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Abstract — Metasurfaces, known as arrays of subwavelength antennas, provide a wide range of options for controlling electromagnetic waves and ef-
fectively reducing the size and complexity of electromagnetic devices. Metasurfaces can manipulate five degrees of freedom of electromagnetic waves:
amplitude, wavelength, polarization, phase, and orbital angular momentum; these are customized to provide a variety of remarkable functionalities, in-
cluding metalenses and meta-holograms. With the advancement of simultaneously manipulating two or more degrees of freedom of the electromagnetic
field, there has been a significant increase in the amount of information that electromagnetic waves can carry. The wavefront can be precisely tailored for
specific applications, facilitating new possibilities for innovative applications with high performance and diverse functionalities, such as full-color vecto-
rial meta-holograms achieved by a single-layer metasurface. This review briefly overviews the latest developments in metasurfaces, categorizing them
based on their various degrees of freedom used to manipulate the electromagnetic waves. The use of metasurfaces to control electromagnetic waves from
one dimension to multiple dimensions is systematically explored. The challenges and opportunities for future research are discussed.
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I. Introduction

Humans have been exploring the properties of light for cen-
turies, with significant contributions made by pioneers,
such as Mozi and Aristotle. Mozi proposed that “light trav-
els in straight lines” and discovered the principle of pinhole
imaging. Aristotle studied the refraction and reflection of
light, providing essential contributions to optics. As our un-
derstanding of light continues to deepen, light has become
known as the electromagnetic (EM) wave and has led to the
development of new technologies and applications in fields,
such as communications, imaging, and material analysis.
EM waves exhibit distinct properties that provide them
with unique applications in various fields. For instance, mi-
crowaves are extensively utilized for communications,
broadcasting, and navigation due to their ability to pene-
trate buildings and obstacles while transmitting informa-
tion over long distances [1]-[3]. Terahertz waves have
unique properties, including remarkable penetration, high
imaging resolution, and little biological damage, making
them ideal for applications in nondestructive testing, securi-

ty inspection, biomedical diagnosis, high-speed wireless
communications, and material analysis [4]-[6]. Visible light
is used for illumination, photography, imaging, laser tech-
nology, and other applications [7]. This ongoing process
has shown the potential use of EM waves.

The functionalities of EM devices, such as filters,
modulators, and lenses, are explored by manipulating dif-
ferent degrees of freedom of EM waves, including ampli-
tude, frequency, polarization, phase, and orbital angular
momentum (OAM). The size and weight of traditional de-
vices impede the miniaturization and integration of EM sys-
tems. There is an ever-increasing demand for cutting-edge
methodologies that can effectively manipulate EM waves in
diverse dimensions and design EM devices to cater to
unique requirements.

A metasurface is an ultrathin planar structure com-
posed of subwavelength elements that manipulate the am-
plitude, phase, wavelength, polarization, and orbital angu-
lar momentum of EM waves [8]-[16]. It has emerged as a
powerful platform for effectively performing various func-
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tions [17]-[20]. With the continuous advancement of mi-
cro- and nano-fabrication technologies, including electron
beam lithography [21]-[23] and 3D printing [24]-[27],
metasurfaces with micro-nano structures and complex
shapes can be fabricated by advanced fabrication tech-
niques. The involvement of new materials, such as dielec-
tric materials [28], phase change materials [29], and diodes
[30], with advanced design methods, such as integrated res-
onant unit elements (IRUEs) [31], enhances the EM wave
control ability of metasurfaces in multiple dimensions.

In this article, we summarize the latest progress in ma-
nipulating EM waves with metasurfaces from one dimen-

sion to multiple dimensions. Research in this field is highly
important. A classification from a recent study based on the
different dimensions utilized to manipulate electromagnetic
waves is presented (Figure 1). This review highlights the
growing trend of metasurfaces in achieving more efficient
multidimensional manipulation of EM waves. Section II fo-
cuses on using metasurfaces to manipulate EM waves in a
single dimension. Section III delves deeper into EM manip-
ulation using metasurfaces in two or more dimensions. In
the concluding section, we propose our viewpoints on the
challenges and potential opportunities involved in the mul-
tidimensional manipulation of EM waves.

