor

Incorporating active electronic devices into a passive metasurface allows for fast dynamic
control, but the application is limited to microwave frequencies. In 2020, Venkatesh et al.
presented a programmable metasurface using complementary metal-oxide-semiconductor
(CMOS) transistors operating at 0.3 THz beyond its cutoff frequencies [52]. They applied a
65 nm industry-standard CMOS process to fabricate the metasurface in a silicon chip tile,
consisting of 12 x 12 arrays (Figure 2a). Each meta-atom contained eight n-type metal-
oxide-semiconductor (NMOS) transistors for an eight-bit reconfiguration at gigahertz (GHz)
speed. Parallel subwavelength inductive microloops were added to the transistor for local
resonance to suppress the non-negligible parasitic capacitance leakage. An amplitude
modulation of 25 dB was achieved between all switches open (maximum transmission)
and closed (minimum transmission) states. A demonstration of the 2 x 2 tiled chips
(Figure 2b) for holographic projections of the letter ‘P is shown in Figure 2c. The unit-cell
structure was derived from a general C-shaped split-ring resonator (SRR), which controls
the transmitted amplitude and phase by varying the gap-opening orientation and size,
respectively. This was realized by selectively switching the eight transistors of a meta-atom,
leading to 256 states in total. Due to the symmetric configuration, each meta-atom had
84 unique codes and realized a phase coverage of 260°. Beam steering from 0° to £30° was
achieved by configuring the unit cell in three different phase profiles and meta-atom digital
settings (Figure 2d).

Measurements
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Figure 2. CMOS transistor-enabled reconfigurable metasurface. (a—d) GHz-speed programmable
metasurfaces using CMOS-based chip tiles. (a) A single silicon chip tile consists of a 12 x 12 array (left).
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The enlarged portion (right) shows the unit-cell structure with active NMOS transistors embedded
in the gap of inductive microloops. Each unit cell has an eight-bit control, enabling 256 states for
amplitude and phase control. (b) Photo of the fabricated 2 x 2 tiled chips, which were wire-bonded
to a customized printed circuit board for external voltage control. (c) Amplitude modulation was
experimentally demonstrated as a holographic projection of the letter ‘P’. (d) Beam steering at £30°
with the corresponding three different phase profiles and meta-element digital settings. Reprinted
from Ref. [52]. (e-g) Reconfigurable metasurface based on CMOS structures. (e) A bias voltage is
applied for transmitted amplitudes and phase modulation. The reconfigurable metamaterial can
be divided into subsections for greater functionality. (f) Cross section of the unit cell, consisting of
six layers for the CMOS transistor configuration. (g) Layout with wire connection for the biasing
control. Reprinted from Ref. [53].

By utilizing custom-designed CMOS-based semiconductor structures, it is possible
to circumvent the cutoff frequency limitation of commercial transistors (Figure 2e) [53].
The meta-atom structure, consisting of a square SRR on top of a six-layer CMOS-based
semiconductor structure, is shown in Figure 2f. The gap of the SRR was connected to the
source and drain of a metal-oxide-semiconductor field-effect transistor (MOSFET) through
vias (Figure 2g). The metasurface was fabricated with 180 nm CMOS technology. With a
bias voltage from 0 V to 1.8 V, a redshifted frequency of 35 GHz and a phase difference
of 3° were achieved at 0.3 THz. Although the phase modulation was limited, the authors
presented an alternative solution for realizing a CMOS-based reconfigurable metasurface.

2.1.2. Schottky Diode

Commercial off-the-shelf (COTS) diodes have been extensively used in 5G RIS for
active tuning; the concept was adopted in the THz spectrum by constructing semiconductor
metamaterials with a Schottky gate structure. This idea was first realized by an active
metamaterial switch in 2006 [54]. The Schottky junction was formed by integrating a
metallic SRR with a 1 pm thick n-doped gallium arsenide (GaAs) layer (Figure 3a) [55].
Applying a reverse gate-bias voltage alters the substrate charge-carrier density around the
split gap, thus affecting the resonance response of the SRRs. Later, the same group used the
unit cell to build a 4 x 4 pixelated spatial light modulator (Figure 3b). Each pixel, consisting
of 50 x 50 split-ring resonators (SRRs) with a total size of 4 x 4 mm?, was independently
controlled by the external bias voltage. An amplitude-modulation depth of ~3 dB was
achieved at 16 V bias voltage in kilohertz (kHz) speed. The modulation speed was enhanced
to megahertz (MHz) by placing the ohmic ground plane directly underneath the Schottky
layer to minimize the device capacitance, as shown in Figure 3¢ [56]. This was utilized to
build a four-color, 8 x 8 pixelated spatial light modulator by repeating a 2 x 2 four-color
subarray, thereby realizing a more advanced spatial and spectral control (Figure 3d).

