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Terahertz (THz) waves have exhibited promising applications in imaging, sensing, and communications, especially for the next-
generation wireless communications due to the large bandwidth and abundant spectral resources. Modulators and waveguides to
manipulate THz waves are becoming key components to develop the relevant technologies where metamaterials have exhibited
extraordinary performance to control free-space and on-chip propagation, respectively. In this review, we will give a brief
overview of the current progress in active metadevices and topological photonic crystals, for applications of terahertz free-space
modulators and on-chip waveguides. In the first part, the most recent research progress of active terahertz metadevices will be
discussed by combining metamaterials with various active media. In the second part, fundamentals of photonic topological
insulations will be introduced where the topological photonic crystals are an emerging research area that would boost the
development of on-chip terahertz communications. It is envisioned that the combination of them would find great potential in
more advanced terahertz applications, such as reconfigurable topological waveguides and topologically-protected metadevices.

1. Introduction

Laser technology has reformed the information technology
from traditional electronics to optical networks with broad-
band and higher data rate. One of the key components in all-
optical communication systems is the efficient modulators
which have made great progress in the visible and infrared.
However, efficient, multifunctional, and fast-response mod-
ulators in the terahertz (THz) band are still severely lacking,
which limits the development of terahertz applications such
as nondestructive inspection, imaging, and next-generation
wireless communications [1]. The general THz applications
could be classified into three parts: communications, imag-
ing, and sensing, all of which will strongly rely on efficient
modulators for free-space or on-chip applications, especially
in communications that would further require high-speed
modulators and low-loss waveguides.

Natural materials usually have limited interactions with
terahertz waves and would require large material thickness
or high drive voltage to obtain a significant modulation
depth. Metamaterials are thus introduced with the extraordi-
nary enhancement of local fields so that the light-matter

interactions will be boosted. The combination of active
media and metamaterials would further enrich the perfor-
mance of metamaterials which have exhibited a plethora of
applications in control of wave properties including ampli-
tude, phase, frequency, polarization, wavefront, and focal
length, with smaller device footprint, thinner active media
thickness, lower drive voltage, and/or larger modulation
depth. On the other hand, on-chip terahertz applications
with low loss are another mission to be completed to address
the issues of signal transmission for communications with
larger bandwidth and higher signal to noise ratio (lower bit
error rate, BER). Active metamaterials have exhibited
extraordinary capability to manipulate free-space electro-
magnetic waves while the emerging field of photonic topo-
logical insulators (PTIs) provides an excellent platform for
robust and low-loss waveguides. Although the two categories
address problems of wave propagation in free space and on
chip, respectively; the underlying physics would guide each
other. For example, the development of active metadevices
would help the design of reconfigurable topological on-
chip routers, and the robust features of photonic topological
insulators would be employed to improve the performance
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of metadevices. Currently, the terahertz applications of PTIs
are still under development, and we prepare this review arti-
cle to combine the two categories which we think are very
important for future terahertz applications.

In this review article, we will focus on the two parts:
active hybrid metadevices and topological photonic crystals
(TPCs), which could find solutions to address the bottle-
necks in terahertz communications for efficient modulators
and low-loss waveguides, respectively. The first part will
introduce several basic configurations of hybrid metadevices
by integrating with liquid crystals, phase change materials
(PCMs), graphene, micro-electromechanical systems
(MEMS), and semiconductors, and summarize the most
recent progress of the different combinations. The second
part will give a brief overview on fundamentals of PTIs
which are one of the most state-of-the-art approaches to
develop robust waveguides and summarize the progress of
PTIs in TPCs. TPCs have seen a rapid development in infra-
red and microwaves, but are still an emerging research area
in terahertz regime that would need further development.

2. Active Metadevices

Arbitrary manipulation of electromagnetic (EM) waves has
always been the most important mission in light-matter
interactions; however, conventional materials have a limited
range of permittivity and permeability due to the fixed types
of lattice and constituent atoms. Metamaterials are artifi-
cially designed materials with subwavelength meta-atoms
arranged in any lattice configuration so that EM waves could
be molded by designing the desired values of permittivity
and permeability [2, 3]. Many extraordinary observation
and applications have emerged with the help of metamateri-
als, such as negative refraction [4], optical illusion [5], sub-
diffraction imaging [6], and invisibility cloaking [7].
However, there still exit some technological challenges that
pose barriers toward applications such as bulky sizes, high
losses and complicated meta-atoms.

Metasurfaces provide an excellent solution as two-
dimensional (2D) counterparts which have the capability
to manipulate the amplitude, phase, polarization, and fre-
quency of EM waves effectively [8, 9]. Soon after the first
demonstrate of optical metasurfaces, metalenses were
reported for diffraction-limited imaging as one of the repre-
sentative breakthroughs in this area, together with meta-
holograms [10, 11]. On the other hand, the efficiency of
metasurface devices (metadevices) could be improved by
replacing metallic meta-atoms with all-dielectric ones
employing the Mie scattering theory [12–14].

In addition to the abundant engineering freedom of
metasurfaces in spatial domain, recent research hot spots
focus on adding one more degree of freedom – temporal
domain, by integrating with active/reconfigurable materials
[15–17]. Such a type of hybrid metasurfaces add “wings” to
the passive ones, and could “fly” higher in more demanding
applications. Recently, there are lots of interesting progress
in hybrid metasurfaces for active applications, especially in
the terahertz band. In this section we focus on the progress
of active metadevices for terahertz applications in terms of

different active media/techniques integrated with metasur-
faces. We hope that such a concise review could serve as a
useful guide for newcomers to quickly follow up the current
development of the field.

2.1. Active Metadevices Based on Liquid Crystals. Liquid
crystals (LCs) are capable to manipulate electromagnetic
waves in a broad spectral range from ultraviolet to micro-
wave, and possess large optical anisotropy that could be
actuated by various stimuli such as optical, thermal, electric,
or magnetic fields. LCs comprise a collection of elongated
molecules and are commonly divided into nematic, smectic,
and cholesteric phases where the nematic phase is exten-
sively applied whose molecule orientation tends to be
ordered but spatial positions are totally random. The optical
properties of nematic phase liquid crystals are determined by
the orientation of molecules defining the ordinary and
extraordinary axes. For the incident light with electric field
along the z axis as shown in Figure 1(a), the effective permit-
tivity tensor of LCs is approximately given by [22, 23]:

εLC =
εo + Δε sin2θ 0 Δε cos θ sin θ

0 εo 0
Δε cos θ sin θ 0 εo + Δε cos2θ

2
664

3
775, ð1Þ

where εo = n2o, εe = n2e and Δε = εe − εo.
LCs have been widely applied in terahertz regime for

modulators; however, the wavelength-scale thickness of LC
layer renders the devices with bulky sizes, higher bias volt-
ages, and lower switch speeds. Solutions were soon proposed
by integrating with metamaterials to reduce the effective
thickness of LCs for THz applications, such as phase modu-
lators, polarization converters, tunable waveplates, and spa-
tial light modulators [18–20, 24, 25]. The first prototype
was demonstrated by Padilla’s group via combining LC with
a metal-insulator-metal (MIM) type metamaterial in 2013
[26]. The thickness of LC layer was reduced to the scale of
MIM cavity (tens microns) with a greatly improved perfor-
mance due to the enhancement of electric field by the
MIM cavity. High modulation depth (30%) and large fre-
quency shift (4.6%) were achieved with a low driving voltage
(4V). The modulation depth was further improved to 75%
by optimizing the MIM design and the device could function
as a THz spatial light modulator [27]. Most recently,
advanced manipulation of polarization of light was realized
by LC-metasurfaces with enhanced asymmetric transmis-
sion [18]. Asymmetric transmission of circularly polarized
light is well-known in planar asymmetric metamaterials;
however, spin-locked optical chirality is not accessible with
the conservation of mirror symmetry. By integrating with
LCs, both spin-locked and spin-flipped chirality were
observed attributed to the anisotropy of LCs that breaks
the mirror symmetry of metamaterials (Figure 1(b)). The
LC layer also enables the capability to dynamically manipu-
late the asymmetric transmission of terahertz radiation with
external bias.