Figure 1 Schematic of the various applications achieved by metasurfaces, showcasing the ability to tune multiple degrees of freedom (DOFs) of electro-

magnetic waves.
II. EM Wave Tailoring in One Dimension

Metasurfaces perform as an excellent platform for tailoring
electromagnetic waves. They can effectively manipulate
electromagnetic waves with arbitrary degrees of freedom
(DOFs) [32]-[37]. The DOFs include phases, polarizations,
amplitudes, wavelengths, and orbital angular momentums.
Researchers have extensively investigated and explored
practical ways to modulate EM waves in the past decade.
This section briefly elaborates on the typical approaches de-
veloped in recent years to manipulate EM waves in one di-
mension with metasurfaces.

1. Phase

Focusing electromagnetic waves has been a fundamental
demand from ancient to modern times. People used crystal
lenses to focus sunrays onto ignitable materials for lighting
fires in the 11th and 12th centuries. Currently, lenses have
much more widespread applications, such as cameras, tele-
scopes, and microscopes. These traditional lenses modulate
the phase of light by accumulating phase shifts along the
optical paths, which are determined by the shape and mate-
rial of the lenses. Traditional methods have a few restric-
tions, such as monochromatic and chromatic aberrations.
The combination of multiple lenses and specialized design
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methods can minimize these aberrations. This design re-
sults in a rapid increase in the size of the bulk lenses.
Metalens [38]-[43], as the most representative branch
of the metasurface, has the potential to revolutionize optics
by enabling a compact, lightweight flat lenses. However,
the chromatic aberration still degrades the performance of
the metalens when it is designed at a single wavelength.
Tsai’s group overcame this challenging problem. They
demonstrated the first broadband achromatic metalens oper-
ating in reflection mode with a continuous wavelength
range from 1200 to 1680 nm [44]. Each unit cell consisted
of one or more metallic nanoantennas, working as IRUEs [31]
to compensate for the phase in different wavelengths. This
innovative design enabled precise control of phase disper-
sion, which significantly promoted the development of
meta-devices for full-color control, ultimately leading to
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practical applications [45].

The design with IRUEs paved the way to address the
challenge of color imaging and display in the field of flat
optics. This group also demonstrated a broadband achro-
matic metalens in the visible band [46]. The metalens was
composed of gallium nitride nanopillars, and the diameter
was 50 pm. This was the first study to capture a full-color
image using a metalens. Figure 2(a) illustrates several ex-
amples of achromatic metalenses. The combination of the
Pancharatnam-Berry (PB) and propagation phases achieved
the IRUE used here. The PB phase was responsible for the
phase requirement of the maximum wavelength. The propa-
gation phase compensated for the phase dispersions to form
perfect focusing phase profiles for all wavelengths.

This revolutionary advance caused optical devices to
be more compact and have superior performances. For ex-
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Figure 2 Single-dimensional manipulation of EM waves with metasurfaces. (a) Full-color images captured by the broadband achromatic metalens [46];

(b) Multidimensional quantum source based on the meta-lens array [47];

(c) Electrically switchable metallic polymer nanoantennas [48]; (d) Varifocal

meta-devices for the next-generation communication systems [9]; (e) Electrically tunable optical metasurfaces for dynamic polarization conversion [49];
(f) All-dielectric metasurface for high-performance structural color [50]; (g) Electrochemically controlled metasurfaces with high contrast switching [51];

(h) Metamaterial absorbers enabled by the physics of bound states in the

continuum [52]; (i) Over 80% absorption enabled by the flat-band and bound

states in the continuum mechanism [53]; (j) Orbital angular momentum multiplexing for optical communications [54].
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ample, an achromatic metalens array can work as a full-col-
or light-field camera and reconstruct images with different
depths of focus [55]. The metalens array can also be used as
a high-dimensional quantum source (Figure 2(b)) [47]. The
ten-by-ten metalens array can generate a 100-path sponta-
neous parametric down-conversion photo-pair source. The
advanced quantum source is achieved by integrating the
metalens array with a 0.5-mm type II b-barium borate
(BBO) crystal. The focal spots are generated inside the
BBO crystal, trigger the spontaneous parametric down-con-
version process, and generate 100 pairs of entangled pho-
tonic sources. Thus, metalens array have become a novel
and essential platform for quantum devices [13].

