
REVIEW
www.lpr-journal.org

All-dielectric Metasurfaces and Their Applications in the
Terahertz Range

Danni Hao, Jinwei Liu, Pinggen Zou, Yi Zhang, Ramiro Moro, and Lei Ma*

In the rapidly evolving terahertz (THz) technology field, all-dielectric
metasurfaces (ADMs) have emerged as a significant driving force, potentially
can transform various industries and scientific disciplines. This review offers
a comprehensive and in-depth examination of the underlying principles,
materials, fabrication techniques, and state-of-the-art design methods
associated with THz ADMs, including the emerging role of artificial
intelligence in their development. The diverse applications are delved into of
these metasurfaces, such as high-resolution imaging, advanced sensing, and
the development of tunable devices, showcasing the versatility and promise of
ADMs in the THz range. Furthermore, the significance of interdisciplinary
collaboration is discussed and the integration of cutting-edge technologies in
pushing the boundaries of ADM-based THz devices. As the field continues to
grow and innovate, the applications and implications of all-dielectric
metasurfaces in the terahertz range are expected to become increasingly
diverse, paving the way for transformative breakthroughs across various
sectors.

1. Introduction

In the last decades, the terahertz (THz) spectrum (0.1–10 THz)
located between themicrowave and infrared regions has attracted
particular interest due to its unique properties such as large
available bandwidth, nonionizing photon energy, large penetra-
tion depth through materials, and capability of fingerprinting
molecules’ vibration modes.[1] These features make them highly
desirable for applications in communication networks,[2,3] bio-
chemical sensing,[4] material analysis,[5,6] and high-resolution
imaging.[7,8] However, in the THz range, only a few natural
materials have reasonably intense wave-matter interaction and
functional response.[9,10] Therefore, THz devices with engineered
parodic sub-wavelength structures, called metamaterials (MMs),
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have been intensively developed to ma-
nipulate and modulate THz radiation.
In electromagnetics, MMs are engi-

neered to obtain the intended properties
from artificial structures rather than di-
rectly from their constituentmaterials.[11]

They have been promising candidates to
produce functional components in the
terahertz regime.[12–17] In the year 2000,
the first double-negative (𝜀 < 0,𝜇 < 0)
metamaterials operating at 5 GHz was
experimentally realized through a dou-
ble split-ring resonator with an array
of continuous metallic wires.[18] Its
negative refraction index could, in prin-
ciple, could create superlens and other
promising imaging applications beyond
the diffraction limit.[19] Metasurfaces, as
variations ofMMs, usually consist of two-
dimensional arranged subwavelength
structures. Compared to 3D ormultilayer
MMs, they are less bulky and easier to

fabricate using lithography with one-step direct laser writing
techniques.[20–22]

Conventional metasurfaces are made with metallic structures
to exploit surface plasmons, i.e., the collective oscillations of free
electrons, to produce strong light-matter interactions, achieving
manipulation of light.[23] By designing metasurfaces with plas-
monic building blocks, many exotic electromagnetic properties
have been realized. However, the cost of such an approach is an
inevitable increase in light absorption, resulting in heating that
has impeded many practical device applications.[24] In contrast,
dielectric metasurfaces are based on resonances of the displace-
ment current. And, at the boundary between materials with low
and high refractive index, internal reflection takes place; hence,
electromagnetic energy is stored as standing waves. Therefore,
compared to their metallic counterparts, all-dielectric metasur-
faces (ADMs) are free of Ohmic losses and have much higher
efficiency.[25,26] Meanwhile, their fabrication process can be sim-
ple and compatible with the modern semiconductor industry. As
a result, ADMs are promising in overcoming some vital physical
and engineering issues.
This paper presents a concise progress review of ADMs that

work in the THz frequency range from physical principles and
an overview of thematerials and fabrication approaches for appli-
cations that have emerged in recent years. Section 2 begins with
the background of the light-matter interaction for metasurface’s
building blocks (meta-atoms) and metasurfaces. Section 3 intro-
duces the materials and fabrication procedures used in ADM
devices. Section 4 briefly introduces advanced design methods
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Figure 1. a) Array of dielectric disk resonators illuminated by a linear polarized electromagnetic wave (electric field is x-polarized) at normal incidence.
The dielectric resonators are represented as electric and magnetic dipoles with the polarizabilities ae and am. b) Electric and magnetic field distribution
of a single silicon disk. The electric field is represented by colored arrows and the magnetic field is represented by color. The top and bottom figures
correspond to the magnetic and electric modes dominated by magnetic and electric dipole moments. c) and d) show the phase spectra of the total
transmitted field (blue), the electric (green dash), and magnetic (red) response within two scenarios. In (c), the magnetic and electric modes are
separated. And for (d), the magnetic and electric modes overlap and achieve a continuous 2𝝅 phase shift due to the constructed interference of the
electric and magnetic dipole resonances. Reproduced with permission.[30] Copyright 2015, WILEY-VCH Verlag GmbH & CO. KgaA.

such as AI assistant ADM design. Section 5 describes some ma-
jor applications of all-dielectric metasurface-based devices and
discusses the emergence of tunable and programmable devices.
To conclude, current challenges are discussed and the future de-
velopment of ADM technology is envisioned in Section 6.

2. Light-Matter Interaction in Dielectric
Meta-Atoms and Metasurfaces

2.1. Mie Resonances and Wavefront Control

As mentioned in the last section, novel designs using dielectric
materials can break the limits of plasmonic metasurfaces. Rather
than adopting plasmonic structures typically made from noble
metals such as gold and silver, low-cost dielectric materials with
high refractive indices can tune the behavior of electromagnetic
waves through Mie resonances.[27–29] Like plasmonic resonance,
the resonant frequency also depends on the shape,materials, and
optic properties of the surrounding media in the dielectric res-
onators.
To illustrate the principle of dielectric resonators, disk struc-

tures are taken as an example, as shown in Figure 1a. Un-
like plasmonic resonators, the two lowest resonant modes sup-
ported by the dielectric disks are electric and magnetic dipole

resonances.[30] The magnetic dipoles are generated by the circu-
lar displacement current of the electric field, which is induced by
the penetrating field and phase retardation inside the dielectric
structures. This happens when the wavelength of incident radi-
ation is comparable to the structure’s dimensions, 𝜆∕ ns = Ds ,
where 𝜆 is thewavelength, ns is the refractive index of thematerial
and Ds is the disk diameter. As illustrated in Figure 1b, the elec-
tric and magnetic fields are mainly distributed inside the disks.
For the firstMie resonance (electric dipole), the displacement cur-
rent in the disk produces a large circulating magnetic field. For
the second Mie resonance (magnetic dipole), the circulating dis-
placement current leads to a strong magnetic polarization in the
center of the disk. The circular electric field surrounds the mag-
netic field and modulates the magnetic permeability 𝜇(𝜔) of the
metasurface. At the same time, the circularmagnetic field around
the electric field modulates the electric permittivity 𝜀(𝜔). There-
fore, the electric and magnetic dipole resonances can be treated
as artificial atoms, i.e., meta-atoms, which make the metasurface
with arbitrary values of 𝜇(𝜔) and 𝜀(𝜔).[31]

Considering the unique properties of Mie resonances, we can
further explore the phase control and interference of electromag-
netic waves when interacting with resonant structures. As shown
in Figure 1c, taking advantage of charge oscillations of Mie res-
onant structures, when the frequency is below the first electric
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dipole frequency (around a wavelength of 𝜆∕6 in Figure 1c), the
charge follows the excitation in phase, when it is right at the res-
onance, it oscillates 𝜋/2 behind the driving field, and when it is
over the resonance frequency, a full 𝜋 phase delay is introduced.
Having discussed the phase behavior of Mie resonances, we

can now examine how to achieve precise control of the wavefront
by using the principles of Huygens’ metasurfaces and dielectric
resonators. A single resonance provides a full 𝜋 phase shift. By
an elaborate geometric design, it is possible to shift the electric
and magnetic dipole resonant frequencies and coincide them in
certain values.[30,32,33] Based on Huygens’ Principle, every point
on a wavefront can be treated as a new source of wavelets, the
secondary waves spread out with speed equal to the propaga-
tion of the source wave, and the line tangent of the secondary
waves gives the new wavefront. Combining the concept of Huy-
gens’ principle and the power of the dielectric resonator that can
provide 2𝜋 phase shifts. As Figure 1d demonstrates that the over-
lap of the magnetic and electric modes resulted in a continuous
2𝜋 phase shift due to the constructed interference of the electric
andmagnetic dipole resonances. Electromagnetic waves interact-
ing with resonant structures can gain different phase shifts and
interfere with each other. Thus, the wavefront of the new wave
can be controlled.[34] Meanwhile, when the electric and magnetic
dipole moments are perpendicular to each other, the scattered
field will be unidirectional, which meets the requirement for re-
alizing reflection-free Huygens’ metasurfaces.