To realize beam steering, a switchable-diffraction grating with combined amplitude
and phase modulation using Schottky gate structure for tuning was presented in [57]
(Figure 3e). By applying a reverse bias voltage (—13 V) on alternate columns, the metasur-
face achieved 20 dB amplitude modulation at 36.1° with a speed of 1 kHz at 0.4 THz. An
alternative method applied to achieve beam steering was shown using meta-atoms with
specially designed ‘C’-shaped structures covering a 27t phase range. Figure 3f shows eight
‘C’-shaped SRRs with different gap sizes and orientations for a 71/4 phase gradient [58]. The
metasurface metallic pattern was made using gold film and embedded with a doped semi-
conductor substrate (Figure 3g) [58]. As a result, the metasurface realized broadband (0.55
to 0.83 THz) beam steering with a deflection angle from 59.09° to 34.88° at a modulation
speed of 3 kHz (Figure 3h).
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Figure 3. Schottky-diode-structure-enabled reconfiguration. (a,b) A 4 x 4 pixel amplitude modulator.
(@) Schematic of the cross section of the unit cell incorporating SRR with Schottky gate structure (top).
The gray scale of the depletion region indicates the free charge-carrier density. A single pixel on the
THz SLM for amplitude modulation (bottom). (b) THz SLM consisting of 4 x 4 pixels. Reprinted from
Ref. [55]. (¢,d) An 8 x 8 four-color spatial light modulator. (c) Schematic of the metamaterial absorber
with a flip-chip-bonded, n-doped GaAs epitaxial layer. (d) An example of the spatial light modulator
with different frequencies for each pixel. Reprinted from Ref. [56]. (e) A diffractive modulator with
grating configuration realizing 22 dB amplitude modulation at 36.1°. Reprinted from Ref. [57]. (f-h)
A phase-modulated deflector. (f) An array consisting of eight unit cells realized 27t phase control with
nearly the same transmission efficiency. (g) Microscopic image of the fabricated metasurface. (h) An
illustration of the deflected wave transmission. Reprinted from Ref. [58].

2.1.3. High-Electron Mobility Transistor (HEMT)

The instability of two-dimensional electron gases (2DEGs) in short-channel high-
electron mobility transistors (HEMTs) leads to a resonant response at the geometrical plas-
mon frequency, which depends on the size and shape of the channel [59-61]. A pseudomor-
phic HEMT-integrated metadevice was first introduced in 2011 by D. Shrekenhamer et al.
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(Figure 4a) [61]. HEMTs were integrated beneath the capacitive gaps of a square electric-LC
(ELC) resonator. The resonance response was reconfigured by changing the channel-carrier
density through external bias voltage (1 V). The metadevice was fabricated using a com-
mercial GaAs process and realized a modulation depth of 33% at 0.46 THz with a rate of
10 MHz. In 2016, the authors adopted the same meta-atom to demonstrate a 2 x 2 spatial
light modulator (Figure 4b) [62].