Regarding active control of wavefront that is essential
for antenna and Lidar applications, programmable LC-
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metasurfaces were reported by Wu et al. [19]. In this work,
two states with a phase difference of π was found by care-
fully modulating the bias voltage while sustaining the con-
stant transmission intensity. By encoding the two states of
unit cells as 0 and 1 with a logical sequence, the program-
mable metasurface was demonstrated to actively deflect
THz wave with a maximum angle of 32° (Figure 1(c)).
MIM-type metamaterials were employed in this work
which could only operate in the reflection mode and

require a large modulation voltage (40V) due to the thick
insulator layer. For transmission type devices, bilayer LC-
metasurfaces were recently reported [20] as illustrated in
Figure 1(d). In this configuration, the metallic wires play
the role of a metasurface to enhance local field as well as
spatially addressable electrodes. With a spatial gradient
voltage applied on the LC layer, wavefront deflection was
observed with an angle of 4.5° at 0.8 THz where the local
phase shift of 55° was obtained at a low voltage (20V). This
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Figure 1: Active metadevices integrated with LCs. (a) Schematic illustration showing the angle θ of an LC molecule for permittivity tensor
calculation. (b) Spin-locked and spin-flipped chirality realized by planar metasurfaces integrated with LCs [18]. (c) Programmable LC-based
metasurface [19]. (d) LC integrated two-layer metasurface working in transmission mode [20]. (e) Larger phase shift reported in a shorter
wavelength [21].
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work proposed an interesting approach for transmission-
type active metadevices; however, the phase modulation
range was less than 2π that poses limitation in metasurface
applications. Mie resonances could be applied for a larger
phase modulation range as shown in Figure 1(e) [21],
where a phase shift of 2π was achieved at a wavelength of
660nm via a bias voltage of 12V with an overall high trans-
mission efficiency of 36%.

For LCs in the THz waves, one of major concerns for
LC-based metadevices is the so-called “boundary-effect”
[28, 29], which will lead to an uneven distribution of refrac-
tive index of LCs so that the effective refractive index is often
less than the theoretical value. Another concern that should
be addressed is the modulation speed that is limited by the
intrinsic response time of LCs, especially for thicker LC
layers. Through an appropriate combination with metama-
terials, the LC-based metadevices would be very promising
for terahertz spatial light modulators.

2.2. Active Metadevices Integrated with Phase Change
Materials. Phase change materials (PCMs) could change
between crystalline state and amorphous state (Figure 2(a))
by external stimuli such as heat, optical excitation, and bias
voltage, leading to a conductivity change of three to four
orders of magnitude [30, 35–38]. The combination of PCMs
and metamaterials have shown a plethora of interesting
physical phenomena and device applications in the terahertz
regime. Volatile vanadium dioxide (VO2) is a typical type of
PCMs where the phase change process of VO2 is accompa-
nied with a very interesting effect of temperature hysteresis,
i.e., the phase change threshold shifts in heating and
refrigerating processes (342K and 330K, respectively). This

hysteresis phenomenon was employed for temperature
memory devices [35]. In addition, the phase change process
could occur in the vicinity of local high field in metamateri-
als (as high as 4 MV·cm-1) and a nonlinear response was
induced by a standard THz pulse [39].

Recently, many notable works were reported by integrat-
ing metamaterials with PCMs for THz modulators. A larger
phase shift is the key mission in metasurface applications
that is commonly limited by the one-layer thin-film meta-
surfaces. The work proposed by Zhao et al. [30] reported a
large phase modulation of 138° in the process of VO2 phase
change that is integrated with a split ring resonator as shown
in Figure 2(b). The proposed metamaterial supports coupled
LC and dipole resonances, and a dramatic phase shift of the
coupled mode occurs due to the photoinduced phase transi-
tion of VO2. The dynamic modulation scheme of VO2 inte-
grated metadevices was also studied by Zhang et al. [31] as
shown in Figure 2(c) where they have thoroughly probed
the modulation features induced by various stimuli includ-
ing thermal, electrical and optical approaches. Besides phase
and amplitude modulation of THz waves, VO2-metasurfaces
were shown to control wavefront dynamically. In 2019,
dynamic meta-holography was reported via applying exter-
nal heat to the VO2 integrated metasurface and broadband
holography was observed with the split ring resonators
(Figure 2(d)) [32]. The phase transition of VO2 was also
applied to manipulate polarization states of THz radiation.
Most recently, temperature controlled optical activity and
negative refractive index of terahertz waves were demon-
strated with a multilayer metamaterial [33] (Figure 2(e)).
Chiral to achiral transition occurs when the VO2 changes
from an insulator to a metallic state by controlling the
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Figure 2: PCMs for active metadevices. (a) Schematic diagram of the phase transition process. (b) Photoinduced phase shift in the
vanadium dioxide integrated metadevices [30]. (c) Active mode switching of terahertz waves using VO2-embedded metadevices [31]. (d)
Dynamic meta-holograms by thermal control [32]. (e) Temperature-controlled optical activity and negative refractive index [33]. (f)
Active metadevices integrated with GeTe [34].

4 Advanced Devices & Instrumentation



temperature of the metadevice, which leads to the change of
circular birefringence from 70° to 0° and circular dichroism
from 0.6 to 0.

Germanium telluride (GeTe) is another commonly
adopted PCM in the terahertz regime with a nonvolatile fea-
ture whose electrical and optical properties can be changed
at a nanosecond timescale by thermal, electrical, or optical
stimuli [34]. The dynamic responses of a hybrid metallic
metadevice integrated with GeTe were demonstrated with
a remarkable frequency shift from 0.58 THz to 0.73 THz.
A 35 dB amplitude modulation was accompanied at 0.58
THz in the process of phase change from crystalline to
amorphous state that occurs within 35 ns (Figure 2(f)). This
work also shows the possibility to implement an all-
dielectric GeTe metamaterial for reversible THz devices.

PCMs are under continuous development to expand the
range of material formulations and improve switching time,
which are promising tunable materials for THz applications.
Meanwhile, the actuation of PCMs is simple and versatile via
electricity, optics or heat. However, the phase transition
temperature of GeTe-based PCM is rather high, and the
transition of VO2 is volatile. Furthermore, simultaneous
realization of 2π phase modulation in both amorphous and
crystalline states of PCM is very challenging, and the inter-
mediate states of PCM cannot be effectively utilized. In
short, PCMs are promising materials for applications of
nonvolatile reconfigurable metadevices, but performance in
terahertz band still requires to be improved for efficient
applications.