2.2. Theories of Coupled Resonators

Besides dielectric metasurfaces based on dipolar resonance
modes, coupled resonators that exhibit Fano resonances have
also gained interest due to their sharp spectral features that give
narrow linewidths and high Quality factors (Q-factors), which
can benefit applications requiring high sensitivity.[35] The Fano
resonance is typically the result of interference between a broad
resonance mode or a continuum band with a narrow discrete
resonance.[36,37] This can be achieved by breaking the symmetry
of coupled resonators,[38] such as the asymmetric bowtie silicon
resonators (as seen in Figure 2b). The opposite current densi-
ties in the upper and bottom resonators, produce a net dipole
moment, which can be used as a bright mode. A quadrupolar
resonance can be used as the dark mode, which is spectrally
sharp due to its weak coupling to the far field and having ex-
tremely low radiative losses. Therefore, the interference between
the dipolar and quadrupolar modes produces a sharp Fano reso-
nant feature.[39]

Figure 2a shows a comparison between Fano resonance and
Electromagnetic Induced Transparency (EIT), illustrating the
coupling scenario and line shape of each phenomenon.[40] In
Figure 2b, the Fano resonance (EIT line shape) is introduced by
asymmetric resonators. The Fano resonance becomes stronger
and shifts to a higher frequency when the asymmetry be-
tween the two triangular structures is changed. A quadrupolar-
like resonance mode can be observed in the magnetic field
distribution.[39]

This phenomenon can be described by a standard three-level
model (Figure 2c), which consists of three states: a ground state
with no excitation |1⟩, a state with a bright dipolar mode |2⟩,

and a state with a dark quadrupolar mode |3⟩. States |2⟩, and |3⟩
are coupled upon radiation and give the Fano phenomena.[24,41]

An ADM utilizing Fano resonances provides featured absorption
or transmission spectrum when bright and dark modes interact
with each other. The steep dispersion in the transmission spec-
trum enables electromagnetically induced transparency together
with slow-light effects. EIT is considered as a special case of Fano
resonance when the frequency of the two oscillation states are
match.[40,42] In Figure 2d, an ADM comprising asymmetric split-
ring resonators and its transmission spectra in media with vary-
ing refractive indices is presented. The high Q-factor EIT res-
onance provides a high sensitivity of 231 GHz/RIU (Refractive
Index Unit), which favors applications requiring high detection
capabilities.[35]

In recent studies, Bound States in the Continuum (BIC) has
increasingly garnered attention. This theory posits that any res-
onant state within the continuous radiation band could be elu-
cidated using BIC.[12,43–46] Electromagnetic wave energy is con-
fined inside meta-structure due to the resonance, therefore al-
most no radiation energy loss occurs, which makes the reso-
nant state based theory has been powerful guidance for designing
high-quality factor ADMs.[47,48]

2.3. Pancharatnam-Berry Phase Principle

The Pancharatnam-Berry (PB) phase, i.e., geometric phase can
also be used to obtain phase modulation of electromagnetic
waves. Besides linear polarization waves, the PB phase can be ap-
plied to circularly polarized waves and transform them into prop-
agating waves with different directions or polarizations, or to cre-
ate vortex beams.[49,50] Rather than changing the resonators’ geo-
metric structures, the meta-atoms of PB-phase metasurfaces in-
troduce phase changes by identical meta-atoms arranged in vary-
ing orientations with respect to the fast axes.[51,52] To understand
the modulation of polarization waves, consider that two identical
resonators are placed on the x-y plane, and the second one has
a rotation angle 𝜃 with respect to the first one. When irradiated
with circularly polarized waves, the polarization effect can be de-
scribed by the Jones matrix:

T𝜃
(x, y) = R (𝜃 (x, y)) J (𝜑)R−1 (𝜃 (x, y)) (1)

where J(𝜑) represents the operator of a meta-atom with retarda-
tion 𝜑 and R represents the rotation matrix. When left-handed
and right-handed circular polarized waves (LCP and RCP) are in-
cident on the resonators, the scattered waves by the meta-atoms
will have the following form:[51]

Eoutput,RCP = T (x, y) |R⟩
=
[
cos (𝜑∕2) − isin (𝜑∕2) exp (−i2𝜃)

] |L⟩ (2)

Eoutput,LCP = T (x, y) |L⟩
=
[
cos (𝜑∕2) − isin (𝜑∕2) exp (i2𝜃)

] |R⟩ (3)

This indicates that the spin-flipped components of the scat-
tered waves will differ with a phase factor of ei2𝜃 . So that LCP
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Figure 2. a) Fano resonance and EIT, coupling scenario and line-shape of each phenomenon. Reproduced with permission.[40] Copyright 2017, Springer
Nature Limited. b) Fano resonance (EIT lineshape) is introduced by asymmetric resonators. The Fano resonance becomes stronger and shifts to a higher
frequency when the asymmetry between the two triangular structures is changed. A quadrupolar-like resonance mode can be observed in magnetic field
distribution. Reproduced with permission.[39] Copyright 2019, Optica Publishing Group. c) A three-level atomic system model used to describe the
Fano resonance.[41] Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA. d) ADM comprises asymmetric split-ring resonators and their transmission
spectra in media with varying refractive indices. EIT resonance with high Q-factor gives a high sensitivity of 231 GHz/RIU.[35] Copyright 2019, Optica
Publishing Group.

and RCP waves will be transformed into RCP and LCP and will
gain or lose an additional phase shift of 2𝜃(x, y).[53] By rotating
the meta-atoms on the metasurface plane (x-y plane) by 𝜃 rang-
ing from 0 to 𝜋, one can obtain a continuous phase change from
0 to 2𝜋. PB phase modulation introduces phase shifts purely due
to geometric arrangement. Thus, the shift is independent of dis-
persion and scattering details. Therefore, metasurfaces based on
the PB-phase concept have broad bandwidth. The efficiency of
the PB-phasemetasurface is determined only by themeta-atom’s
scattering efficiency.
In the above discussion of the PB-phase metasurface, it is

useful to provide visual examples for better understanding. As

shown in Figure 3a a schematic illustration of a metasurface de-
signed based on the PB-phase principle.[54] Thismetasurface con-
sists of resonators with the same geometry but spatially varied
orientations, as illustrated in (b), introducing phase shifts since
the circularly polarized wave is modulated by the PB-phase.[55]

Furthermore, (c) displays a scanning electron microscope (SEM)
image of an ADM waveplate designed with resonators of differ-
ent geometries.[56] The phase shift in this waveplate is introduced
via Mie resonance independent of polarization, making it suit-
able for linear polarized waves. These examples illustrate the con-
cepts discussed above and clearly represent PB-phase principle-
based metasurface designs. The following section will delve into
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Figure 3. a) Schematic illustration of a metasurface designed based on PB-phase principle. Reproduced with permission.[54] Copyright 2012, American
Chemical Society. b) Image of resonators with the same geometry placed with spatially varied orientations to introduce phase shifts. The circularly
polarizedwave ismodulated by PB-phase. Reproducedwith permission.[55] Copyright 2015,Optica PublishingGroup. c) SEM image of an ADMwaveplate
designed with resonators of different geometries. The phase shift is introduced via Mie resonance independent of polarization. It can be used for linear
polarized waves. Reproduced with permission.[56] Copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA.
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Table 1. Typical all-dielectric substances in terahertz range and their properties.