Most metasurfaces are passive, and once manufac-
tured, their optical function remains static. For example, the
metalens always focuses the light on the same focal spot.
The active metasurface, which could dynamically adjust the
optical phase features, thus caused widespread interest.
Giessen et al. demonstrated a novel electrochemical method
to control the phase of the nanoantenna at up to 30 hertz
(Figure 2(c)) [48]. The polymer metasurface could actively
steer the beam, whereas the nanoantenna was composed of
a polymer with optical metallic properties. When a voltage
of +1 V was applied through indium tin oxide (ITO), the
polymer nanoantenna was electrochemically doped and oxi-
dized. The oxidized nanoantenna showed a strong plasmon-
ic resonance in the near-infrared (IR) spectral range. Thus,
the nanoantenna could work with the PB phase, manipu-
lating incident light on demand. When the voltage was
switched to —1 V, the nanoantenna turned into an insulator
and could not modulate the incident beam. This method was
low cost compared with commercial polymers and could
expand the functions of electro-optical active devices. The
polymer metasurface was much easier to fabricate on
curved devices or flexible substrates, significantly promot-
ing the development of virtual and augmented reality inno-
vations. Energy savings were another advantage of the elec-
trochemically driven metasurface, as the 1 V voltage ampli-
tude was sufficient.

Cascading multiple metasurfaces can expand the wave
manipulation capability, providing extra degrees of free-
dom, i.e., mutual rotation or displacement [56]. Chan et al.
demonstrated two kinds of terahertz (THz) varifocal meta-
devices. The THz beams could be projected into any spot in
a 2D plane or 3D space (Figure 2(d)) [9]. The generation
and manipulation of the THz Airy beam were also demon-
strated. The working principle was that two gradient phase
profiles and two focusing phase profiles were distributed
onto separate metasurfaces that could be mutually rotated.
Then, a tunable total phase profile of the separate metasur-
faces was achieved by incorporating and superimposing
multiple phase profiles, such as the cubic phase, gradient
phases, and focusing phases, to achieve tunable beam steer-
ing and a tunable focal spot in a 3D space. The proposed
meta-device was manufactured using low-cost 3D printing
and was suitable for large-scale processing. This THz vari-

focal meta-devices could securely, flexibly, and stably
transmit signals.

These pioneering metasurfaces with phase control
based on different mechanisms, such as the resonant phase
[19], PB phase [55], propagation phase [56], and chiral
meta-atom-induced phase [57], have facilitated the minia-
turization of the free-space EM elements and enabled nu-
merous practical applications, such as meta-hologram and
optical encryption [58].

2. Polarization

Traditional bulky optical elements, such as the half-wave
plates, linear polarizers, and polarization beam splitters,
have long performed polarization generation and manipula-
tion. They work well but are bulky and not suitable for
miniaturized systems.

Many efforts have been made to develop meta-devices
for generating and manipulating polarization states. Tsai
et al. demonstrated a multiple polarization state generator
[59]. The chip could generate four reflected linear polariza-
tions (horizontal, vertical, +45°, and —45°) and two circular
polarizations under linear polarization incidence. This gen-
erator was composed of aluminum nanoantennas; hence, the
thin chip was capable of working in the entire visible band.
The nearby supercells were designed to reflect the two cir-
cular beams in opposite directions according to the PB
phase principle. Thus, there were two circular polarization
components in each direction, and they had a beam super-
position. Therefore, different polarization states could be
generated by modulating the phase difference of the two
circular polarizations.

As the transmission mode is also essential for flat op-
tics, Luo et al. developed an all-dielectric polarization gen-
erator working in the mid-infrared band [60]. Xiao et al.
demonstrated a metasurface-based all-in-one entire Poincaré
sphere polarizer whose working wavelength was 633 nm
[61]. This approach facilitated the selective transfer and
transformation of a specific polarization orientation at any
point on the Poincaré sphere into its mirror image while en-
tirely obstructing the perpendicular orientation.