2.3. Active Metadevices Integrated with Graphene. Since gra-
phene was peeled from bulk graphite in 2004, the related
research has seen an explosive growth due to its excellent
mechanical, thermal, electrical, and optical properties, show-
ing excellent performance in solar cells, LEDs, transistors,
and ultrafast lasers [40–42]. Graphene has a unique linear
dispersion, zero bandgap, exceptional carrier transport
properties, and its electrons behave as massless Dirac fer-
mions with extremely high mobility at room temperature.
Graphene also exhibits excellent optical property, which
can be characterized by its photoconductivity. Under ran-
dom phase approximation, the surface conductivity of gra-
phene can be expressed by the Kubo equation [43–46]:

σg = σintra + σinter =
j

ω + j/τ
e22kBT
πℏ2

ln 2 cosh μc
2kBT

� �

+ e2

4ℏ2
G

ℏω
2

� �
+ j

4ℏω
π

ð∞
0

G ξð Þ − G ℏω/2ð Þ
ℏωð Þ2 − 4ξ2

" #
,

G ξð Þ = sinh ξ/kBTð Þ/ cosh EF/kBTð Þ + cosh ξ/kBTð Þ½ �,
ð2Þ

Here, ℏ is the reduced Planck’s constant, e is the charge
of an electron, kB is the Boltzmann’s constant, ω is the angu-
lar frequency, μc is chemical potential, Ef is Fermi level, and
T is temperature. In the visible and mid-infrared regions, the
conductivity of graphene is governed by interband transi-

tions (Figure 3(a)) [47], while in the far-infrared and THz
regime, the conductivity of graphene is dominated by intra-
band transitions. In the THz regime, the contribution of
interband transitions for conductivity is negligible. Thus,
the conductivity of graphene can be approximated in the
form of Drude-like model [48]:

σS ωð Þ = iEFe
2

πℏ2 ω + iτ−1ð Þ : ð3Þ

The electrical conductivity is proportional to Fermi level
and thus can be effectively modulated by tuning the Fermi
level.

The first demonstration of graphene-based metadevices
for terahertz applications was reported in 2011 where a tun-
able surface plasmon polariton (SPP) resonance was realized
by patterning the graphene film [53]. The periodic pattern of
graphene shifted the plasmonic frequency to the terahertz
regime, which was modulated by external bias. Soon after
this pioneering work, a more effective terahertz modulator
was proposed [54] by integrating graphene with multilayer
metamaterials. This combination provokes strong localized
interactions between terahertz fields and graphene, resulting
in a 47% amplitude modulation at the resonant frequency
and 32.2° phase modulation. However, the range of phase
change is poor due to the thin film of monolayer graphene,
which severely limits their applications in dynamic wave-
front manipulation. In 2015, Miao et al. adopted a new
mechanism to achieve a wide range of phase modulation
based on a MIM configuration as illustrated in Figure 3(b)
[49]. The large range of phase change originates from
coupled mode theory [55], and switching of operation
between underdamped and overdamped regimes leads to a
large shift of phase that could be achieved by tuning voltage
applied on the thin-film graphene layer. Meanwhile, similar
mechanism of coupled mode theory was applied in the work
as illustrated in Figure 3(c) [50], and 2π phase modulation
can be obtained by changing the resonance modes from
underdamped to overdamped regimes at 1.1 THz by con-
trolling the gate voltage. Effective polarization control was
realized by integrating graphene layer with metamaterials.
By tuning the gate voltage (0-1.8V), the transmission ampli-
tude of right-handed circular polarization (RCP) could be
modulated by 99% at 1.1 THz with the left-handed circular
polarization (LCP) component unchanged. The asymmetry
modulation of RCP and LCP leads to a large contrast of cir-
cular dichroism (CD) of 45 dB at 1.1 THz.

In addition to the sole stimulus of electrical actuation on
graphene, electro-optical hybrid modulation was recently
explored to operate as an optical diode [51]. As shown in
Figure 3(d), a typical Fano resonance was excited with the
asymmetric resonators whose resonant features were modu-
lated by the graphene film. An interesting asymmetric mod-
ulation of the mode occurs at a fixed optical pump intensity
of 0.7Wcm-2 by merely tuning the bias voltage. The modu-
lation depth at -5V is 5 times larger than that of +5V. This
observation is partially due to defects of graphene film, and
majorly contributed by the injection of photocarriers into
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graphene from silicon substrate due to the optical pump
which results in the shift of Fermi level of graphene, suggest-
ing that low-power continuous optical stimulus can also
efficiently modulate graphene. Most recently, a reverse mod-
ulation of terahertz transmission was demonstrated [52] uti-
lizing a highly-doped graphene/nanoslot antenna (G/NA) by
optical pump. Strong absorption of terahertz radiation was
realized which results in a complete blocking of the incident
terahertz waves without pump (Figure 3(e)). When the G/
NA device was illuminated by the optical pump, transmis-
sion window was open due to the photo-induced transpar-
ency of graphene, which leads to a distinctive modulation
from absorption to transparency. This process occurred in
an ultrafast time scale of 1.83 ps with a large modulation
depth (80%). The strong confinement of localized electric
fields by the nanoslot contributes to the large modulation
depth, and the accompanied optical phonon emission leads
to the rapid relaxation of photocarriers due to the fast hot-
carrier cooling process.

We believe that graphene-based metadevices will play an
important role in many fields, especially in terahertz applica-
tions, due to the unique properties such as unique linear dis-
persion, zero bandgap, exceptional carrier transport, etc. The
recent interesting observation of band engineering with
Moiré lattice would further push the development of multi-
layer graphene stacked at a magic angle [48, 56] that would
benefit applications in terahertz band.

2.4. Active Metadevices Based on Micro-Electromechanical
Systems. Micro-electromechanical systems (MEMS) are the
basic component of the most advanced integrated system. In
the past 20 years, MEMS technology has been widely applied
in real life from radio frequency to microwaves, which has
the advantages of low loss, low power, low cost, and high sen-
sitivity. MEMS has been used for switches [57], phase shifters
[58], tunable filters [59], modulators, and tunable antennas
[59]. With a flexible electrical drive reconfigurability, MEMS
provides a powerful platform to manipulate electromagnetic
waves and enables adaptive and multifunctional responses.
With the development of advanced fabrication techniques,
applications of MEMS in the terahertz band have exhibited
great potential in manipulating properties of light by combin-
ing it with metamaterials. One of the typical examples is the
dynamic modulation of polarization states which are one of
the most basic properties of electromagnetic waves, and exten-
sive attention has been paid to manipulating polarization
properties [60–62]. The representative work [63] combined
the comb-drive actuators with metamaterials to achieve
dynamic switching of anisotropy with a Maltese cross-
shaped microstructure array. One arm of the cross-shaped
microstructures can be driven by electrostatic force in hori-
zontal direction leading to the switch of unit cells from the
cross structure with a C4 symmetry to an anisotropic T-
shaped structure. The actuators applied in this work are scal-
able and could be extended to shorter wavelength.
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Another commonly adopted MEMS technique is the
bimorph cantilevers, which are composed of two materials
with different Young’s modulus. The typical material combi-
nation of bimorph cantilevers is aluminum and aluminum
oxide that can be handled by CMOS compatible processes.
When the micromachining is completed, silicon oxide, as
the sacrificial layer, is removed by hydrofluoric acid vapor,
and the cantilevers will be released exhibiting natural defor-
mation due to residual stress. The cantilever deformation
can be controlled through electrostatic actuation, thereby
completing the dynamic switching procedure. For the sim-
plest metallic wire cantilevers, the maximum air gap (g) is
obtained by estimating the curvature radius (r) of the wire:

1
r
= 6n 1 + nð Þ mσAl − σdð Þ
tAlEAl K + 3mn 1 + n2ð Þ½ � , ð4Þ

Here, K = 1 + 4mn + 6mn2 + 4mn3 +m2n4, m = EAl/Ed ,
n = tAl/td , and tAl and td are the thickness of aluminum
and aluminum oxide; EAl and Ed are the Young’s modulus
of the two materials; σAl and σd are the residual stresses of
the two materials. The residual stress and Young’s modulus
of materials at room temperature are determined by material
properties and fabrication process, which can be approxi-
mately regarded as constants. Therefore, the radius of curva-
ture obtained from equation 4 is adjusted by changing tAl
and td . Once the radius of curvature is determined, g can
be calculated by the equation g = rð1 − cos ðlc/rÞÞ. Such a

metallic cantilever supports basic dipole resonance, whose
frequency is modulated by changing the effective length
and air gap of the cantilever and thus adjusting the equiva-
lent capacitance (Cef f ) and equivalent inductance (Lef f ).