Material permittivity 𝜖 Tunability Advantages Reference.

High-resistivity Si ≈11.7 None mature fabrication process,low loss [11]

Doped Si High None broadens bandwidth, supports surface plasmon resonances [57]

Strontium Titanate (STO) High Temperature Low loss, Tunability [58, 59]

Barium Titanate (BaTiO3) ≈10 Electric,Photonic,Temperature Nonlinear response,Reliable tunability [60, 61]

Potassium Tantalate (KTaO3) High Similar to STO Similar to STO [62–64]

Polydimethylsiloxane (PDMS) ≈1.98 Mechanical Stretchable [65, 66]

Polyimide ≈3.2 None Stable performance [57, 67, 68]

Parylene ≈3 None Similar to Polyimide [69]

cyclic olefin copolymer (COC) 2.34 None Similar to Polyimide [70]

the materials and fabrication techniques that are normally em-
ployed in ADM design to enhance their radiation efficiency.
To enhance the radiation efficiency of the metasurface, the

composition of materials is an essential parameter. In the fol-
lowing section, we will discuss the materials and the fabrication
techniques that are commonly used in ADM design.

3. Overview of Materials and Fabrication
Techniques

3.1. Materials

Material selection is one of themost important factors for design-
ing the metamaterials with desired parameters. Conventionally,
metals are chosen which has the negative real component of the
permittivity. As for ADM designs, high-index materials with low
absorption loss are appealing; however, some materials are dif-
ficult to grow directly on certain substrates, and that limits the
development of ADMs. Single-crystal Si has been widely used in
ADM design thanks to its low-cost and mature fabrication pro-
cess. As listed in Table 1, high-resistivity silicon has a high per-
mittivity (𝜀 ≈ 11.7) and an exceptionally low dissipation loss in
the terahertz range.[11] However, it cannot be grown on metallic
substrates or oxide/amorphous substrates directly, which largely
limits the applications of the corresponding Si microstructures.
Doped Si, as a material having rather high dissipation loss in the
THz frequencies, has been exploited to improve the THz absorp-
tion efficiency and broaden the bandwidth. It shows metallicity
and can support surface plasmon resonances.[57]

Strontium titanate (STO),[58,59] BaTiO3,
[60,61] and KTaO3

[63,64]

are ferroelectrics that can be used as dielectric metamaterials due
to their high permittivity, low dielectric losses, and large electro-
optic coefficients. Besides, their relative permittivity can also be
tuned through applied external electric field, magnetic field, and
temperature, which makes them desirable for making tunable
terahertz devices.[58,71] STO has been integrated with a silicon-
based metamaterial in thin-film form for tuning the terahertz re-
sponse of ADMs.[58,59]

Regarding the substrate materials, ideally, they should have
low refractive indexes to minimize reflection losses and geomet-
ric aberrations of the fabricated lens. Moreover, since the strong
field confinement around resonators intensely interacts with the
supporting dielectric substrate, the substrate must have small
losses. Although high-resistivity silicon has been commonly used

in THz ADM designs with a refractive index of ≈ 3.4, it generates
a power loss at the air-silicon interface of about 30%when used as
substrate.[56] Moreover, it is opaque in the visible range, which is
not convenient for device alignment.However,most visible range
transparentmaterials have their own critical issues, either having
strong terahertz absorption (e.g., silicate glass) or rather promi-
nent anisotropic (e.g., sapphire and quartz). Therefore, low-loss
polymers stand out as a favorite choice in terahertz applications.
PDMS can be used as the matrix for both plasmonic and di-

electric composites. It is optically isotropic, transparent in the
visible range, and has a weak absorption in the THz range.[65,66]

It has a small thermal diffusivity, hence, could improve the spa-
tial resolution and be used for a terahertz imaging system.[66] Its
flexibility allows it to be applied in wearable devices. Similarly,
such as polyimide,[57,67,68] parylene,[69] and cyclic olefin copoly-
mer (COC)[70] also have relatively low losses across the entire ter-
ahertz spectrum, thus they can reduce insertion and dissipation
losses when used as substrate and dielectric spacers.[57,67,68] The
fabrication processes of polymers consist mainly of spin-coating
the mixed liquid on a supporting platform and curing at ambient
conditions. The thickness of the polymer can be accurately con-
trolled by the spinning rate. Then, the film can be trimmed into
the desired shape and dimensions and bonded to a supporting
frame or substrate.[68]

3.2. Fabrication

Different from conventional metallic metamaterials, which are
normally fabricated by deposition and lift-off processes, all-
dielectric metamaterials are usually rather complicated, while,
over the past few years, efforts have been devoted to fabricating
ADM structures with a good balance between precision and cost.
Typically, direct laser patterning is used to achieve high-

precision and mask-free patterning. Femtosecond laser mi-
cromachining techniques can also be applied to fabricate most
dielectric materials. The ultrafast and high-power laser is focused
on the dielectric surface and evaporates the material following
the designed pattern with resolution down to sub-micrometer.
Normally, the dry etching cycle combines cooling and sweeping
to prevent the melting of adjacent regions and avoid residue
dust. Beam aperture, pulse, and cycle numbers can be adjusted
based on the desired geometry and resolution, which has been
used in studying Mie resonances of silicon-based all-dielectric
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Figure 4. a) Illustration of the template-assisted self-assembly method. Dimer, trimer, tetramer, and a chain of Al2O3 and ZrO2 sphere resonators are
assembled on a 50 μm thick polyimide film. Reproduced with permission.[75] Copyright 2019, Optica Publishing Group. b) SEM image of Si pillars. They
are etched by the Bosch DRIE technique and bonded on a PDMS film. Reproduced with permission.[82] Copyright 2017, Optica Publishing Group.

one-dimensional gratings and patterning STO single crys-
tal plates in tunable negative permeability metamaterial
devices.[72,73]

Self-assembly can also be used in ADM fabrication. The us-
age of this technique can be divided into two categories. One
is to directly self-assemble dielectric particles with similar size
to form a layer and achieve resonant electromagnetic response
or to mount dielectric particles with patterned holes as template
which is referred to as micro-template-assisted self-assembly as
shown in Figure 4a [74–76] Another one is to employ microsphere
lithography (MSL). The polymer spheres are self-assembled and
mounted on a sample surface to serve as lithographic templates
or etching masks and followed by lithography or etching to de-
fine the size and depth of the dielectric resonators. The intrinsic
limitation of MSL is that the fabricated dielectric resonators can
only be disks or triangles in a triangular lattice. As a result, so
far, it is only used in the infrared region rather than in the THz
band.[77]

The needed Resolution of lithography is normally determined
by the operation wavelength of devices.[78–80] For metasurfaces
working in the NIR or visible range, high-resolution techniques
such as electron beam lithography (EBL), self-assembly pattern-
ing, or focused ion beam milling are required. Accordingly, for
the terahertz range (3–30 mm) devices, the critical dimension
is around 1 to 10 μm, which can be easily realized through
low-level photolithography with large yielding and dimension
production.[81] For top-down patterning of microstructures, pho-
tolithography combined with a selective etching approach is the
most used method. Once the patterns are defined by exposing
and developing the photoresist, selective etching can be con-
ducted to form the desired dielectricmeta-atoms. Some deep etch
processes may need extra steps for hard mask preparation.
The pattern definition on the x-y plane is simple for dielec-

tric metamaterials; however, for the z-axis, deep and anisotropic
etching processes are required to achieve steep and uniform
structures.[82] Bosch DRIE (deep reactive ion etching) process is
often used in deep silicon etching. The cycle consists of SF6 and
C4F8 plasma etching, where C4F8 gas is used to generate a protec-
tion layer to passivate the walls, and SF6 is for partially removing
the passivation layer on the wall and all passivation layer at the
bottom of the hole. Therefore, by combining and regulating the
etching process, one can unidirectionally etch the Si layer and

obtain vertical profiles, as shown in Figure 4b. For III–V mate-
rials, halogens chlorine, bromine, and iodine are normally used
as etching gases, such as Cl2 and BCl3 gases being used for InSb
etching of terahertz gratings.[83] Although inadequate for defin-
ing sub-micrometer features, wet etching techniques are also
used in the fabrication of ADM devices. Hydrofluoric acid has
been used to etch the SiO2 buried layer and release the silicon
handling layer of SOI (silicon-on-insulator).[66]