Various structures have been designed to explore 2DEGs in HEMTs [63-65]. One such
embedded HEMT with metal-insulator-metal (MIM) capacitors for amplitude modulation
(45%) was introduced in [63] through a biasing voltage of 3 V at 0.58 THz. Reconfigurability
with both amplitude and phase modulation is desirable. Double-channel heterostructures
with two split channels of decreased polarized-carrier concentration were designed to
support a nanoscale 2DEG layer with high concentration and mobility [66] (Figure 4c). An
equivalent collective dipolar array was combined with a double-channel heterostructure.
An external electrical signal was applied to control the electron concentration in the 10 nm
thick 2DEG layers, which led to a resonant mode conversion between two dipolar reso-
nances, providing fast amplitude and phase modulations. Depletion of the 2DEG layer
shifted the dipolar resonance from the long central wire to the short one, resulting in a
blueshift of the resonance frequency. This design demonstrated 1 GHz modulation speed
for the first time and achieved 85% modulation depth (Figure 4d) and 68° phase shift
(Figure 4e) at ~0.351 THz. By combining inductance—capacitance resonance and dipole
resonance, an enhanced-resonance active HEMT metasurface was designed (Figure 4f), re-
alizing a phase modulation of 137° at 0.35 THz with a biasing voltage of 8 V (Figure 4g) [67].
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Figure 4. High-electron-mobility-transistor (HEMT)-enabled reconfigurable metasurface. (a,b) An
HEMT-embedded metamaterial modulator with a speed of 10 MHz. (a) A simulation unit-cell model
with HEMT beneath each split gap. The cross-sectional view is shown on the right. Reprinted from
Ref. [61]. (b) A 2 x 2 spatial light modulator with a modulation depth of 33% at 0.46 THz. Reprinted
from Ref. [62]. (c—e) Metasurface with 1 GHz modulation speed combining a dipolar array with a
double-channel heterostructure. (c) Image of the fabricated metasurface. (d) Depth modulation of
85%. (e) Phase modulation of 68°. Reprinted from Ref. [66]. (f,g) Large phase modulator with HEMT
embedded and an enhanced-resonance metasurface. (f) Schematic of the unit-cell structure. (g) Phase
modulation of more than 130°. Reprinted from Ref. [67].
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2.1.4. Graphene

Graphene is a two-dimensional (2D) material of honeycomb structures formed by
single-layer carbon atoms arranged in hexagonal lattices. Graphene has complex conduc-
tivity that supports the propagation of plasmonic modes at THz frequencies [68]. The
surface conductivity can be efficiently controlled through a perpendicular-bias electric field
that induces charge carriers to shift the graphene chemical potential (Fermi level) away
from the Dirac point. Compared with conventional semiconductors, graphene has the
attractive advantages of high electron mobility, considerable thermal conductivity, and
strong mechanical ductility [69]. Hence, graphene has considerable potential to be applied
in the THz frequency for dynamic wave control.

A graphene-based electroabsorption modulator was demonstrated by placing atom-
ically thin graphene layer on top of a dielectric substrate with a reflective metal back
gate (Figure 5a) [70,71]. The substrate thickness was designed to be an odd multiple of
a quarter-wavelength of the incident wave to enhance the modulation depth. With a
biasing voltage of —10 V, the Fermi level in graphene was tuned at the Dirac point, realiz-
ing the maximal reflectance. The carrier concentration increased with increased voltage,
resulting in enhanced absorption. The graphene layer was patterned using O, plasma
to demonstrate a 4 x 4 pixelated reflectance modulator (Figure 5b) [71]. An alternative
approach using electrolyte gating, producing higher charge densities to build a spatial
phase modulator, was presented in [72] (Figure 5c). Large electric fields were generated
at the graphene—electrolyte interface, giving rise to charge accumulation over a large area
without an electrical short circuit and removing the thickness control. In order to build the
16 x 16 pixelated modulator, graphene was grown by chemical-vapor deposition (CVD) on
a large area. Selective control of a single pixel was achieved by voltage biasing through the
corresponding column and row (Figure 5d).

A reflect array combined with graphene for dynamic beam steering was first proposed
using a square graphene patch (Figure 5e) [68]. Due to the slow wave propagation in the
plasmonic mode of graphene, a patch was designed with much smaller dimensions (A /10,
compared with conventional conductors of A/2) for a resonance response. This reduced
interelement spacing allows for more efficient wavefront manipulation. By tuning the
chemical potential from 0 to 0.52 eV, a phase coverage of 300° was obtained at 1.3 THz with
a fixed patch dimension. To have full 360° phase coverage for dynamic-gradient phase
control, graphene was designed with resonant structures (Figure 5f) [73,74] or combined
with resonant metallic patterns [75,76]. A graphene-based coding metasurface for beam
splitting was proposed by controlling the Fermi level (Figure 5g) [77-81]. Such coding
metasurfaces also have great potential to be applied to security systems for message
transmission [81]. Spatially selective column-level tuning was presented with graphene
embedded in SRR, resulting in four deflection angles (5°, 11°, 17°, and 23°) at 1.05 THz
(Figure 5h) [82]. Such graphene-based beam steering metasurfaces had only been tested in
simulations. The first experimentally demonstrated design was illustrated in [83] (Figure 5i).
The graphene strip was placed at the gap of a bowtie structure for field concentration. Each
column was individually controlled, resulting in a maximum beam steering of +25° at
1 THz (Figure 5j).
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Figure 5. Graphene-based reconfigurable metasurface. (a,b) A 4 x 4 reflection modulator. (a) A
schematic of the graphene-SiO;-Si structures. The substrate has an optical thickness of an odd
quarter wavelength. (b) Optical image of the graphene-enabled reflection modulator. Reprinted from
Ref. [71]. (c,d) A 256-pixel spatial light modulator. (c) Photo of the modulator (left). The enlargement
(right) shows the graphene-electrolyte-graphene unit-cell structure. (d) A THz transmission image at
0.1 THz with two rows and columns biased at +1.0 and —1.0 V, respectively. Reprinted from Ref. [72].
(e) Unit cell consisting of a square graphene patch for a tunable reflective metasurface at 1.3 THz.
The cell has dimensions of a =b = 14 um, a, =bp =10 um. Reproduced with permission from [68].
(f) Beam steering with graphene patterned in SRRs. Reprinted from Ref. [73]. (g) Digital metasurface
using a graphene-insulator—graphene stack for beam steering. Reprinted from Ref. [81]. (h) Column-
level controlled beam steering with graphene embedded with SRR structures. Reprinted from Ref. [82].
(i-j) Experimentally demonstrated beam-steering metasurface with graphene embedded with a
bowtie structure. (i) Cross section of the experimentally demonstrated beam-steering metasurface
(left) and its unit-cell structure (right). (j) Schematic of the metasurface with the individually biased
column. Reprinted from Ref. [83].