Based on the bimorph cantilevers, lots of interesting
applications have been reported by combining them with
metamaterials. One of the typical applications is to achieve
intrinsic chirality with spatial deformation [64] as shown
in Figure 4(a). The handedness of spiral was switched by
inflating N2 gas in the upper or lower chamber to generate
pressure difference. The height of the spiral center can reach
60μm at ±10Pa pressure difference resulting in a significant
optical activity of ±28°. By arranging the unit cells in a C4
symmetric configuration, birefringence was eliminated.
Although such a pneumatic drive configuration works well
with a large deformation, it is difficult to be integrated into
miniatured systems. A very simple L-shaped bimorph canti-
levers were then proposed that could also provide a large
chirality with electrostatic force actuation so that it could
be easily integrated into a miniatured system [65]. The resid-
ual stress provides a gradient force that drives the L-shaped
structure to form a three-dimensional half-spiral with intrin-
sic chirality. Two L-shaped structures with opposite chirality
were placed in one supercell, and the two neighboring struc-
tures were electrically isolated as shown in Figure 4(b). A
programmable chirality switch with four different chiral
states (achiral, dextrorotary, levorotatory, and racemic)
could be realized through a weak electrostatic drive (10V).
The optical chirality as outputs follows the exclusive or
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metamaterials enabled by closable nanotrenches for broadband applications [68].
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(XOR) logic gate with the binary drive as input signals. Such
a configuration also enables giant programmable polariza-
tion rotation which provides a large amplitude modulation
by combining with a polarizer. Therefore, the L-shaped chi-
ral device could be designed as an intensity-modulated tera-
hertz spatial light modulator for applications in single-pixel
imaging.

Some interesting physical phenomena would emerge in
the modulation process by combining MEMS with metama-
terials. In 2017, Cong et al. [66] reported a dynamic meta-
material that can be switched between the underdamped
and overdamped regions by an electrostatic drive through
carefully engineering the radiative loss and nonradiative loss
of the resonant system. As a result, the actuation of cantile-
vers can not only shift the resonance frequency from 0.74
THz to 1.34 THz but also change the phase span of the mode
from a full 2π range (OFF state) to π range (ON state) as
shown in Figure 4(c). Meanwhile, toroidal responses could
also be probed with the spatial deformation of MEMS
cantilevers by utilizing four split-ring resonators (SRRs,
Figure 4(d)) arranged in one supercell [67]. In the planar
configuration, toroidal responses (head-to-tail magnetic
dipoles) were enhanced by the neighboring opposite orien-
tated SRRs, but the enhancement of the toroidal component
is limited in such a planar configuration. When the SRRs
were deformed with an out-of-plane configuration at differ-
ent temperatures, the out-of-plane toroidal component was
enhanced by nearly 5 orders of magnitude as the bending
angle reached 90°, which leads to an order of magnitude
enhancement of the total toroidal intensity. In addition to
electrostatic and thermal actuation of cantilevers, mechani-
cal strain deforming of the geometry would enable the topo-
logical change of resonators in the metamaterial and thus
lead to modulation of resonance frequency, chirality, and
polarization selectivity. For example, the nanotrench of res-
onators could be closed by bending the flexible metamaterial
(Figure 4(e)) [68], which results in a complete electromag-
netic extinction from the visible to microwave. A similar
strategy was applied to a structure with four-fold symmetry,
and when inner bending was applied in the vertical direc-
tion, symmetry was reduced to 2-fold once the two horizon-
tal arms of the structure were shorted.

Currently, it is readily to fabricate MEMS cantilevers
with resolution in hundreds to tens micros with conven-
tional techniques, which could be applied in many tera-
hertz applications. However, it might not work well in
shorter wavelength when the size of unit cells scales down
to nanometers. In addition, reliability would be a severe
problem when the samples comprise of thousands of unit
cells where they will have a nonuniform distribution with
defects such as unreleased cantilevers in certain areas.
More efforts still need to be paid for developing stable
MEMS-based metadevices.

2.5. Active Metadevices with Semiconductors. When light
interacts with semiconductors with photon energy exceeding
bandgap energy, electrons in the valence band will be excited
to the conduction band, leaving holes in the valence band,
thereby changing the conductivity. The photocarriers have

a limited lifetime that is characterized by relaxation time.
When the optical pump intensity is within a certain range,
the concentration of free carriers is approximately propor-
tional to the intensity, and conforms to the distribution of
Drude model:

σ ωð Þ = ε0
ω2
pτ

1 − iωτ
, ð5Þ

where the plasma frequency is expressed as ω2
p = ne2/εom, εo

is the vacuum permittivity, m is electronic quality, n is car-
rier concentration, and τ is scattering time. As revealed by
the model, the plasma frequency determines conductivity,
and thus controls the intrinsic properties of semiconductors
whose properties could be controlled by modulating the
photocarrier concentration (n).

In the terahertz band, silicon (Si), germanium (Ge), and
gallium arsenide (GaAs) are the most used semiconductors,
and carrier concentration could be modulated via optical
pumping or electric excitation. Integrating semiconductors
with metamaterials would enable a powerful modulation
capability for electromagnetic waves due to the multi-order
enhancement of local field strength. The first demonstra-
tion was reported in 2006 by Padilla et al. [74] to achieve
a low-threshold, high-contrast, all-optical terahertz modu-
lator by tuning the conductivity of GaAs substrate of the
metamaterial. An obvious modulation of transmission
amplitude was observed from 15% to 50% with a pump
fluence of 1μJ·cm-2. In 2008, Chen et al. [75] proposed
hybrid metamaterial resonators that were composed of
metallic resonators and silicon islands. Compared to the
direct modulation of the substrate, the hybrid metamateri-
als have larger freedom to design the unit cell and could
be applied for a more complex modulation of electromag-
netic waves including phase, polarization, and frequency.
Based on the type of hybrid metamaterials, a plethora of
promising applications have been reported, such as
dynamic electromagnetically induced transparent [76, 77],
three-dimensional intrinsic chiral switch [78], and polari-
zation control [69, 79].

More attractive functionalities emerge by using the
hybrid resonators to design metasurfaces. The example in
Figure 5(a) shows an ultrafast terahertz polarizing beam
splitter by arranging the hybrid resonators with a phase
gradient so that the cross-polarized component was
deflected and spatially deviated with the co-polarized
component [69]. This all-optical modulation scheme enables
a switching speed in the gigahertz scale which lays the
foundation of polarization division multiplexing and demul-
tiplexing for terahertz wireless communications. To further
improve the modulation speed, low temperature grown
GaAs was adopted as the active medium, and the resonance
frequency of metamaterials was shifted by 280GHz in a
femtosecond scale at 2.08 THz (Figure 5(b)) [70]. A more
complex configuration was proposed by integrating two
types of photoactive semiconductors into metamaterials
(Figure 5(c)). A polarization-dependent all-optical switch
was realized which possesses two intrinsic switching times
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at orthogonal polarizations determined by the relaxation
dynamics of the active media, i.e., silicon and germanium
[71]. This scheme would be promising for multiplexing in
signal processing of terahertz communications.