4. Advanced ADM Design Methods

In the last decade, the development of photonics, particularly
metasurfaces, has revolutionized the field of optics. Numerous
studies have been conducted to reveal the underlying mech-
anism behind light-matter interactions within subwavelength
structures.[27–30,40,41] However, the complicated design proce-
dures of metasurfaces still limit the scope and depth of their
applications. One approach is to optimize the sketch design
through elaborate modeling and solving Maxwell’s equations,
while another involves seeking a less time- and effort-consuming
design process.
As shown in Figure 5, advanced design methods, includ-

ing Machine Learning-based Design and Optimization Methods,
have become crucial for the development of All-dielectric Meta-
surfaces (ADM) technology.[84] These methods can optimize the
design process, reduce computational costs, and improve the per-
formance of ADMs.

4.1. Machine Learning-Based Design

Machine learning-based design methods use algorithms to learn
from data and make predictions or decisions. In ADM design,
machine learning can be used to optimize the geometry of res-
onator structures based on the desired spectrum. Here, we will
present some examples of machine learning techniques used in
ADM design.
Deep Neural Networks (DNNs) are a class of machine learn-

ing models composed of multiple layers of interconnected ar-
tificial neurons, which allow them to learn complex patterns
and relationships from the targeting data. DNNs are capable of

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (7 of 24)
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Figure 5. Advanced Design Methods for ADM: Integration of Machine Learning or Neural Networks with Optimization Algorithms, featuring precise
modeling of amplitude and phase response for dielectric elements at the atomic level through forward prediction and inverse optimization for wavefront
control and spectral manipulation. Reproduced with permission.[84] Copyright 2019, American Chemical Society.

modeling non-linear and high-dimensional relationships by it-
eratively adjusting the weights of connections between neurons
through a training process that minimizes an error function.
They have been used to model complex ADM systems based
on both the known metasurface geometry and spectra. DNNs
can also be used for inverse engineering metasurfaces, predict-
ing the geometries of resonator structures based on the desired
spectra.[84–86]

Convolutional Neural Networks (CNNs) have been found to
be highly successful in computer vision applications due to their
ability to process and extract hierarchical features from images.
In the context of ADM design, CNNs can be employed to analyze
and recognize patterns in the geometrical structures of metasur-
faces. By leveraging their feature extraction capabilities, CNNs
can help build accurate and efficient neural networks for pre-
dicting the desired electromagnetic properties of metasurfaces,
thereby streamlining the design process.[85,87]

Recurrent Neural Networks (RNNs) are a type of neural net-
work specifically designed to process sequential data, making
them well-suited for applications that involve time series or spa-
tially distributed data. In ADM design, RNNs have been utilized
to predict the electromagnetic response of a metasurface based
on its geometry. This is achieved by treating the arrangement
of resonator structures as a sequence and training the RNN to
learn the relationships between these structures and their result-
ing electromagnetic properties.[88]

Generative Adversarial Networks (GANs) are a novel type of
machine learning model that can generate new data, similar to
training data, by simulating the process of data generation. In
the field of ADM design, GANs have been applied to create new
tunablemetamaterials with advanced features. By training GANs
on existing metasurface designs, researchers can generate novel
geometries that exhibit desired properties, such as tunable reso-
nances or improved performance in specific applications.[89]

Machine learning-based design methods provide many advan-
tages in the field of metasurface engineering. By leveraging their
ability to learn fromdata andmake predictions or decisions based
on that data, these techniques can significantly accelerate the de-

sign process and yield more effective metasurface designs. More-
over, machine learning methods can be employed for inverse en-
gineering of metasurfaces, allowing researchers to predict the
optimal geometries of resonator structures based on the desired
spectral response, which can be particularly useful in the devel-
opment of tailored metasurface devices for specific applications.

4.2. Optimization Methods

Optimization methods are used to find the optimal solution to
a problem by minimizing or maximizing an objective function
subject to constraints. In ADM design, optimization methods
can be used to find the optimal geometry of resonator structures
based on the desired spectrum.
Gradient-based methods, like the gradient descent algorithm,

utilize the derivative of the objective function to iteratively update
the design variables until convergence to an optimal solution.[90]

On the other hand, simulated annealing is a stochastic optimiza-
tion method that explores the design space by incorporating ran-
domness, which allows it to avoid being trapped in local minima
and potentially find a global minimum solution.[91]

Genetic Algorithms (GAs) are a type of optimization algorithm
inspired by the process of natural selection. GAswork by evolving
a population of candidate solutions through iterations applying a
series of operations such as selection, crossover, and mutation.
In the context of ADM design, GAs can be used to optimize the
geometry of resonator structures based on the desired spectra by
efficiently searching the configuration space that satisfies the de-
sign objectives and constraints.[92,93]

Topology optimization is also a powerful design method that
seeks to find the optimal distribution of material within a given
domain, enabling the creation of high-performancemetasurfaces
with a broad range of capabilities. Applications of topology opti-
mization in ADM design include high-efficiency light deflection
with nearly arbitrary input and output angles, spectral sorting of
plane waves to distinct diffraction orders, and light focusing with
field-curvature correction.[94–97]

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (8 of 24)
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In addition to the techniques, other optimization methods,
such as swarm intelligence and more, have also been applied to
ADMdesign. Swarm intelligence techniques, like Particle Swarm
Optimization (PSO) and Ant Colony Optimization (ACO), mimic
the behavior of social organisms in nature to cooperatively search
the design space and locate optimal solutions.[98–100]

4.3. Hybrid Design Approaches

Combining machine learning and optimization methods can
lead to enhanced ADMdesign by leveraging the strengths of both
approaches. For instance, machine learning can be utilized to
generate initial designs or predict the performance of candidate
metasurface geometries, effectively narrowing down the design
space. Subsequently, optimization methods, such as numerical
optimization techniques or topology optimization, can be em-
ployed to refine these initial designs and achieve superior per-
formance.
Hybrid design approaches can provide more degrees of free-

dom in designing new tunable metamaterials, enabling the ex-
ploration of novel geometries and functionalities. By harness-
ing the power of both machine learning and optimization tech-
niques, researchers can streamline the design process, im-
prove efficiency, and ultimately develop more effective ADM
devices.[15,84]

5. Applications

While numerous impressive achievements have been reported
using advanced ADM design methods in various applications in
section 4, there are still many other areas awaiting exploration.
In the following sections, we will provide an overview of diverse
ADM applications.