Active polarization manipulation is highly desirable in
many optical applications, including optical communica-
tions, information processing, and sensing. Singh et al.
demonstrated an all-optical controlled polarization switch
working for THz waves [62]. The polarization states could
be switched in a very short time of approximately 667 fs.
The meta-antenna consisted of an aluminum split ring and a
silicon ring below the sapphire substrate. The split gap in-
duced different resonance behaviors for different polariza-
tions. The change in the silicon properties further modulat-
ed the output polarization. When an 800 nm pulsed laser
was incident on the silicon ring, the photoconductivity of
the silicon film was enhanced, leading to a change in the
co- and cross-polarized transmission. These transmissions
defined the final output polarization. This meta-device was
useful for ultrafast data encoding and polarization-division
multiplexing in terahertz wireless communications.
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Atwater et al. demonstrated a meta-device for the near-
infrared band for dynamic polarization conversion [63]. The
proposed meta-device could convert the incident y-polar-
ized beam to a reflected x-polarized, elliptically polarized,
or circular polarized beam depending on the bias voltage,
which could modulate the refractive index of indium tin ox-
ide.

On the other hand, Liu et al. made a breakthrough in
dynamic polarization conversion within the visible spec-
trum (Figure 2(e)) [49]. Their metasurface consisted of gold
nanoantennas, which were enfolded into a layer of liquid
crystal or polymethyl methacrylate (PMMA) row by row.
The gold nanorods were surrounded with a thin dielectric
polymer to eliminate the effect of the refractive index
change of the liquid crystals. The metasurface was placed
on an ITO-coated glass/silicon substrate, working as one of
the electrodes. The ITO-coated quartz superstructure was
the other electrode. Thus, the refractive index of the sur-
rounding liquid crystals could be tuned by the biased volt-
age applied to the ITO layers. Based on the PB phase prin-
ciple, the two well-defined nearby rows reflected the two
circular polarization waves. One was from the liquid crystal-
coated part, and the other was from the PMMA-coated part.
Their superimposition defined the final polarization state
depending on the phase differences between the two re-
gions. The phase difference could be tuned through the re-
fractive index change of the liquid crystals coated on the
nanorods under the biased voltage, while the PMMA'’s re-
fractive index did not change. The linear polarization could
be rotated up to 90 degrees resulting from the phase differ-
ences. The metasurface’s ability to dynamically rotate po-
larization was exceptional, as it remained fully reversible
for up to 100 cycles without any substantial decline in per-
formance. Moreover, the measured switching speed was ap-
proximately 100 ms, indicating its fast and efficient opera-
tion.

Recently, Wang et al. conducted a study and discov-
ered that the introduction of engineered noise into the meta-
hologram resulted in an enhanced storage capacity of up to
11 independent holographic images. This methodology has
great potential for metasurfaces in various applications, in-
cluding high-capacity optical displays, information encryp-
tion, and data storage [64].

3. Wavelength

Precise control of the wavelengths by a metasurface con-
tributes to the development of various optical applications,
such as nonlinear optics [65]-[68] and structural color [69]-
[71]. Traditional nonlinear crystals suffer from poor ther-
mal stability and small nonlinear coefficients [72], [73].
Furthermore, nonlinear optical crystals that can excite sec-
ond harmonic generation in the vacuum ultraviolet (VUV)
spectral region are rare. Metasurfaces provide a compact
and efficient approach to induce nonlinear effects and
acheive straightforward coherent VUV light generation.
Halas et al. demonstrated second harmonic generation
(SHG) using an all-dielectric metasurface [16]. The meta-

surface was composed of zinc oxide nanoantennas. The
nanoantenna was optimized for facilitating resonance,
specifically at a wavelength of 394 nm. The confinement of
incident energy within the material by magnetic resonance
enabled the efficient generation of SHG in bulk due to the
nonlinear properties of zinc oxide. When subjected to near-
ly normal incident illumination, the resonant metasurface
greatly enhanced the SHG dramatically with a wavelength
of 197 nm. The compact device could easily be integrated
into laser systems for VUV light sources without complex
experimental configurations or phase matching.