One of the obstacles in above mentioned hybrid metade-
vices is the inevitable ohmic loss from metallic resonators
that limits operating efficiency. All-dielectric metamaterials
based on Mie resonance could solve the problem without
Ohmic loss channel. The overall size of dielectric resonators
is larger than that of metallic counterparts, but richer reso-
nance modes exist which could be exploited for a wider
range of applications. Silicon is the most commonly used
material for all-dielectric metamaterials in long wavelengths
due to the relatively large refractive index, low absorption
coefficient and mature processing technologies. In addition
to the abundant functionalities enabled by dielectric meta-
surfaces, the strategy of all-optical modulation could be
directly applied to the silicon resonators for dynamic
responses. One typical example is shown in Figure 5(d)
[72], where the silicon resonators were designed with fre-
quency overlapped electric and magnetic dipoles for unidi-
rectional radiation satisfying Kerker’s condition. On the
other hand, from the aspect of coupled mode theory, the
cavity was designed in the underdamped regime (under Ker-
ker’s condition) that covers a 2π phase span around the res-
onant frequency in the passive state. An external pump will
perturbate the balance between nonradiative and radiative
losses of the cavity. Transition from underdamped to over-

damped regime occurred by increasing the pump power
which increases the density of photocarriers in the silicon
resonators. Such a transition will shift the local radiation
phase of resonators so that we could control the predesigned
phase gradient and switch the deflection angle. Using the
aforementioned phase transition mechanism, an ultrafast
(14 ps) reconfigurable beam steering of terahertz waves was
demonstrated with the silicon metasurface pumped by fem-
tosecond laser pulses. A similar approach could be applied
for other interesting physics, such as bound states in the
continuum (BIC) where the quality factors could be actively
modulated (Figure 5(e)) [73] and ultrafast “photon brake”
effect which leads to asynchronous mode separation and lin-
ear frequency change [80]. The active modulation of sharp
resonances may find applications in lasing, biosensing, and
mode multiplexing.

2.6. Applications in the THz Wavefront Modulation. The
metadevices are mainly focused on synchronized modulation
of all the unit cells in the entire metamaterial array, which
induces a collective modulation of optical properties such as
amplitude, phase, polarization, and/or resonant frequency.
However, emerging applications of terahertz waves would
require local modulation with spatial resolution, such as
terahertz imaging and hyperspectral sensing, which could be
realized by programmable metasurfaces. At microwave, pro-
grammable metasurfaces could usually be realized by integrat-
ing with lumped electronic components such as varactors as
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Figure 5: Active metadevices integrated with semiconductors. (a) Hybrid silicon-metallic resonators for all-optical ultrafast active
metamaterials [69]. (b) Broadband metamaterial frequency switch with femtosecond switching time by using low-temperature grown
GaAs [70]. (c) Hybrid metamaterials for active terahertz modulation with polarization-dependent relaxation times [71]. (d) Dielectric
metasurfaces for unidirectional and reconfigurable beam steering [72]. (e) Active dielectric BIC-driven metadevice [73].
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control elements due to the relatively large size of unit cells.
However, these bulky active components are difficult to be
integrated with unit cells of a smaller scale operating in THz
frequencies. Therefore, novel solutions should be searched
for the development of terahertz programmable metasurfaces.
At present, graphene, MEMS, liquid crystals, and phase
change materials could be employed for programmable meta-
surfaces in the terahertz regime together with drive units such
as feed networks and field-programmable gate array (FPGA)
as shown in Figures 6(a)–6(f).

Patterned graphene has exhibited great potential in the
terahertz regime, and hybrid metasurfaces integrated with
graphene were reported with independently addressable
drive (Figure 6(a)) [81]. The local voltage could be adjusted
by external bias that shifts the conductivity of graphene and
thus changes the reflection response of the incident tera-
hertz radiation. By precisely controlling the bias voltage,
the reflection phase was dynamically switched between 0
and π that performs as the binary elements of programma-
ble metasurfaces. By encoding each column of the array,
beam steering, beam shaping and reconfigurable phase
hologram were achieved. This work reveals broad prospects
of programmable metasurfaces in the fields of Lidar, adap-
tive optics, and electro-optical modulators. MEMS-based
metasurfaces could also provide a feasible solution for pro-
grammable metasurfaces [82]. By designing a MIM config-
uration of the MEMS metasurface, reflection spectra could
be modulated by shifting the resonant frequency while tun-
ing the effective angle of cantilevers. When the MIM meta-
surface operates in an underdamped regime, a full phase
modulation covering 2π can be obtained by tuning the
effective angle of cantilever from 0° to 2° which was con-
trolled by external bias voltage as shown in Figure 6(b).

Based on the controllable local phase, programmable polar-
ization control, wavefront deflection and hologram were
envisioned.

Programmable control with electrical bias is straightfor-
ward with the mature large-scale fabrication and drive tech-
nique, but all-optical control with programmable operation
could enable faster response and more flexible patterning
approach. As shown in Figure 6(c), the conductivity of sili-
con could be modulated by a pump laser inducing plasmonic
resonances, and by patterning the pump beam, a spatially
resolved conductivity pattern on the silicon film could be
projected from the pump beam. A recent report realized
the idea by combining with a digital micromirror device
(DMD) to pattern the pump beam, and the pattern was then
projected to a thin film silicon (10μm) wafer [83]. With such
a flexible configuration, most metasurface applications could
be realized in real time such as streaming holographic
images and lenses of variable focal lengths.

Recently, complementary metal-oxide–semiconductor
(CMOS) based chip tiles were integrated into conven-
tional split ring resonators for individually addressable
and digitally programmable metasurfaces (Figure 6(d))
[84]. C-shaped resonators were split with 8 gaps that were
reconfigured by the integrated transistors so that transmis-
sion amplitude and phase were modulated according to the
8-bit encoding sequence in each resonator. The device was
demonstrated with individually addressable and digitally
programmable performance for 25 dB amplitude modula-
tion and phase modulation covering 270°. Based on the
proposed resonators, programmable metasurfaces were
demonstrated with applications for dynamic beamforming
covering angles of ±30°, and programmable holographic
projections at 0.3 THz. This technology is very promising

(a)

(d) (e) (f) (g)

(b) (c)

Figure 6: Applications of active metasurfaces for THz wavefront modulation. (a) Programmable metasurface with the local bias of graphene
strips [81]. (b) Programmable metasurface by actuating MEMS cantilevers [82]. (c) Optically controlled programmable metasurface [83]. (d)
Programmable metasurface by integrating with transistors showing GHz modulation speed [84]. (e) Programmable LC-metasurface for
terahertz beam steering [85]. (f) VO2-based programmable memory metasurfaces [86] (g) Cascaded metasurfaces for dynamic wavefront
control [87].
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for terahertz sensing and imaging systems, and communi-
cations for multi-gigabits-per-second wireless links with
GHz modulation speed.

As illustrated in Figure 6(e), metasurfaces integrated
with liquid crystals could also be applied for programma-
ble applications [85]. High quality factor Fano resonances
were utilized to achieve a large phase variation while sus-
taining the transmittance, which dramatically expands the
phase difference with an acceptable transmission intensity
(-6 dB). The maximum phase difference between the
biased (10V) and unbiased conditions (0V) of the LC-
metasurface is 178.9° at 0.408 THz with a nearly constant
transmittance. Based on the LC-metasurface configuration,
beam steering was experimentally demonstrated with a
maximum angle of 30°.

In 2022, programmable metasurfaces was realized by
integrating with phase change materials actuated by current
pulses [86]. The work shown in Figure 6(f) presents a pro-
grammable memory metadevice based on vanadium dioxide
(VO2) with 8× 8 pixels operating as a terahertz spatial light
modulator. The current pulse can efficiently trigger phase
change of VO2, resulting in a remarkable change of conduc-
tivity which enables more than 65% amplitude modulation
with a current bias <60mA. The memory effect of VO2
(could hold for more than 5 hours) was also probed in writ-
ing and erasing data by the current pulses in the hybrid
metasurfaces. The nonvolatile property of VO2 provides
solutions of serial driving of pixels which significantly
reduces the density of bias lines, especially benefiting large-
scale metasurface array.