5.1. Perfect Reflector

High-efficiency reflectors act as key components in terahertz
sources and detectors. For conventional metallic mirrors, around
2 % of the incident light is dissipated in the form of heat.[101]

Dielectric mirrors (Bragg reflectors) are made from periodic
thin layers of dielectric materials with alternating refractive
indexes.[102] They can reach uniform reflection thanks to con-
structive interference. However, themultilayer structure requires
multistage fabrication processes with a long producing period
and leads to a bulky product.
B. Slovick et al. theoretically proposed a rule to achieve per-

fect reflection for a homogenous medium that can be applied to
designing metamaterials.[103] It indicates that for a semi-infinite
medium, the unity reflectance requires zero in the real part of
the impedance for themedium (zr). This requirement is satisfied
when 𝜀r∕𝜇r < 0 and 𝜀i 𝜇r = 𝜀r 𝜇i, where the complex permittivity
and permeability are given by 𝜀r + i𝜀i and 𝜇r + i𝜇i, respectively.
For a metasurface with only electric or magnetic resonance and
made of lossless materials, both conditions can be satisfied.
Accordingly, an all-dielectric metasurface based perfect near-

infrared broadband reflector was developed by P.Moitra et al..[104]

It consists of an array of sub-wavelength-thick Si cylinders with
a hexagonal lattice on a SOI substrate. In the terahertz range, Z.
Song et al. designed a single-layer dielectric reflector consisting
of TiO2 microcubes, which numerically predicts a 0.2 THz broad
reflection band centered at 0.9 THz with an average reflection
greater than 99%.[105] Taking advantage of electric and magnetic
resonances, B Fang et al. also designed a broadband terahertz
reflector, which is the very first study of the reflection perfor-
mance of a single Si cylindrical resonator with different radii.[106]

The single negative characteristic requirement is met in the op-
erating frequency regime, and a wide reflection spectrum is ob-
tained since the electric andmagnetic dipole resonances are close
to each other. They also used a planar arrangement to further
broaden the reflection spectrum. By incorporating multiple res-
onators with different sizes into one unit cell, a broadband spec-
trum was obtained by superposing adjacent resonances. How-
ever, the coupling between neighboring resonators can lead to
the appearance of a Fano resonance, which should be avoided.
Later, this design strategy was also applied in other metasurface
designs.[107,108]

An electric mirror will introduce a 180° phase reverse on the
mirror surface; normally, this causes destructive interference and
leads to an electric fieldminimum at reflection spots. On the con-
trary, a perfect magnetic conductor imposes a 2𝜋 phase change
in its magnetic component and no phase change on the electric
field of the reflected wave. By this means, a local maximum of the
absolute electric field can be introduced at the surface (≪ 𝜆∕4) in
the distance) of the perfect magnetic conductor, which leads to
a stronger interaction with the electric field.[109] To take advan-
tage of this property of a perfect magnetic conductor, D. Head-
land et al. designed a dielectricmetasurface to enhance the device
sensitivity by increasing the antenna radiation efficiency.[110]

5.2. Reflect-Array: Wavefront Engineering in Reflection Mode

Besides reinforced spectral control,metasurfaces can alsomanip-
ulate the spatial profile of the incident beam. With the develop-
ment of high-reflectance dielectric resonator arrays, much work
has started to focus on highly efficient all-dielectric metasurfaces
with beam-shaping functions operating in reflection mode.[111]

Typical applications, including beam collimation, steering, and
focusing, can be achieved throughmetasurfaces-based wavefront
engineering.[112,113] The mechanism of such devices is rooted in
both Huygens’s principle and the generalized form of Snell’s
law.[114,115] A local phase shift can be imparted when a single res-
onator is excited by an incident wave.[116] Ideally, the phase shift
range should be able to cover one 2𝜋 cycle and be immune to the
interference from the adjacent resonators. Therefore, by carefully
creating an arbitrary phase gradient in the reflected wavefront
from the arrays of resonators, one canmanipulate the profile and
directionality of reflected beams.
D Headland et al. designed a metasurface composed of a di-

electric resonator on a gold ground plane using SU-8 resist as
the adhesive layer. This reflect-array can focus collimated radia-
tion at 1 THz with a 3 dB bandwidth of 18 %. Figure 6a shows an
SEM image of the reflect array (left), which can be used as a re-
flective beam focusing lens (right). It can also be used to collimate
a terahertz beam.[117] Z Ma et al. realized a full 2𝜋 phase control
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Figure 6. Reflect-array wavefront engineering in all-dielectric metasurfaces: a) SEM image of a reflect-array. The metasurface can be used as a reflective
beam-focusing lens. It can also be used to collimate a terahertz beam. Reproduced with permission.[117] Copyright 2016, American Chemical Society. b)
Schematic of the building blocks of the all-dielectric magnetic mirror metasurface and the layout for achieving the function of a vortex beam converter.
The eight resonators can cover phase space from 0 to 2𝜋 with 𝜋/4 intervals. A metasurface with the phase variation needed to generate Bessel beams
is also demonstrated. Reproduced with permission.[118] Copyright 2016, American Chemical Society.

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (10 of 24)

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202301210 by T

ianjin U
niversity, W

iley O
nline L

ibrary on [03/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

by varying the geometries of the resonators in the transverse x
and y directions, where the dielectric resonators were made of
Si cubes on a silica substrate. It demonstrated that a single-layer
metasurface can generate anomalous surface reflection, optical
vortex beams, and Bessel beams. Figure 6b shows the schematic
of the building blocks of the all-dielectric magnetic mirror meta-
surface and the layout for achieving the function of a vortex beam
converter. The eight resonators can cover phase space from 0 to
2𝜋 with 𝜋/4 intervals. A metasurface with the phase variation
needed to generate Bessel beams is also demonstrated. These
results are invaluable for terahertz communications, including
beam-forming and polarization control in holograms, which have
large potentials in the next-generation THz communications.[118]

5.3. Transmit-Array and Metalens

Transmit arrays have gained much attention due to their ability
to manipulate the shape, the directionality of incident beams,
and ease of usage.[111,119] Like the reflect array, the transmit ar-
ray also employs passive resonators to achieve beam control.[120]

This metasurface is also referred to as metalens since its op-
erating principle is like the phase shift induced by a conven-
tional lens with a curved surface. Metalenses made from plas-
monic micro/nanostructures experience reflection and absorp-
tion caused by Joule damping and have low transmission effi-
ciency. On the other hand, dielectric resonators canwork as phase
shifters, providing a route to achieve full-range phase manipu-
lation while circumventing the fundamental drawbacks of their
metallic counterparts.[121] A radiation source consisting of both
electrical and magnetic dipole moments oriented perpendicu-
lar to each other only radiates in one direction,[122] which ful-
fills the critical assumption in Huygens’ law.[24] By simultane-
ous excitation of electric andmagnetic dipoles, total transmission
can be obtained when the overlap between electric and magnetic
dipoles is achieved, realizing a perfect transmissive Huygens’s
surface.[30]

The phase distribution of the transmitted radiation is given by:

𝜙 (x, y) = 2m𝜋 +
2𝜋f
𝜆

−
2𝜋

√
f 2 + x2 + y2

𝜆
(4)

wherem is an arbitrary integer number, f is the focal length, and
𝜆 is the wavelength.[123] By superposition of position-dependent
phase delays, the produced new wavefront can be tailored and
made into artificial metalenses. D. Jia et al. equivalently dis-
cretized the continuous phase profile in the abovementioned
equation into eight phase shifts and designed resonators accord-
ingly, as shown in Figure 7a with a schematic diagram of the THz
metalens composed of cross-shaped Si pillars.[124] The focal effi-
ciency of the metalens is 24 %, which is higher than most plas-
monic metasurface lenses. Q. Cheng et al. reported a broadband
dielectric metasurface that can realize achromatic focusing in the
range of 0.3 to 0.8 THz using C-shaped resonators, as illustrated
in Figure 7b that displays a broadband achromatic metalens de-
signed with C-shaped unit elements.[125] The experimental setup
is also given, showing a near-field probe mounted on a motor-
ized stage to measure the electric field distribution. In addition,

this metalens exhibits a high working efficiency of more than 68
% and a numerical aperture of 0.385. The robustness of the de-
vice regarding fabrication imperfections was discussed and sim-
ulated. X. Jiang et al. demonstrated a terahertz metalens with a
focal length of 300 𝜆, a radius of 300 𝜆, and a numerical aperture
of 0.707, as shown in Figure 7c that presents an image of the
metalens made by Si cubes on top of a Si substrate.[126] This met-
alen was used for imaging experiments with linearly polarized
THz waves. They also demonstrated the metalens reversibility by
imaging objects with forward and backward incident directions,
where the letters “H” and “N” are imaged using the metalens for
forward and inverse incident directions.[126]