2.2. Optical Approaches

In photosensitive semiconductors (e.g., silicon, GaAs, and conducting oxide), con-
ductivity can be controlled by pumping carriers from the valence band to the conduction
band using an external laser beam with photon energy higher than that of the bandgap [84].
This dynamic photoconductivity provides temporal modulation of the metasurface. Fig-
ure 6a shows a hybrid circular SRR with an aluminum SRR placed on a circular silicon
ring [84]. The top layer SRR was designed with eight patterns for 360° phase coverage,
realizing a wideband (0.6-1 THz) cross-polarized wavefront deflection from 51° to 28°
(Figure 6b). Stimulating the silicon with an external optical laser pump (800 nm) increased
its conductivity and closed the SRR gap, eliminating the beam-splitting and deflection
effect. A similar concept was applied to high-resistivity silicon resonators (Figure 6¢) [85].
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A supercell consisting of four resonators was designed, realizing a beam-deflection angle of
34.7° at 0.586 THz with 5 mW laser-pump power (Figure 6d). The rise time for the transient
photocarrier was 14 ps. This symmetry-preserved Huygens’ metasurface design achieved
a high transmission efficiency of 90%.

Figure 6. Semiconductor materials for temporal modulation. (a,b) Optical active polarization switch-
ing and dynamic beam splitting. (a) An illustration of the hybrid circular split-ring resonator (h-SRR)
pumped by near-infrared femtosecond pulses. (b) An active polarizing beam splitter. Reprinted from
Ref. [84]. (c,d) Spatiotemporal dielectric metasurfaces for beam steering. (c) Ultrafast femtosecond
laser pulses (@ 800 nm, 100 fs) pump high-resistivity silicon on a quartz substrate, providing transient
photocarriers for temporal modulation. (d) Temporal beam steering of 34.7° at 0.586 THz. Reprinted
from Ref. [85].

2.3. Phase-Change Materials

Phase-change materials (PCMs) transform from the amorphous to the crystalline
state or between different crystalline phases upon external stimulation [86]. Their re-
versible phase transition, thermal stability, and fast switching speed make PCMs ex-
tremely popular [87]. Various phase-change materials, such as vanadium dioxide (VO5),
chalcogenide phase-change materials, and liquid crystals (LCs), have been explored for
reconfigurable metasurfaces.