For linear optics, the metasurface can produce vivid
colors through the orientations or dimensions of nanoanten-
nas. The color generation method addresses environmental
issues, such as pigment-induced pollution, and improves
color stability and mechanical durability. Song et al
demonstrated the utilization of electric and magnetic reso-
nances in TiO, metasurfaces to achieve high-resolution,
low-loss, and all-dielectric structural colors [74]. The pro-
posed metasurface was a square lattice of nanoblocks. The
spatial resolution could achieve approximately 16000 dpi
when there was only a four by four nanoblock array.

However, achieving structural color in large gamut,
high saturation, high brightness, and high resolution is still
challenging. Xiao et al. overcame this challenge [50]. Their
solution was to add a refractive index matching layer, i.e.,
PMMA or dimethyl sulfoxide (DMSO), onto the silicon
metasurface (Figure 2(f)). Thus, the brightness and color
purity were significantly improved by reducing both the re-
flection bandwidth and background reflection. The active
tuning of structural colors was essential for practical appli-
cations. Rho et al. experimentally demonstrated an electri-
cally tunable color printing metasurface [75]. The silicon
metasurface was embedded with a layer of LCs. The appli-
cation of a biased voltage caused the orientation of the LC
molecules to change, resulting in an altered refractive in-
dex. Subsequently, the orientation change induced a shift in
resonance and ultimately caused a difference in the dis-
played color. This development was a significant stride to-
ward the achievement of structural color-based displays.

4. Amplitude

The change in amplitude of electromagnetic waves is a cru-
cial mechanism for conveying information. This topic can
be broadly divided into nonresonance and resonance ampli-
tude changes.

Nonresonance-based amplitude changes involve modi-
fying the electromagnetic wave’s intensity without relying
on resonance effects. Recent representative work was led
by Liu et al.; they demonstrated a chemically controlled
metasurface hologram with high-contrast switching at visi-
ble frequencies by locally conjugating preselected antennas
with a conducting polymer and polyaniline [51], as shown
in Figure 2(g). The optical responses of the metasurfaces
could be modulated by controlling the polyaniline thickness
during electrochemical growth, and the operation of the
metasurfaces was electrochemically powered.
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On the other hand, resonance-based amplitude changes
are highly relevant in metamaterial absorbers, which can ef-
ficiently absorb light energy and convert it into other forms
of energy, such as thermal, chemical, or electronic energy
[76], [77]. This absorption process is often facilitated by lo-
calized or nonlocalized plasmon resonances [78], [79], re-
sulting from the electrons’ collective oscillations in the
metamaterial’s structure.

The resonance amplitude of metamaterial absorbers
with a single resonance is customized by adjusting the
metamaterial’s geometry, composition, and oblique inci-
dent angle of excitation [52], [80]-[84]. These adjustments
modify the ratio of radiation loss (y.4) to dissipation loss
(Vi) of the resonance, resulting in resonance amplitude
changes. For instance, with metamaterial absorbers that uti-
lize the physics of bound states in the continuum and con-
sist of vertical split-ring resonators on the metal surfaces
(Figure 2(h)), increasing the oblique incident angle en-
hances radiation loss, leading to under coupling (Y;aq < Vdis)s
critical coupling (Vog = Vais)» and over coupling (Viag > Viis)
regimes. Remarkably, perfect absorption occurs at the criti-
cal coupling condition (an oblique incident angle of approx-
imately 10°), resulting in a maximum light field enhance-
ment (over 104) in the mid-infrared (mid-IR) regime [52].
Furthermore, the spectral linewidth of the resonance also
affects near-field enhancement, with narrower linewidths
yielding better enhancement at similar resonance ampli-
tudes (Figure 2(h)).

Molecular fingerprint detection identifies molecules
based on their unique absorption spectra in the mid-IR re-
gion. Plasmonic metamaterial absorbers generate an en-
hanced field that improves the sensitivity and accuracy of
this detection process, enabling more precise identification
of molecules. A recent study demonstrated that plasmonic
metamaterial absorbers could exhibit different amplitude
modulations when coated with thin PMMA films as an ana-
lyte, depending on the coupling regime. Specifically, under
coupling led to a reduction in the resonance peak, critical
coupling led to no change, and over-coupling led to an in-
crease in the resonance peak. This novel property was cru-
cial for amplitude-modulated sensing [85], [86].