Recently, interesting band engineering of Moiré graphene
stacked at a magic angle was observed to enable a flat band,
which has an important role in superconductivity under a
strong magnetic field [48, 56]. Soon, similar magic angle was
applied in cascaded metasurfaces that have recently attracted a
lot of attentions [87–89]. In fact, the multilayer metasurfaces
have been investigated for various applications with extraordi-
nary performance. For example a tri-layer metasurface was
employed to rotate the polarization direction of THz waves to
its orthogonal one in a broadband range [61]. In order to realize
an arbitrary output polarization state, the similar tri-layer (cas-
caded) metasurface was adopted, and any direction of linear
polarization state could be obtained by mechanically adjusted
the rotation angle of each metasurface layer [90]. Recently,
Cai et al. proposed a new mechanism for dynamical control
of terahertz wavefronts without using local active meta-
atoms [87]. Cascaded metasurfaces were employed that have
different rotational speeds with each other, which causes the
relative phase variation over time. Wavefront and polariza-
tion of light were modulated dynamically in the rotating
process (Figure 6(g)). Such a configuration is very interesting
to manipulate light for dynamic and complex applications,
and would push the development of the next-generation
metadevices.

In the preceding sections, we have summarized some
typical configurations of active metadevices that manipulate
terahertz waves in free space for a complete control of wave
properties such as amplitude, phase, frequency, polarization,
and wavefront. Overall, we focused on different combina-

tions of active materials and metasurfaces, and discussed
the current developments, advantages and disadvantages in
each combination from the aspect of applications. In order
to expand the functionality and improve the performance
of metasurfaces, exploring new physics is essential. Recently,
topological insulators of electronics have attracted lots of
attentions, and research of the photonics analog is rapidly
developing. Photonic topological insulators are currently
an emerging area which would benefit terahertz on-chip
communications with high-efficiency and robust transmis-
sion. Although PTIs commonly focus on band engineering
under the light line in a band diagram, the robust proper-
ties of topologically-protected edge states would find appli-
cations in free-space applications by leaking the mode [91],
and guide the design of stable, high quality free-space
modes [92, 93]. The active or reconfigurable strategies
applied in metadevices as discussed in the preceding part
could also be applied in PTIs for versatile applications.
We envision that the topological photonics would find
groundbreaking development in terahertz applications,
both in free space and on chip, especially for the next-
generation communications. Therefore, we would also pro-
vide some overview of the area of PTIs, and introduce the
concept and milestones of development. Since most prog-
ress in PTIs was in optics, microwaves or acoustics, we will
present the progress mostly in these areas, and finally sum-
marize the recent works in terahertz regime. We also note
that we define the term “metamaterial” as a more general
concept that covers metasurfaces, metadevices and pho-
tonic crystals [94].

Next, we will focus on PTIs. Fundamentals of PTI will be
briefly introduced, and more attentions will be paid on the
photonic analogue of quantum valley Hall effect (QVHE).
Representative works of topological photonic crystals
(TPCs) based on quantum Hall effect (QHE), quantum spin
Hall effect (QSHE), and QVHE will be discussed. From the
aspect of applications, we will concentrate on QVHE due
to the ease of fabrication and working without requirement
of external stimuli. Finally, we will conclude with the current
progress of PTIs in terahertz applications.

3. Topological Photonic Crystals

3.1. Fundamentals of Photonic Topological Insulators. Topology
is a mathematic tool that mainly resolves the conserved and
quantized quantities of substances known as topological invari-
ants. For instance, a complex closed surface can be continuously
deformed into a geometrically distinct but topologically equiva-
lent form that is characterized by the number of holes (also
called genus). Figure 7(a) illustrates the transformation process
by assuming a closed surface deforming along with time whose
geometric parameters change continuously while topological
parameters change discretely. In addition to mathematics,
topology plays a key role in condensed matter physics, phono-
nics, mechanics, cold atomic gases, and photonics [95–98].
One of the most interesting properties lies at the topologically
protected edge states in the interface between insulators with
different topological invariants according to bulk-boundary
corresponding theory [99]. As a physical consequence of the
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nontrivial band topology, backscattering-immune edge states
reside at interfaces between two topologically distinct media.
By virtue of band structure theory [100–102], PTIs possess
similar bulk band structures as traditional photonic crystals,
but have one or more gapless edge states within the bandgap
as illustrated in Figure 7(b). Based on whether time-reversal
symmetry is broken, PTIs can be mainly classified into two
categories: time-reversal symmetry broken PTIs (Figure 7(b))
and time-reversal symmetry invariant PTIs (Figures 7(c) and
7(d)). The preceding scenario is based on QHE [103] where
the topological invariant is characterized by Chern number
(also called TKNN invariant); and gapless chiral edge states
exist in the interface of insulators with different Chern num-
bers. The latter one has a zero Chern number but involves a
new degree of freedom, i.e., spin (valley), characterized by spin
(valley) Chern number in analogy to QSHE [104] (QVHE).
According to Kramer’s degeneracy theorem [105], electrons
possess half-integer spin and all relative eigenstates of the sys-
tem are at least doubly degenerate under time-reversal sym-
metry. In the interface of insulators with different spin
Chern numbers, spin-up electrons experience different forces
with the spin-down ones, and thus propagate in opposite
directions as the band diagram shown in Figure 7(c). In con-
trast to fermions, photons are bosons without the benchmark
of Kramer’s degeneracy theorem, and a “pseudospin” degree

of freedom is introduced to mimic the spin of electrons.
The QSHE can be described as Z2 insulators, which have only
two values, 0 or 1, corresponding to spin Chern number Cspin

[95, 106, 107], and analogous properties are realized by adopt-
ing circular polarizations of photons [108].

In addition to spin-polarized topological edge states in
QSHE, there exists a similar binary degree of freedom
resembling valley [109–112], which exhibits a degeneracy
at K point (Dirac point) in the momentum space. For 2D
materials, a valley always arises in a highly symmetric lattice
such as a hexagonal lattice of graphene (C6 symmetry) as a
result of the time-reversal symmetry (T ) and space-
inversion symmetry (or parity symmetry, P ). QVHE
requires P broken without breaking T , which is character-
ized by Berry curvatures (Ωk). The Berry curvature of the n

th

band satisfies ΩnðkÞ = −Ωnð−kÞ under T , and ΩnðkÞ =Ωn
ð−kÞ under P and thus the associated total Chern number
is zero with both T and P symmetry conserving. Once
breaking the degeneracy and opening a bandgap, the Berry
curvature has a non-zero value at the valleys, and the
topological invariant of QVHE system is measured by
the valley Chern number (Cvalley) instead of zero Chern
number under T . There exist two edge modes with oppo-
site propagation directions along the interface at different val-
leys (K and K ′, as shown in Figure 7(d)). The band diagram
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Figure 7: Schematic diagrams of topology, QHE, QSHE, and QVHE. (a) Continuous geometrical parameter changes and discrete
topological parameter changes by deforming the surface over time. (b) Chiral edge states in the bandgap of QHE systems. (c) Helical
edge states characterized by “spin up” and “spin down” in QSHE systems which propagate in the opposite directions. (d) Valley edge
states by breaking inversion symmetry.
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illustrates that a quantum valley Hall insulator exhibits a pair
of edge states with opposite group velocities, i.e., opposite
propagation directions, at the valleys.