2.3.1. Vanadium Dioxide (VO5)

Vanadium dioxide (VO,) has a unique atomic rearrangement of monoclinic phases,
exhibiting semiconductor behavior at room temperature and rutile phases at high temper-
atures (~68°), experiencing an abrupt transition from insulator to metal when subjected
to thermal, electrical, optical, or mechanical stimulation [88-92]. This insulator-to-metal
transition property provided a diversified application for switching a metasurface between
the broadband-absorber and half-wave plate states (Figure 7a) [90]. The metasurface had an
absorption efficiency >90% at room temperature but became a reflector as the temperature
rose above the phase-change temperature [90]. Supercells consisting of eight resonators
were designed to have a beam-steering effect in the metallic state (Figure 7b). The meta-
surface had a simulated wideband deflection of ~28° at 0.8 THz (Figure 7c). Embedded
VO, with resonant structures for a multifunctional coding metasurface was also presented
numerically [91,93-95]. An experimental demonstration of VO,-based reconfigurable beam
steering was presented in [89] (Figure 7d). The unit cell had a cross-shaped aperture with
a resistive heater electrode placed beneath for independent Joule-heating actuation. A
100 nm thick SiO, layer was used to insulate the resistive-heater electrodes from the top Au
layer. The refractive index of the VO, was varied through temperature changes. The meta-
surface achieved a 44° beam deflection in both horizontal and vertical directions at 0.1 THz
(Figure 7e,f). Recently, an electrically triggered VO,-based reconfigurable metasurface for
both phase (90°) and amplitude (71% at 0.79 THz) modulation was experimentally demon-
strated in [96]. And a multi-state 8 x 8 pixelated reflective modulator was demonstrated
with a modulation speed of 1 kHz [97].
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Figure 7. Phase-change materials of a vanadium-dioxide (VO;)-enabled reconfigurable metasurface.
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@
3

(a—c) A thermally controlled reconfigurable metasurface with broadband absorption-to-reflection
conversion. Reprinted from Ref. [90]. (a) Schematic of the VO, integrated metasurface. (b) Unit-cell
structure (top) and a unit-cell array for 27t phase control (bottom). (c) Broadband reflection when VO,
is in its fully metallic state. (d—f) An electronically controlled beam-steering metasurface operates
at 0.1 THz. Reprinted from Ref. [89]. (d) Top-view scanning electron microscopic image of the
metasurface (top left), unit-cell structure (bottom left), and beam steering (right). (e) Horizontal beam
steering at —22°, —14°, 0°, 12°, and 22°. (f) Vertical beam steering at —14°, 0°, and 12°.

2.3.2. Chalcogenide Phase-Change Materials

Phase transitions of chalcogenide phase-change materials are mediated by nucleation
dynamics, providing an analog response by continuously varying the crystallinity frac-
tion. Moreover, these analog states are nonvolatile, requiring zero-hold power [86]. A
chalcogenide phase-change material, germanium—antimony-tellurium (GST), a ternary
compound made of germanium (Ge), antimony (Sb), and tellurium (Te), exhibits a re-
configurable phase-transition response between amorphous and crystalline states under
external optical, electrical, or thermal stimulation. A multifunctional tunable metadevice
was described in [98] using Ge;SbyTes. A dual-split asymmetric SRR was designed for Fano
resonance (Figure 8a). Four meta-atoms designed for different THz frequency responses
were configured in a 2 X 2 array. A spatially selective reconfiguration was achieved by
Joule heating from the isolated biasing current (Figure 8b). Continuously increasing the ma-
terial temperature led to increased terahertz conductivity and refractive index, providing
multilevel resonance modulation states (reaching 100% at 850 mA) (Figure 8c).

Germanium telluride (GeTe) with a crystallization temperature of ~ 200 °C and a
resistivity reduction of six orders has also been extensively studied for the construction
of tunable metasurfaces [99,100]. Optical stimulus provides faster material phase-change
modulation [98,101]. Recently, a two-bit coding metasurface based on GeTe was experimen-
tally demonstrated with multifunctionality, including beam tilting, directing, and splitting
at 0.3 THz (Figure 8d) [101]. A laser pulse excited the meta-atom between crystalline
(conductive) and amorphous (insulating) states (Figure 8e), achieving a reflected phase
difference of 180° (Figure 8f). Five different beam controls were demonstrated with five
coding masks, as shown in Figure 8g.
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Figure 8. Chalcogenide phase-change materials enabled a reconfigurable metasurface. (a—c) Germanium-—
antimony-tellurium (GST) incorporated with Fano-resonance mate atoms for multicolor spatial light
modulation. (a) A 2 x 2 array for four-color spatial light modulation. (b) Schematic of current biasing.
(c) Multilevel Fano-resonance modulation (FRM) results from different input currents (stimulus
period ~ 15 s). Reprinted from Ref. [98]. (d-g) Phase-change GeTe material applied for a multifunc-
tional coding metasurface. (d) llustration of the coding metasurface. (e) GeTe- and gold-integrated
unit cell with amorphous (insulating) state of GeTe and crystalline (conductive) state. (f) Reflected
phase of 180° at 0.3 THz for the coding element at two different states. (g) Multifunctionality (beam
tilting, directing, and splitting) is realized through different coding masks. Reprinted from Ref. [101].