Interfacial engineering is an effective method to modu-
late the resonance amplitude in metasurfaces. Odom et al.
proposed that coating a thin 2D material film on a metasur-
face could produce the resonance depth of the plasmonic
surface lattice resonances (SLRs) [87], [88].

Controlling the angular dispersion of metamaterial ab-
sorbers is crucial to simultaneously achieve a strong reso-
nance depth and narrow linewidth when using focused
beams as excitation [89]. A recent study led by Kivshar
et al. demonstrated that using flat-band physics and bound
states in the continuum mechanism achieved sharp reso-
nances (Q > 30) with over 80% absorption in plasmonic
metasurfaces [53], as depicted in Figure 2(i).

These resonant absorbers with amplitude control have
enabled numerous practical applications, including solar

energy harvesting [90], plasmon-enhanced infrared spec-
troscopy [91], lasing [92], structural color display [93], and
thermal imaging [94].

5. Orbital angular momentum (OAM)

Since its discovery, OAM has become a topic of growing
interest [95], [96] and has been explored as an important
DOF in optical applications. Wang et al. demonstrated opti-
cal communication using four OAM states multiplexing and
greatly enhanced the capacity of free space communica-
tions [97]. They also showed that the information-carrying
ability was further enhanced when combining the OAM
with other DOFs, such as polarization and wavelength. The
experiment used four spatial light modulators to convert
Gaussian beams into OAM beams and back into Gaussian
beams. OAM multiplexing at RF frequencies was also dem-
onstrated using a holographic metasurface antenna [98],
which could suppress undesired residual OAM modes in
free space. To make the configuration more compact, Yuan
et al. demonstrated optical OAM multiplexing communica-
tions using two Dammann optical vortex gratings (Figure
2(j)) [54]. One converted the Gaussian beams of different
incident angles to OAM beams of the same transmission
route. The other was used for demultiplexing the OAM
beams back and using ten OAM states, eighty wavelengths,
and two polarization states to build a communication sys-
tem with 1600 independent information channels. The
Dammann optical vortex grating eliminated the obstacle of
multiple OAM state generation and detection simultaneous-
ly. It was a promising prospect to enhance the capacity of
optical communication systems up to the level of Pbit/s.
Most OAM launchers could only generate fixed OAM
modes. A mode-reconfigurable metasurface doublet was
demonstrated [99]. By in-plane rotation of the upper meta-
surface with different angles, the generated OAM mode
number could be switched among 0, 1, and +2.

In addition to increasing the optical communication
capacity, OAM multiplexing could be used to design vari-
focal metalenses [100]. The focal lengths were tuned from 5
mm to 35 mm, depending on the OAM state of the incident
beam. The principle was to design several OAM-related
metalenses and combine them in an interlaced arrangement.
On the other hand, Luo et al. demonstrated an angular meta-
lens that could manipulate the focal spot in the same focal
plane [101]. The focusing phase profile was achieved by
adding the phase profile of the incident OAM beam with
the azimuthal-quadratic phase profile coded on the metasur-
face.

The main challenge for applying OAM at RF frequen-
cies is the inherent divergence property of vortex waves. An
electrically large receiving antenna is required to capture
most of the OAM energy at the receiver end. A higher-
order Bessel beam incorporating a Bessel beam and OAM
beam was proposed to generate nondiffractive OAM waves
[4]. It was further extended to an extended higher-order
Bessel beam that could focus the OAM energy in a tailor-
made longitudinal region by optimizing the phase profile of
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the metasurface.

Advancements in OAM research have driven progress
in numerous applications [102]. For example, OAM has
been used in communication systems to improve data trans-
fer rates, network capacity, imaging resolution, and imag-
ing sensitivity. Additionally, OAM has been applied in
fields such as quantum computing, laser machining, and op-
tical trapping, among others. The continued advancements
in OAM research will lead to increasingly innovative appli-
cations.