In order to diminish the reflection losses, H. Zhang et al. de-
signed an antireflection silicon pillar array on the backside of a
metasurface, which successfully reduced the reflectance down to
0.3 %. To prove the concept, they combined two fabricated meta-
surface slides back to back, which shows that themeasured polar-
ization conversion efficiency increased from ≈40 % to ≈60 %.[56]

5.4. Polarization Control

Polarization control components have a critical role in THz sys-
tems. Dielectric resonators can be designed to have birefringent
responses; that is, when excited by external radiation, the res-
onator imparts independent phase shifts to either of the orthog-
onal electric field components of an incident wave. Metasurfaces
can then be engineered as waveplates that transform a linearly
polarized incident wave into another polarization angle or from
linear to circular polarization.[127–129]

J. Zi et al. proposed ametamaterial that can function as a trans-
missive terahertz half-wave plate. Similar to ref.[56] the design
of metamaterial adopts the double-working-layer strategy to re-
duce the reflection from the back surface.[130] Experiments show
the polarization conversion rate can reach almost 100%, and its
cross-polarized transmission can reach 90% at the operation fre-
quency of 1 THz. This can benefit various THz applications and
systems.
Waveplates operating in a reflection manner instead of trans-

mission can be referred to as birefringent mirrors. W. Lee et al.
employ metasurfaces composed of subwavelength resonators to
archive polarization control in a reflection manner for a 45° inci-
dence angle.[131] Instead of conventionalmetallic resonators, they
used low-order dielectric resonators to achieve higher radiation
efficiencies, and the geometry was carefully designed to obtain a
broadband response. The linear incident wave can be converted
into a circularly polarized wave upon reflection, i.e., the metasur-
face acts as a quarter-wave mirror. A half-wave mirror made of
metasurface was also demonstrated.

5.5. Vortex Beam Generator

One significant attribute of ADMs is the ease of user defining
anisotropy. As shown in Figure 8b, The anisotropy of ADMs
usually stems from engineered asymmetries of their structure.
This anisotropy facilitates a high refractive index contrast be-
tween orthogonal polarized incident light which is not feasible
in the natural material. It is essential for realizing polarization
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control, wavefront shaping, creating highly directional beams,
and generating vortex beams in THz domain.
Orbital angular momentum (OAM) is introduced to quantum

communication by increasing the degrees of freedom of a
single photon, therefore, to realize the goal of expanding the
information capacity carried by wireless communication signals
through multiplexing. It can be performed by a spiral phase
front, i.e., a vortex beam that has a cork-screw shape wavefront,
and the wave’s Poynting vector circulates around the beam
axis following a spiral trajectory.[121] The number of OAM (l)
corresponds to the number of twists of the spiral wavefront in
one wavelength along the propagating direction. THz vortex
beams can be employed in not only high-speed communications
but also electron acceleration and high-resolution THz imaging
applications.[132]

Metasurfaces are capable of controlling polarization and
phase and have been successfully applied to make spin-orbit
conversions. Q-plates, which are inhomogeneous waveplates,
are used as geometric phase elements that transform the spin
angular momentum of light into orbital angular momentum.
They can transform LCP to RCP or vice versa and have ±2qℏ
OAM, where q is the topological charge of the q-plate, ℏ is the
Planck’s constant divided by 2𝜋. With advanced design, metasur-
faces can also be used to produce single or superposition of two
total angular momentum (TAM) states and provide conversion
from an arbitrary input SAM state to two arbitrary output TAM
states [133] and such a device is referred as a J-plate.
Following the PB phase concept (Section 2), to build a vortex

phase plate with the topological charge q, the required orientation
angle distribution of meta-atoms in polar coordinates (r, 𝛼) can
be calculated by 𝛼(r,𝜑) = q𝜑. Here, 𝛼 is the orientation angle of
meta-atoms with respect to the x-axis in the x-y plane, and 𝜑 =
arctan(y∕x) is the azimuthal angle.[134]

Y. Xu et al. demonstrated a transmissive dielectric metasurface
that can efficiently generate cylindrical vector beams using a spin-
decoupled phase control method, as shown in Figure 8a with a
schematic of vector vortex beam generation and vortex Bessel
beam generationmetasurfaces’ phase distribution. The ADM de-
sign is based on spatial-variant rectangular-shaped Si pillars on Si
substrates. In their proposed design, the dynamic phase is con-
trolled by the physical dimensions of the resonator structures,
and the geometric phase has also been introduced by the rota-
tion operation applied on the resonator structures with respect
to the x-y basis (PB-phase). By exploiting this arrangement, the
phase responses of two circularly polarized components can be
decoupled, and the superposition of two circularly polarized com-
ponents inside the output beam can be controlled. By simultane-
ously manipulating the geometric phase and the dynamic phase,
two ADMs were designed to generate vector vortex and vector
Bessel beams. The average transmission efficiency of the pro-
posed generators is less than 60 %, which is mainly attributed
to the silicon substrate and can be improved by substituting the

substrate with lower refractive index materials such as polymer
films.[135]

Subsequently, C. Zheng et al. presented a design of ADMs
made from cross-shaped Si pillar arrays on Si substrates, as il-
lustrated in Figure 8b with an image of the chiral coding meta-
surface composed of cross-shaped Si pillars.[136] Themetasurface
could be used to realize chiral coding by combining two-phase ar-
rangement schemes of two circularly polarized components into
one design so that one circularly polarized component is scat-
tered, and the other is transmitted and transformed into a vortex
beam.

5.6. Absorber

Metamaterial absorbers can absorb electromagnetic radiation in
a specific or broad band of spectrum. They are promising for
designing detectors, sensors, and imaging systems in the THz
band. High absorption can be achieved when the metamate-
rial’s electric and magnetic responses are designed to match free
space impedance at certain frequencies to attain nearly uniform
absorption.[66] Conventional metallic metamaterial absorbers are
normally composed of a metal ground plane and a patterned
metal layer separated by a layer of dielectric spacer,[137] where
the metal ground plane is used to suppress transmission. The
metal patterns can generate electric resonance from plasmonic
resonance effects, and a magnetic resonance is produced by the
antiparallel current from the two metallic layers. As mentioned
earlier, both electric and magnetic resonances can exist in dielec-
tric resonators within a single dielectric layer in contrast to two
metal layers with spacing required bymetallic metamaterials.[138]

By tuning the geometry of the dielectric metasurface, the electric
and magnetic resonances can overlap, thus yielding perfect ab-
sorption.
X Liu et al. have demonstrated a high-efficiency terahertz

absorber composed of Si cylindrical resonators on PDMS
substrate.[82] By tailoring the geometric structures, the lowest-
order electric dipole and magnetic dipole modes were tuned to
overlap in frequency. So that the incident wave was absorbed en-
tirely within the dielectric resonator layer rather than transmitted
or reflected, that design realized a peak absorption efficiency of
97.5% around 1.011 THz. Like theirmetallic counterparts, tuning
the dimension of the structure can shift the resonance into dif-
ferent frequencies and offer spectrally selective absorption peaks.
The accumulated heat from the metamaterial absorber can also
be used for imaging applications with infrared sensors. Adopt-
ing the above design, K. Fan et al. realized uncooled terahertz
imaging.[66]

Dielectric absorbers have been demonstrated in other geomet-
ric forms, such as sawtooth, cubes, and annular cavities.[139,140] To
broaden the absorption spectrum, doped silicon has been widely
used in these devices. W.Withayachumnankul et al. designed

Figure 7. a) Schematic diagram of the THz metalens composed of cross-shaped Si pillars. Reproduced with permission.[124] Copyright 2018, Optica
Publishing Group. b) Broadband achromatic metalens are designed with C-shaped unit elements. The experimental setup is also given. A near field
probe is mounted on a motorized stage to measure the electric field distribution Reproduced with permission.[125] Copyright 2019, Science China Press.
c) Image of the metalens made by Si cubes on top of a Si substrate. This metalen is used for imaging experiments with linearly polarized THz waves,
the letters “H” and “N” are imaged using the metalens for forward- and inverse-incident directions. Reproduced with permission.[126] Copyright 2018,
Optica Publishing Group.
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Figure 8. a) Schematic of vector vortex beam generation and vortex Bessel beam generation metasurfaces’ phase distribution. Reproduced with
permission.[135] Copyright 2020, Walter de Gruyter Gmb. b) Illustration of the chiral coding metasurface composed of cross-shaped Si pillars. The
LCP wave is scattered after going through the metasurface, while the RCP wave is transmitted and transformed into a vortex beam. Reproduced with
permission.[136] Copyright 2021, Walter de Gruyter GmbH.