2.3.3. Liquid Crystals

Liquid crystals are attractive for their inherent birefringent properties, which depend
on the orientation of liquid crystal molecules and can be effectively controlled by an
external electric field or light [102-105]. Figure 9a shows a THz spatial light modulator
based on liquid crystals combined with metamaterial absorbers [102]. The authors used
an isothiocyanate-based liquid-crystal mixture to fill the space around the electric ring
resonator (ERR). The spatial light modulator consisted of a 6 x 6 pixel array (Figure 9b),
and each pixel was individually controlled by a 15 V peak-to-peak square waveform at
1 kHz. The applied electric field forced the liquid-crystal molecule to align with its direction,
achieving 75% reflectivity modulation at 3.67 THz (Figure 9c).
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Figure 9. Liquid-crystal-enabled reconfigurable metasurface. (a—c) A spatial light modulator based
on liquid crystals. (a) Schematic of metamaterial absorbers covered with a layer of liquid crys-
tals. (b) Spatial light modulator device and an enlargement for the meta-atom dimensions. (c¢) A
6 x 6 pixelated absorption map measured at 3.725 THz. Reprinted from Ref. [102]. (d-g) A spatial
phase modulator operating at 0.8 THz. (d) Schematic of the metasurface. (e) An optical microscopic
image of the fabricated metasurface. (f) Phase difference as a function of liquid-crystal tilt angle.
(g) Calculated beam deflection. Reprinted from Ref. [104]. (h,i) Programmable metasurface for beam
steering. (h) Schematic of the beam steering metasurface with the control element (top). The unit cell
consists of a liquid-crystal layer embedded between two metallic layers. Schematic of the metasurface
with the applied coding sequence of /01.../(bottom). (i) Reflected angles for five different coding
sequences with an incident angle of 20° at 0.672 THz. Reprinted from Ref. [105]. (j k) Liquid crystal-
based multifunctional transmissive coding metasurface. (j) Schematic of the functional metasurface
(top) and the asymmetric unit-cell design (bottom). (k) Measured transmitted pattern for different
coding sequences. Reprinted from Ref. [106].

The reconfigurable effective refractive index of liquid crystal makes it suitable for both
amplitude and phase modulation [103]. Figure 9d shows a spatial phase modulator of a ne-
matic liquid-crystal layer sandwiched between two orthogonally placed metasurfaces [104].
Meandering wires enabled the electric potential of each pixel to be selectively and spatially
addressed. The anisotropic metapixel (unit cell) consisted of two metallic split rings to
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enhance liquid-crystal birefringence (Figure 9e,f). The maximum phase change (32°) re-
sulted from a 90° tilt angle. A biasing voltage of 20 V achieved a deflection angle of 5° at
0.8 THz (Figure 9g). Combining liquid crystals with a programmable metasurface enabled
more advanced dynamic beam steering (Figure 9h) [105]. A 25 pm thick liquid-crystal layer
was embedded inside a metal-insulator-metal (MIM) resonator with a top metal layer
patterned in the Jerusalem cross structure. Bias voltages of 0 and 40 V were applied to
have “0” and “1” states with 180° phase differences while maintaining the same reflection
amplitude. By changing the phase gradient through coding pattern, different reflected
angles were achieved at 0.672 THz, for an incident angle of 20°, as shown in Figure 9i.
The maximum acquired deflection angle was 32°, with a reflection efficiency of 19.1%. By
designing unit cells with more phase changes, this method can be further extended to
two-bit- or three-bit-coding liquid-crystal metasurfaces, achieving a wider beam-deflection
angle and higher reflection efficiency. Recently, an liquid crystal -based transmissive coding
metasurface was demonstrated for multifunctional control (Figure 9j) [106]. An asymmetric
metasurface pattern was designed for Fano resonance, realizing a transmission efficiency
as high as ~50% at 0.426 THz. Figure 9k shows the measured beam-splitting patterns using
different coding sequences.