II1. EM Wave Tailoring in Multiple Dimensions Si-
multaneously

The methods discussed in Section II focus predominantly
on one-dimensional EM wave manipulation and the achieve-
ment of single optical functionality, which needs to be en-
hanced to develop customized optical devices. Presently,
researchers in this field are directing their efforts toward the
performance enhancement of EM devices based on meta-
surfaces and achieving integrated, multifunctional EM de-
vices through the multidimensional manipulation of EM
waves with metasurfaces. This section provides a general
discussion of current research on the multiple-dimensional
manipulations of EM waves with metasurfaces.

1. Polarization and wavelength

The unique frequency-dependent absorption and transmis-
sion properties for different polarization incidences will
lead to critical practical applications for linear optics. One
typical example is to achieve structural coloration artworks
featuring photorealistic and stereoscopic impressions [103].
The color hue and brightness can be independently con-
trolled by the geometric scaling factor and orientation of the
nanoaperture in a surface-relief plasmonic metasurface, re-
spectively. Moreover, by leveraging the polarization diver-
sities of the incident and reflected lights, the metasurface
can achieve kaleidoscopic steganography that presents mul-
tiple images with different polarizer-analyzer combinations.

Photonic bound states in the continuum (BICs) enable
infinite quality factor resonances due to the elimination of
radiation loss [104]-[108]. In practice, only quasi-BICs
with strong local field enhancement and a high Q-factor are
available considering the imperfect fabrication, finite-size
effects, etc. Quasi-BICs provide a novel route for engineer-
ing spectrum linewidth. Combining BICs and polarization
control facilitates a plethora of applications ranging from
chiral molecule detection, valleytronics, and asymmetric
photocatalysis to quantum information processing. As
shown in Figure 3(a) and (b), a resonant metasurface con-
sisting of tilted titanium dioxide (TiO,) bar arrays and an
indium tin oxide (ITO)-coated substrate is reported to pro-
duce highly efficient chiral emission with controllable spec-
tra, radiation patterns, and spin angular momentum [109].
The structural symmetry of the meta-atom was broken by
introducing an in-plane rotation angle and an out-of-plane
tilted angle. A high Q-factor of 1250 and a high degree of

polarization of 98.9% were observed for the photolumines-
cence. The quasi-BIC of the resonant metasurface also sup-
ported ultracompact chiral lasing with a peak degree of
polarization of 98.9%. Chen et al. [110] reported a slant-
perturbation metasurface with intrinsic chiral BICs. The in-
trinsic chirality of the meta-atom broke both the in-plane
and out-of-plane mirror symmetries by introducing an in-
plane deformation angle and an out-of-plane slant angle.
The local spin density variation could explain the slant
meta-atom’s optical chirality. A high circular dichroism
(CD) of 0.93 and a high Q factor exceeding 2663 were ex-
perimentally verified at visible frequencies.

The CD and Q-factor for the chiral quasi-BIC reso-
nances are generally related to each other. An increase in
the asymmetric structures leads to a higher CD but is asso-
ciated with an increased radiation loss and hence a lower Q-
factor. Tang et al. recently reported a novel IRUE metasur-
face [111] that could independently control the CD and Q-
factor by tuning the twist angle of the vertical split-ring res-
onator and the height of the wall, respectively (Figure 3(c)).
The nonlocal surface lattice resonances caused the chiral
quasi-BICs of the integrated resonance metasurface. The
plasmonic metasurface showed a high Q-factor of 938 and a
CD of 0.67 in the mid-infrared band. Liang et al. proposed a
unique diatomic metasurface structure [112] that could
achieve sharply different spectral responses for an arbitrary
pair of orthogonal polarization states in full stocks, includ-
ing linear, circular, and elliptical polarizations. The diatom-
ic unit cell consisted of a vertically oriented split-ring res-
onator and a V-shaped meta-atom (Figure 3(d)), capable of
independently controlling the absorption and mode polar-
ization of the metasurface, respectively. Due to the near-
field coupling between the dissimilar meta-atoms within the
unit cell, the plasmonic metasurface produced an order of
magnitude field enhancement compared to the canonical
metal-dielectric-metal perfect absorbers.