a broadband absorber using the first-order coaxial surface plas-
mon polaritons generated by doped silicon and fundamental
standing waves inside cavities. As evidenced in Figure 9a, the
SEM images show Si cavity resonators, which have been engi-
neered for perfect absorption. In the same figure, we compare
the reflection and absorbance spectra for the metasurface with
that of bare doped silicon.[91] The design of these absorbers was
steered by critical coupling conditions, which is a pivotal concept
in our work. In this scenario, the rate at which radiation loss

declines must mirror the damping rate of the dissipation losses
(expressed mathematically as (Q−1

leak = Q−1
diss ). This balance

ensures that all the energy from the incident wave is effectively
dissipated within the structures, leading to perfect absorption.[91]

Some other techniques have also been demonstrated to broaden
the absorption peak, such as merging two absorption peaks
from two diffraction modes.[11,140] H. Liu et al. proposed a broad-
band terahertz absorber composed of silicon cross resonators
with internal air cavities arranged in a rectangular 2D array as

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (14 of 24)
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Figure 9. a) SEM images of the Si cavity resonators for perfect absorption. Reflection and absorbance spectra for the metasurface and the bare doped
silicon are plotted for comparison. Reproduced with permission.[143] Copyright 2014, American Chemical Society. b) Schematic drawing of THz absorber.
Reproduced with permission.[141] Copyright 2018, MDPI. c) Electric and magnetic field distribution for the absorber at different resonant frequencies.
Multiple air-cavity resonant modes are responsible for the ultra-wide absorption band. Reproduced with permission.[141] Copyright 2018, MDPI.
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Figure 10. Meta-holography allows tailoring of both the phase and amplitude of the virtual object. The hologram can be stretched and rotated along the
propagating direction of the THz wave. Reproduced with permission.[148] Copyright 2018, American Chemical Society.

illustrated in Figure 9b, which can generate plasmonic modes
at four corners of the cross structure and the cavities between
each cross, with electric and magnetic field distribution for the
absorber at different resonant frequencies andmultiple air-cavity
resonant modes responsible for the ultra-wide absorption band
as shown in Figure 9c. By combining these air-cavity modes
and the intrinsic absorption in the substrate, a wide absorption
band ranging from 0.6 to 10 THz was achieved with an average
absorption of ≈95 %. Meanwhile, due to the four-fold symmetry
of themetasurface, it exhibits polarization insensitivity at normal
and oblique incidence.[141] S. M. Hanham et al. demonstrated
that InSb touching disks also have useful plasmonic responses
in the THz regime. The single dipole mode/charge transfer
plasmon mode has been studied and proved to be capable of
broadening the absorption cross-section.[142]

5.7. Meta-Holography

Holography, as a revolutionary imaging technique that recon-
structs electromagnetic waves by both amplitude and phase in-
formation, can be used for displaying and storing information.
After the introduction of computer-generated holography (CGH),
where holograms can be generated by digital computing and
reconstructed by optics components, real objects are no longer
needed to scatter electromagnetic radiation and the interference
recording process. Conventional CGH adopts spatial light modu-
lators (SLM) to reconfigure the phase retardation of light with liq-
uid crystals and possesses a large pixel size. Since metasurfaces
can be used to manipulate the polarization, phase, and ampli-
tude of outgoing electromagnetic waves, they provide an excellent
and compact platform for meta-holography applications.[144–146]

Gerchberg-Saxton algorithms are often adopted to design the ac-
quired phase distribution to transform a given input intensity
distribution arriving at a hologram plane into a desired intensity
distribution at the detection plane.[147]

Q. Wang et al. demonstrated all-dielectric meta-holograms
with control over both phase and amplitude distribution and
proved the superiority of their approach over traditional phase-

only or amplitude-only modulation holograms, as shown in
Figure 10, wheremeta-holography allows tailoring both the phase
and amplitude of the virtual object and the hologram can be
stretched and rotated along the propagating direction of the THz
wave.[148] Other than improved resolution by reducing crosstalk,
they also demonstrated that the holographic images can be
shifted, stretched, and rotated along the longitudinal direction,
giving more degrees of freedom for information storage.

5.8. Tunable Devices

Active components will play an important role in terahertz imag-
ing and wireless communication systems in the near future.
For conventional all-dielectric metamaterials, once the materi-
als and geometrical parameters are selected, the electromagnetic
responses are fixed. As a result, the tunability of all-dielectric
metasurfaces could largely expand its usability and applicable
fields.
Tuning metasurfaces can be implemented in either a mechan-

ical way, i.e., changing the geometric features of the device, or
through tuning the physical properties of the constituent mate-
rials in real time. Recent progress in adaptive control of propa-
gating terahertz waves are based on modifying their terahertz re-
sponse through mechanical,[153,154] optical,[15,155] electrical[156,157]

or thermal stimuli.[154,158,159]

Microelectromechanical systems (MEMS) exploit piezoelectric
and pyroelectric materials to enable dynamic control of the ge-
ometry of metamaterial devices and accordingly tune their elec-
tromagnetic response. A proof-of-concept work reported by K.
Chen et al. theoretically designed and demonstrated a tunable
reflective dielectric reflect-array consisting of lossless silicon pil-
lars supported by a cyclic olefin copolymer (COC)[160–162] film and
a metallic ground plane. As Figure 11a illustrated, by mechani-
cally tuning the distance between the suspended silicon struc-
tures and the metallic film, the reflect array can attain efficient
and switchable THz beam steering and focusing.[149]

Thermal stimuli can also be used to manipulate the device’s
response. VO2, as a phase transition material, can be hybridized

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (16 of 24)
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Figure 11. Tunable ADM devices. a) Switchable THz Beam Steering and Focusing via Mechanical Tuning. Reproduced with permission.[149] Copyright
2021, IEEE. b) Thermally Responsive Photonic Structures with Micro-Water Reservoirs. Reproduced with permission.[150] Copyright 2015, Springer Na-
ture. c) Electro-Modulated Liquid Crystal and graphene ADM. Reproduced with permission.[42] Copyright 2018, MDPI. d) Optical photoexcitation modi-
fied ADM. Reproduced with permission.[151] Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA. e) Magneto-optical modulated ADM. Reproduced
with permission.[152] Copyright 2023, Optica Publishing Group.

within a metamaterial design to achieve tunability through
thermal stimulus. Its drastic change between insulator and
conductor states is exploited in THz switches and modulators.
Similar to VO2, the relative permittivity of SrTiO3 can also be
tuned by changing device temperature.[163] A. Andryieuski et al.
theoretically discussed the possibility of a micro-water-reservoir
(MWR) array to be used for realizing tunable all-dielectric
photonic structures and metamaterials. In Figure 11b, the
permittivity of water decreases as temperature increases so that
the metamaterial made from it can be tuned by thermal stimuli
at a slow speed. Its terahertz response can be manipulated by
changing the elastic micro-water reservoir with mechanical
force. If the MWR is partially filled, the metamaterial’s electro-
magnetic properties can be tuned by the gravity-induced water
redistribution.[150]