2.4. Micro-Electromechanical-System (MEMS)

In contrast to other tuning mechanisms that alter the properties of materials, micro-
electromechanical-system (MEMS) metasurfaces directly change the structural geometry of
the unit cell, transforming the electromagnetic wave responses. Moreover, advanced and
developed MEMS manufacturing makes it attractive for reconfigurable THz devices [107].
The simplest microstructure cantilever has been extensively studied and was embedded
in a metasurface for active tuning [44]. A wideband spatial light modulator was built
using an array of 768 actuatable mirrors, with a length of 220 um and a width of 100 pm
(Figure 10a) [108]. These dimensions were selected to reduce diffraction from individual
mirrors and to increase the pixel-to-pixel modulation contrast of the spatial light modulator.
A cantilever consisting of chrome —copper—chrome multilayers had intrinsic residual stress
forcing it to tilt up with an angle of 35° (Figure 10b), which minimized back-diffracted waves
in the incident direction. The mirrors were pulled down to the substrate by applying a bias
voltage of 37 V. The SLM was built with micromirror arrays based on the grating concept
to have a wide operational spectral range. The authors designed a spatial light modulator
with 4 x 6 independently switchable pixels. Each pixel consisted of 4 x 8 micromirrors
with a pixel size of 1 mm x 2 mm (Figure 10c). The modulation contrast was higher
than 50% over the frequency range from 0.97 THz to 2.28 THz, with a peak modulation
contrast of 87% at 1.38 THz. This method allows for almost arbitrary spatial pixel sizes by
collectively switching the corresponding group of mirrors.

Beam steering was demonstrated by a cantilever designed for electrical LC resonance
(Figure 10d) [109]. By controlling the suspension angle (from 2° to 0°) of the bimorph
cantilever through biasing voltage (from 0 V to 30 V), a phase coverage of 310° was
achieved at 0.8 THz (Figure 10e). Steering angles of +70° and £39° were demonstrated
through simulation by grouping twelve columns as a super cell and controlling each
column individually (Figure 10f). Each unit cell could potentially be addressed separately
to have unit-cell-level control to enable a programmable MEMS metasurface. A MEMS-
based metasurface for wireless security encoding was demonstrated using square double
SRRs, forming a Fano resonator (Figure 10g) [110]. Independent control of the two SRRs
provided four transmission states for an exclusive-OR (XOR) logic operation (Figure 10h).
An application performing the XOR logic operation for one-time-pad (OTP) security in
wireless transmission is illustrated in Figure 10i. A private message (m) was encoded with
a secret key (k) using the XOR logic operation before sending it out for public-channel
transmission, and the original message was decrypted at the destination through the
inverse XOR operation. This fast encryption method could be extended to other wireless
communication networks requiring high security.
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Figure 10. MEMS-enabled reconfigurable metasurface. (a—c) Micromirror array for the wideband
spatial light modulator. (a) Schematic of a single-pixel in OFF state (top) and ON-state (bottom) for
a bias voltage of 0 V and 37 V, respectively. (b) SEM image of the inclined mirrors. (c) Model of a
2 x 2-pixel SLM with two ON pixels (highlighted by black frames) along one diagonal (left) and
its corresponding measured-intensity distribution (right) at 1.38 THz. Reprinted from Ref. [108].
(d—f) MEMS-based metal-insulator-metal metadevices for beam steering. (d) Images of the fabri-
cated metasurface in “ON” and “OFF” states. (e) Simulated phase response as a function of the
cantilever angles. (f) Simulated dynamic beam steering with six-digit control. Reprinted from
Ref. [109]. (g-i) Reconfigurable MEMS Fano metasurfaces for logic operations in cryptographic
wireless communication networks. (g) Unit-cell model of the metasurface. (h) Measured far-field
transmission spectra showing the exclusive-OR (XOR) logic feature for various voltage states of the
SRRs at 0.56 THz. (i) Implementation of the XOR logic for OTP-secured wireless communication
channels. Reprinted from Ref. [110].

3. Discussion

THz RISs can dynamically modify the wave propagation direction, thereby enhancing
wireless network efficiency, are crucial for actualization of 6G communication links. Recon-
figurable metasurfaces with the function of pixel-level amplitude modulation and tunable
beam steering are summarized in Tables 1 and 2, respectively, according to tuning elements.
Electrical control allows for more precise, spatially selective pixel-level modulation but
requires additional wires and complex control circuits. Optical control usually modulates
the whole surface with a laser pump, but localization may be possible through an additional
coding mask [101]. Tuning elements can be combined to add additional reconfigurable
freedom [111,112]. Other reconfigurable methods, such as mechanical [113] and microfluid-
based [114] tuning, are also feasible. RISs realized through industry-standard fabrication
processes have greater potential for large-scale construction, which is required for future
6G smart cities. Moreover, emerging 2D van der Waals materials using surface-plasmon
polaritons provide new approaches for dynamic tunning in the THz spectrum [115-120].
Graphene plasmons demonstrate lower loss than conventional metal-based plasmonic
metasurfaces [121,122]. Recently discovered phonon polaritons in van der Waals crystals
exhibit remarkably low losses [123-125]. These phonon polaritons can be tunned through
chemical intercalation [126-128], twisted stacking [129], and heterostructures [130-133].
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Table 1. Pixel-level amplitude-modulation performance comparison of various tuning elements for THz RIS.