An effective Hamiltonian provides a concrete numerical
explanation of the QVHE taking advantage of k ⋅ p method
in the vicinity of K/K ′ valley [113, 114]

HK/K ′ δkð Þ = ±vDδkxσx + vDδkyσy + vDΔpσz , ð6Þ

where vD is group velocity, δk = k − kK/K ′ is displacement of
wave vector k to the K/K ′ valley indicated by kK/K ′ in the
momentum space, σi ði = x, y, zÞ are Pauli matrices associ-
ated with orbital degree of freedom, and Δp is a value in pro-
portion to the bandwidth of bandgap, i.e., 2vDjΔpj. The value
of valley Chern number is analytically calculated from Berry
curvature by means of the eigenfrequencies and eigenfunc-
tions of the effective Hamiltonian (Eq. (6)). For instance,
eigenvector near the K valley at the lower band is written as:

un kð Þ = 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + Δp −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
p + δk2x + δk2y

q� �2
/δk2x + δk2y

� �s

�
Δp −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
p + δk2x + δk2y

q
δkx + iδky

1

0
BBB@

1
CCCA,

ð7Þ

with the eigenfrequency

δω = −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
p + δk2x + δk2y

q
: ð8Þ

In terms of the conventional definition of the Berry con-
nection, we have

A = i unh j∇k unj i =
1 + Δp/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
p + δk2

q� �
2δk2

−δkyx̂ + δkxŷ
	 


,

ð9Þ

and the Berry curvature is

Ωk = ∇ ×A =
Δp

2 δk2 + Δ2
p

� �3/2 , ð10Þ

Similar method applies to the Berry curvature calcula-
tion at K ′ valley, and values of the Berry curvature at valleys
are

ΩK/K ′ δkð Þ = ±
Δp

2 δk2 + Δ2
p

� �3/2 , ð11Þ

where δk = jδkj is the norm of the displacement of wavevec-
tor. From Eq. (11), valley Chern number is obtained by inte-
grating the surface in the half of the first Brillouin zone as:

CK/K ′ = 1
2π

ð
HBZ

ΩK/K ′ δkð ÞdS = ± 12 sgn Δp

	 

: ð12Þ

As indicated by Eq. (12), the valley Chern number has a
magnitude of 1/2 and the sign is determined by Δp. Valley-
polarized edge states (helical states) immune to perturba-
tions are expected due to valley-momentum locking in the
interface or domain wall between insulators of distinct
Cvalley [115, 116] with opposite sign.

3.2. Topological Photonic Crystals. One of the most effective
ways to realize PTIs is utilizing photonic crystals. The sim-
plest photonic crystal is a one-dimensional structure with
periodic and alternating dielectrics of different refractive
indices [117] as shown in Figure 8(a). By breaking the sym-
metry of a given periodic structure, some intriguing proper-
ties can be realized, for example, robust transmission against
disorders [118, 119, 122–127]. Photonic topological phase
based on QHE was originally realized using gyromagnetic
photonic crystals subject to external magnetic field to break
the time-reversal symmetry as shown in Figure 8(b) [118].
A unidirectional edge state immune to disorders and defects
was experimentally observed. However, the strategy is diffi-
cult to be extended to shorter wavelength due to the lack
of ferromagnets at higher frequencies. As an alternative,
QSHE without breaking time-reversal symmetry was
adopted by introducing “pseudospin”, for example, in the
rhombohedral shape unit cells [119] (Figure 8(c)). The pseu-
dospin was achieved by expanding and shrinking the super-
lattices to lift the degeneracy of four-fold Dirac point at Γ
point. By shrinking the unit cells in the lattice, eigenmodes
at the lower band and upper band behave as dipole and
quadrupole modes, respectively; and they flip when expand-
ing the unit cells where nontrivial topological invariant
appears. PTIs based on QSHE have a rapid development
due to the easy execution of inversion-symmetry breaking
without requirement of external magnetic fields [128].
Extending the application of PTIs from 2D to 3D, the first
3D PTI was reported supporting topologically protected sur-
face states (Figure 8(d)) [120]. The 3D Dirac point was lifted,
and a bandgap emerged via breaking the mirror symmetry in
z direction. In 3D momentum space, a Weyl point exists
when two bands cross linearly with each other which com-
monly requires breaking certain symmetry. Inversion sym-
metry broken is usually applied in non-centrosymmetric
Weyl systems, and time-reversal symmetry broken also
works. It has been reported that magnetized semiconductor
InSb behaves as a magnetized plasma for terahertz waves,
and Weyl points and corresponding photonic Fermi arcs
were observed [121] (Figure 8(e)). This scheme may enable
the topological exotic effects and initiates the demonstration
of topological phases in the terahertz band facilitating the
terahertz topological devices.

According to bulk-edge correspondence, the n-dimen-
sional topological insulators can support (n-1)-dimensional
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topological states; and for higher-order topological insula-
tors (HOTI), they may support lower-dimensional topolog-
ical states. For example, a 2D topological insulator would
host 1D gapless edge states and 0D corner states. The rele-
vant literatures of HOTI are summarized [129–135]. In con-
trast to artificial defects in conventional photonic crystals to
confine electromagnetic waves, corner states with high qual-
ity factor exist spontaneously in corner positions. Both edge
states and corner states exist that would lead to applications
of compact and robust cavities and waveguides. These
intriguing topological phenomena in TPCs are readily scaled
to THz band for defect and perturbation immune applica-
tions which is one of the most promising candidates to man-
ufacture THz devices. We will discuss related content in
section 3.4.

3.3. Valley Hall Topological Photonic Crystals and
Applications. Currently, the most developed approach for
PTI is based on QVHE. Typical PTIs based on QVHE could
be executed with valley photonic crystals (VPCs) with time-
reversal symmetry conserved, which could be easily fabri-
cated with conventional lithography for a wide range of
applications from waveguides, beam splitters to topological
lasers [123, 138]. The typical approach to access nontrivial
valley Chern number is breaking inversion symmetry. One
example is the tripod-shaped metallic rods suspended
between a parallel-plate waveguide in a triangular lattice as
shown in Figure 9(a) [122]. This work proposed polarization
multiplexing by opening the same bandgap for both TE and
TM polarizations and demonstrated topological-protected
perfect output coupling behavior for application of direc-
tional antennas. After this work, different methods were

soon proposed, for example, by replacing the metallic rods
with fan-shaped structures (Figure 9(b)) [123]. Via tuning
the length of fun arms, inversion symmetry of the metallic
structure is broken, and two types of unit cells are defined
as pattern A and B. With opposite valley Chern numbers
at K/K ′ valley, gapless edge states appear by forming bound-
ary between the two patterns where opposite propagation
directions were supported for AB-type and BA-type inter-
faces. Another example to access nontrivial valley Chern
number is shown in Figure 9(c), where inversion symmetry
is broken by tuning the height of metallic rods in a honey-
comb lattice [126]. Robustness of the edge states was dem-
onstrated by bending the domain wall with two sharp
angles and the transmission was not obviously affected by
the sharp angles compared with that of a straight waveguide.

The VPCs discussed above are based on metallic mate-
rials suffering from significant Ohmic absorption loss. A
better performance would be obtained with dielectric mate-
rials with negligible Ohmic loss. An example of valley PTI
with dielectric cylinders [136] is shown in Figure 9(d)
whose symmetry was broken by introducing refractive
indexing contrast between the neighboring cylinders, and
thus bandgap opened. Different types of domain walls
denoted as armchair type and zig-zag type were discussed
for different transport performance. Detailed quantitative
study on robustness of various types of domain walls was
reported in ref (139). A honeycomb lattice with two air
holes of different radii in the silicon slab also supports val-
ley edge states (Figure 9(e)) [137]. Three types of interfaces
were designed to show the robustness of the edge states.