Electrical controls are also used to achieve the tunability
of terahertz metamaterials.[119] Liquid crystals (LCs) possess
large broadband birefringence and the ability to alter the local
optical axis by an external electric field; they are good anisotropic
material candidates for realizing electrically active tuning meta-
materials at THz frequencies.[164,165] Metamaterial structures
embedded inside LC cells have the molecules aligned in the
direction of the applied electric field. L. Wang et al. developed
a new LC with high-birefringence in the terahertz range and
reduced the cell gap to achieve the required phase retarda-
tion, therefore reducing the device size, operating voltage, and
response time.[166] To meet the request for transparent THz elec-
trodes, few-layer porous graphene is adopted.[132] S Zhou et al.
designed a tunable THz absorber. As shown in Figure 11c. Ap-
plying an electric field bias can change the orientation of liquid
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Figure 12. Programmable multifunctional metasurface, including photos, schematic of unit cell, and its demonstrations. Reproduced with
permission.[189] Copy right 2020, American Chemical Society.

crystals, thereby modulating the optical response of the ADM.
The overlap of electric and magnetic resonances of this material
is broken due to the refractive index shift of the surrounding
material (LC NJU-LDn-4). Thus, the absorption peak is separated
into two peaks with lower intensity.[167] Zhao et al. integrate a
LC layer with a silicon anisotropic metasurface. By adjusting
the orientation of the LC relative to the silicon metasurface, the
anisotropy of device can be effectively adjusted, which results
in over 180° phase-shift range tunability. It open an avenue for
effectively tuning and enhancing anisotropy and chirality of THz
device.[168]

Graphene has interesting electronic and optical proper-
ties. Its optical parameters can be modulated by changing its
Fermi energy. Therefore, it can be used to make actively tun-
able metamaterial.[169,170] This has been widely demonstrated
in metallic metamaterials.[171,172] For ADM, L. Wang et al.
demonstrated graphene can be used to adjust the electric field
distribution on the metasurface and thus manipulate its elec-
tromagnetic response.[42] By placing graphene stripes under
different regions of the dielectric resonators, the EIT-effect-
based transmission peak gradually decreases by increasing the
Fermi energy of graphene and shows different modulation
depths.
Optical photoexcitation modifying the conductivity of a semi-

conductor through photocarrier generation is an effective way to
modulate its electromagnetic response.[111,116] A. Berrier used a
femtosecond laser as the optical pump to modulate undoped sil-
icon’s carrier’s density, thus actively controlling the terahertz re-
sponse of a bowtie antenna on picosecond timescale.[173] K. Fan
et al. demonstrated a tunable transmission intensity Huygens’
metasurface absorber through optical excitation as Figure 11d
illustrated.[151] There, through modifying the magnetic dipole-
like odd eigenmode to change critical coupled states, a largemod-
ulation depth of 99.93% and a phase change of 𝜋/2 at 1.03 THz
was achieved. Besides, the highestmodulation speed is 25 μs, and
even down to sub-picosecond with material optimization is ex-
pected. Although this approach showsmore flexibility and higher

modulation speed compared to some other methods, it requires
an intense external laser, which unavoidably increases the size of
the device.
Magnetic field modulation is an effective adjusting approach

for those materials whose refractive index are sensitive to exter-
nal magnetic field, such as Yttrium Iron Garnet (YIG),[152,174,175]

InSb,[176,177] and hexagonal ferrites,[178] etc. YIG, in particular, ex-
hibits low loss in the THz regime.[174,175] As shown in Figure 11e,
for a typical magneto-optical modulated ADMs, when linearly po-
larized light passes through YIG under a magnetic field, its po-
larization plane rotates which is so-called Faraday effect.[179,180] D
Zhao et al. utilized the magneto-optical effects in YIG crystals to
realize actively control of spin state of terahertz waves and ter-
ahertz beams steering. This non-reciprocal phase shift also en-
ables device isolation for the reflected beam.[152]

5.9. Programmable Metasurfaces

Programmable metasurfaces represent an advanced engi-
neering of tunable metasurface technologies. Based on the
generalized Fresnel equations, real-time wavefront reshaping
of incident waves can be realized through phase and amplitude
control of each constituent unit of metasurface. Normally,
phase differences and amplitude responses are discretized
into through encoded electrical levels or optical control.[181–184]

These codes are then processed into data arrays according to
the desired waveform, thereby enabling programmability of the
metasurface.[185–188] Ideally, phase of each unit can be tuned from
0 to 2𝜋, and the higher the coding flexibility, the richer the func-
tionalities of the programmablemetasurfaces can have. Figure 12
shows a fabricated a near-infrared programmablemetasurface by
Kafaie et al. The top layer-Indium Tin Oxide (ITO) is used as an
electric contact for reference voltage, the dielectric constant of the
dielectric constant of the hafnium/aluminum oxide nanolam-
inate (HAOL) can be independently tuned by vary the Direct
Current (DC) bias beneath them, thus controlling the amplitude

Laser Photonics Rev. 2024, 2301210 © 2024 Wiley-VCH GmbH2301210 (18 of 24)

 18638899, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202301210 by T

ianjin U
niversity, W

iley O
nline L

ibrary on [03/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

and phase response of the elements to reflected waves, achieving
beam control and dynamic focusing.[189] This method offers
good compatibility for larger-sized programmable ADMs.

6. Outlook

As demonstrated above, with the mass production of
metasurfaces-based terahertz devices, more attention should
be paid to the fabrication process. To scale up the product
manufacture, the bottleneck is how to enhance the yielding
of low-loss polymer substrates and develop customized wafer
bonding techniques.
Combining ADM with 2D materials is an intriguing and

promising research direction. Asmentioned in Section 1, 2Dma-
terials’ properties depend on their Fermi energy or chemical po-
tential, which can be manipulated by electrostatic or chemical
doping. Therefore, by integrating single layers, multiple layers,
or heterostructures of 2D materials into ADM, one can provide
more degrees of freedom in designing new tunable metamate-
rials with advanced features. On the other hand, the coexistence
of strong electric andmagnetic resonances can reversely tune the
electronic andmagnetic properties of the 2Dmaterials,[190] which
is also promising for devices with active terahertz responses.
In fact, the etching process introduced the surface roughness

and inhomogeneities can lead to dielectric losses which should is
an unignorable factor to metasurface performance.[191,192] Metal
behaves like perfect conductors in the terahertz band,[14] conven-
tional dipole resonance modes have not shown a significant ad-
vantage dealingwith the loss for all-dielectricmaterials.[14,193] The
most definitive merit of all-dielectric materials lies in the ease
of fabrication of the exchange of photonic angular momentum
based three-dimensional resonant structures.[17,57,135,136] Thus, in
order to diminish the ADMs loss, proper selection of materi-
als with low loss,[58,71] applying resonant modes such as Bound
States in the Continuum (BIC) and Fano resonances,[36,40,41,47,48]

coating matching,[194] and improving the surface roughness and
uniformity of samples are crucial approaches.
As we look to the future, the development of all-dielectric

metasurfaces in the terahertz range will undoubtedly continue
to push the boundaries of what is possible in various scientific
and technological domains. In order to fully realize the potential
of ADM-based devices, it is essential to foster interdisciplinary
collaboration, bringing together expertise from different fields
such as physics, materials science, engineering, and chemistry.
Undoubtedly, this interdisciplinary approach will facilitate the
discovery of novel materials, innovative fabrication techniques,
and cutting-edge design methodologies, ultimately expanding
the horizons of terahertz technology.
Furthermore, the integration of emerging technologies, such

as machine learning, quantum materials, and metamaterial-
inspired designs, will play a vital role in addressing current chal-
lenges and propelling the field toward new heights. By explor-
ing the interplay between all-dielectric metasurfaces and these
emerging technologies, researchers can uncover new possibili-
ties and develop advanced terahertz devices with unprecedented
capabilities.
In summary, all-dielectric metasurfaces represent a thriving

and rapidly evolving research area with the potential to revo-
lutionize a broad spectrum of industries and scientific disci-

plines. By embracing interdisciplinary collaboration and lever-
aging cutting-edge technologies, the future of ADM-based tera-
hertz devices is poised for growth, innovation, and far-reaching
impact. As researchers continue to explore and push the bound-
aries of this promising field, the applications and implications
of all-dielectric metasurfaces in the terahertz range will become
increasingly diverse and transformative.
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