Tuning . . Control . No. of Modulation Modulation Power
Element Tuning Mechanism Method Frequency (THz) Array Size State/Pixel Depth Speed Consumption Ref.
CMOS Field-effect-transistor .
transistor (FET)-based switch Bias voltage 0.3 12 x 12 256 25dB 5GHz ~mW (1.2'V) Exp. [52]
Schottky diode Depletion of substrate Bias voltage 0.36 4 x4 2 40% 3 kHz 14V Exp. [55]
y charge carrier Bias voltage 2.72,3.27,3.81,4.34 8 x 8 2 62% 12 MHz —265V Exp. [56]
Depletion of
HEMT channel-carrier Bias voltage 0.45 2x2 2 36% 10 MHz <ImW (1V) Exp. [62]
density
Graphene Fermi level Bias voltage 0.59 4 x4 2 ~50 to ~30% 6 kHz —-10V Exp. [71]
p ermiieve Bias voltage 0.1 16 x 16 2 80% 1kHz 4V Exp. [72]
GST Joule heating Bias current 0.69, 0.64, 0.6, 0.56 2x2 8 100% 15s 850 mA Exp. [98]
Liquid crystal Birefringence effect Bias voltage 3.670 6 X6 2 75% 1 kHz 15V Exp. [102]
MEMS Structural Bias voltage 0.97 t0 2.28 4x6 2 50% 1kHz 37V Exp. [108]

deformation
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Table 2. Beam-steering performance comparison of various tuning elements for THz RIS.

Tuning Element Tuning Mechanism Control Method Frequency (THz) Deflection Angle Modulation Speed Power Consumption Ref
CMOS transistor F;;gf%?;giﬁifr Bias voltage 03 +30° 5GHz 240 LW (1.2V) Exp. [52]
Schottky diode Depiit:;rgleocf;ﬁ?;rt e §i§§ Zﬁﬂiﬁi o.sgj).sa 59.093"6;131.880 ; lﬁgi jg z Eﬁﬁﬁ EQ
Bias voltage 0.8-1.4 42°-23° ps - Sim. [73]
Graphene Fermi level Bias voltage 1.05 5°,11°,17°,23° ps - Sim. [82]
Bias voltage 1 —5°,10°,17.5°, 60 GHz 26V, —44V Exp. [83]
Silicon Photoconductivity Laser pulses 0.6-1 51°-28° 30 ps 1.9 mJ/cm? Exp. [84]
Laser pulses 0.586 +£34.7° 14 ps 5.0 mW Exp. [85]
VO Phase change ;gﬁi Eﬁiﬂﬁg 067.11 izzo,i—2 i;, 12° j lﬁﬂi 10mv 1531;;: {33}
GeTe Phase change Laser pulses 0.3 +30° 35ns 190 mJ /cm? Exp. [101]
Bias voltage 0.8 +4.5° 75 ms 20V Exp. [104]
Liquid crystals Birefringence effect Bias voltage 0.672 8_592/ 13122/329500 100 Hz v Exp. [105]
Bias voltage 0.426 9(;, 160,,3()0 ! 1 kHz 10V Exp. [106]
MEMS Structural deformation Bias voltage 0.8 +39°, £70° sub-MHz 20V Sim. [109]
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Since the emergence of multiple-input, multiple-output (MIMO) technology for wire-
less communication, polarization modulation (PoM) has gained more and more atten-
tion thanks to its excellent signal distinguishability, thereby increasing spectrum effi-
ciency [134,135]. Metasurfaces with active elements for polarization modulation at THz
frequencies were investigated in [136-139] and were found to have great potential to be
utilized for future 6G wireless communications. Another promising area for future THz RIS
applications is space-time-coding digital metasurfaces with have multifrequency control
for beam shaping and steering [140]. Cell-free massive MIMO for mobile access is expected
in 6G based on massive MIMO in 5G. Hybrid RISs with MIMO constitute an important
future research direction.
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