In traditional waveguides, light is usually scattered or
coupled to adjacent components when propagating through
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sharp bends with serious scattering and reflection losses in
an integrated photonic circuit, PTIs could solve this prob-
lem with topologically protected edge state [136, 142–144].
In recent years, PTIs based on QVHE have shown great
potentials in designing optical components such as chan-
nel intersections [145, 146], topological lasers [147] and
communication chips [137, 148, 149], taking advantage
of the intriguing properties such as valley-locked transport
[118, 150, 151], robustness against perturbations [115, 118,
148, 152–154], and corner states with high quality factors
[131]. In 2017, Wu et al. elucidated a concrete method to
realize a beam splitter in microwave region (Figure 10(a))
[123], which consists of four domain walls with two distinct
patterns. According to the valley-locked transport properties,
the transport channel selectively depends on the input ports.
In 2020, a novel topological acoustic waveguide was reported
with a larger transport area instead of a narrow interface
[146], where the middle layer with a Dirac point was sand-
wiched by two inversion-symmetry-broken layers with oppo-
site valley Chern numbers. The analogous structure was
extended into valley Hall PTIs, which could improve energy
capacity for light harvest [140]. As shown in Figure 10(b),
the three domains of the valley Hall PTI were defined as Aj
BxjC where x represents the number of layers in domain B.
By adjusting the side length of air holes to break inversion
symmetry, topologically protected edge states appear in the

area of domain B instead of a boundary, and energy trans-
porting capacity in the domain improves with a larger num-
ber of x. The strategy could be applied in designing a beam
splitter, light harvesting devices, and topological cavities.

A more complex frequency-selective router could be
realized by VPC with more than one bandgap. In preceding
works, only one Dirac point was realized, and thus only one
pair of valley edge states exist in the single bandgap. By
designing two bandgaps, two pair of edge states appear.
Dual-bandgap valley topological phononic insulators were
recently reported with frequencies at approximately f and
2f based on nano-electromechanical metamaterials [141] as
shown in Figure 10(c). The structure consists of some etch-
ing holes located at the vertices of a regular triangle, and
inversion symmetry was broken by changing the distance
to the triangular cores. The dual-bandgap VPC was applied
as a router with dual-band transmission [138] where selec-
tive routing path dependent on both operating frequency
and input port was observed. The dual-band valley Hall PTIs
may lead to further development of multiband integrated
photonic circuits with logical operation.

3.4. Progress of VPC for Terahertz Applications. VPCs in the
terahertz band have recently attracted many attentions
with potential applications in on-chip communications
[158–162]. Terahertz waves would offer a considerable
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broad bandwidth for a higher data rate of wireless commu-
nications at a rate of terabits per second [163] and THz
links for high-speed, energy-efficient and low-cost inter-
chip communications are essential. However, traditional
hollow metallic waveguides [164], photonic crystal wave-
guides [165], metallic transmission lines [158], THz fibers
[166] and metallic wires [167] would commonly exert a
nonnegligible impact on transmission due to bending
losses at a sharp corner and scattering losses of fabrication
imperfection. VPCs would provide a simple and promising
route to address these problems.

In 2020, the first VPC waveguide for terahertz on-chip
communications was reported [149]. Inversion symmetry
of unit cells was broken to introduce nontrivial valley Chern
number which was fabricated with high-resistivity silicon, as
shown in Figure 11(a). A negligible loss of THz waves was
observed in transmission spectra even with multiple sharply
bended domain walls. Based on the high transmission effi-
ciency and large bandwidth, a high-quality real-time uncom-
pressed 4K HD video transmission test was performed
through the VPC waveguide. Recently, electrically pumped
topological THz laser [91] was also experimentally realized
based on the active VPCs [168, 169]. As shown in
Figure 11(b), a closed triangular loop was designed where
THz waves could propagate immune to the existence of
shape corners and defects. The bandwidth of gain medium
overlaps with the photonic bandgap, and terahertz waves

could be tightly confined in the closed loop with large qual-
ity factors, and THz lasing occurs at sufficient large pumping
currents. Unlike the conventional QCLs, topological lasers
with valley edge modes circumvent the impact of spatial
hole-burning effect.

The field confinement is an important feature of wave-
guides, and the properties of VPC were studied in detail in
the terahertz band with a honeycomb lattice [155]. In the
work shown in Figure 11(c), symmetry was broken by
adjusting the diameters d1 and d2 of the neighboring two
holes in one unit cell. It is found that the degree of asymme-
try (difference between d1 and d2) determines the strength of
field confinement of the topological edge modes and the
robustness of topological protection. This is in essence orig-
inated from the larger bulk bandgaps with a larger lattice
asymmetry. Apart from the THz waveguides and lasers, tun-
able terahertz topological edge and corner states in designer
surface plasmon crystals were also reported recently
(Figure 11(d)) [156]. In the type of Su-Schrieffer-Heeger lat-
tice, symmetry is broken by modulating the intra-cell cou-
pling strength (d1) and inter-cell coupling strength (d2). In
addition to the in-plane confinement of topological edge
states, the designer surface plasmons also enable vertical
confinement. From the aspect of fabrication for VPCs, 3D
printing was adopted to fabricate metallic THz topological
waveguide (Figure 11(e)) [157] which exhibited a larger
bandgap (12.5%).
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4. Conclusion and Outlook

This review article has summarized the current development
of active metadevices and photonic topological insulators in
the terahertz regime. For the active THz metadevices, high
efficiency, high modulation speed, low power consumption
and high integration are the eternal goals. Therefore, many
excellent studies have been focused on improving one or
more parameters to meet the goals by exploring different
active mechanism and interesting physics of metasurfaces.
As a result, active THz metadevices have significantly
expanded the ability to control EM waves, and provided a
promising platform for different applications, such as
switchable filters, polarization controllers, beam steering
devices, and tunable metalenses.

Although we have witnessed great achievements in THz
active metadevices, several grand challenges still exist in this
field. Looking for the most suitable active materials for var-
ious specific applications is the toughest challenge in explor-
ing active metadevices with better performance. As

discussed in this review, we briefly summarize the shortage
of each active medium again. The large thickness of LCs
decreases the performance and overall usability of devices
while it increases the size of the meta-atoms and thus the
actuation voltage. Patterned graphene is an excellent mate-
rial for THz applications, but the monolayer thin film limits
the strength of light-matter interactions. Certain PCMs pro-
vide a nonvolatile platform for reconfigurable metadevices,
however, high temperature is commonly required for phase
transition and loss would be a severe problem after the phase
transition. MEMS are limited by the modulation speed of
mechanical cantilevers, which is usually slower than other
methods. Semiconductors would be an outstanding candi-
date for active metadevices if they could be integrated with
CMOS-compatible fabrication, and more materials and
physics should be explored for integrated metadevices to
accelerate the relaxation of carrier dynamics for a higher
modulation speed. With the development of the next-
generation communications, more complex reconfigurable
EM metasystems would be indispensable for future daily
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applications. Therefore, it is expected that new mechanisms
of metasurfaces should be established to manipulate EM
waves with better performance such as decoupling between
phase and amplitude for independent control of the two
properties and high-gain free-space wave propagation by
exploring the topological properties of metasurfaces.

Topological phenomena comply with robustness regard-
less of disturbances, but also rely on rigid adherence to
established conditions, where the current challenge is the
lack of active topological devices to realize parameter-
tunable topological phenomena. In terahertz communica-
tions, ultrafast amplitude/phase modulators and multi-
plexors should be developed. This might be realized by
combining the active mechanism with the terahertz topolog-
ical waveguides to design ultrafast reconfigurable routers.
The study of active metadevices might provide some guid-
ance. Based on the active topological metadevices, tunable
topological THz lasers would significantly push the develop-
ment of terahertz sources. With high order topological insu-
lators, promising applications would emerge by engineering
the local field hot spots for strong light-matter interactions.
With the rapid development of compact terahertz sources
and efficient modulators, it is envisioned that terahertz tech-
nology would revolutionize our daily lifestyle soon.
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