The BIC can be utilized for enhancing not only linear
chiroptical effects but also nonlinear responses. For exam-
ple, a Si metasurface with broken-symmetry L-shaped meta-
atoms (Figure 3(e)) was proposed to facilitate the genera-
tion of the third harmonic with a large nonlinear CD from
+0.918+0.049 to —0.771+0.004 for different asymmetric
structures [113]. Another example was the planar chiral
metasurface [114] consisting of a square lattice of double-
side scythe o-Si meta-atoms (Figure 3(f)). The BICs with
strong birefringence of the planar chiral metasurface sup-
ported vortex elliptical eigen-polarizations with nonvanish-
ing helicity. By breaking in-plane structure symmetry or
tuning incident angles, maximal planar chirality could be
achieved. A measured CD of 0.81 was attained for third-
harmonic generation.

2. Amplitude and phase

The ability to manipulate the incident EM wave amplitude
and phase simultaneously contributes to the hologram in the
visible or near-IR band, as reported [24], [115], [116]. The
holographic image can be reconstructed perfectly accord-
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ing to the targets, while the traditional images cannot. Addi-  ways and significantly promote the advancement of holo-
tionally, the conventional hologram employs iterative algo-  grams. Complex amplitude manipulation can be performed
rithms, thus lowering the signal-to-noise ratio. The com- by expanding the Pancharatnam-Berry phase encoded onto
plex amplitude meta-hologram can be achieved in several the metasurface [115]. The PB phase is a geometric phase
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achieved by the space-variant polarization manipulations.
When two nanorods are combined as an X-shaped nanoan-
tenna, the amplitude and phase can be independently modi-
fied by inducing an extra tuning component, as shown in
Figure 4(d). The amplitude depends on the difference be-

tween the two nanorods’ rotation angles, while the phase re-
lies on their sum. According to the experimental results, the
complex amplitude hologram shows an enhanced signal-to-
noise ratio over the traditional holograms, which usually
lose amplitude information.
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Reflected amplitude (dB)
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Figure 4 Complex amplitude manipulation of the light field. (a)—(c) Dimensions and orientations of the unit cells to independently modulate the ampli-
tude and phase (a), reconstructed holographic images at an observation angle of —20 degrees (b), and the reconstructed holographic images at an observa-
tion angle of 0 degrees (c) [116]. (d)—(e) Schematic of the harmonic amplitudes and phases control (d), amplitude (e), and phase (f) spectra under different

bias voltages [117].

The modulation mechanism is acheived by varying the
size and rotation angle of a single nanoantenna (Figure
4(a)) [116]. Altering the orientation of the adjustable size
X-shaped nanoantenna is another expansion of the geome-
try phase principle. The phase varies with respect to the ro-
tation angle of the nanoantenna, while the amplitude is
modulated by varying the birefringence, which determines
the circular polarization conversion rate and thus defines
the transmitted amplitude. This ability is demonstrated by
designing two holograms with the same amplitude but dif-
ferent phases. The holographic images can be observed
from different angles by patterning the two holograms with
different gradient phases (Figure 4(b) and (c)). A 3D coil is
also reconstructed to show the superiority of the design
method.

Apart from varying the horizontal dimensions, alter-
ing the height of the nanopillar can also tune the transmit-
ted amplitude. Combined with the rotation angle, the joint
regulation of amplitude and phase can be accomplished
[24]. The regulation method can be implemented with the
help of three-dimensional printing technology, i.e., two-
photon polymerization. Two-photon direct writing is a pre-
cise 3D micro/nanofabrication technique for creating mi-
crostructures and photonic devices using high-power laser

beams to etch or polymerize materials. It differs from tradi-
tional single-photon lithography by using two laser beams
to achieve high resolution and sensitivity, restricting pho-
toreactions to the focal point [118]. With the use of this
method, Maier et al. demonstrated an OAM multiplexing
meta-hologram [24]. Up to two hundred holographic im-
ages were encoded into a single metasurface. Every two im-
ages were related to one OAM state and was reconstructed
in different planes. The crosstalk was suppressed due to the
joint manipulation of amplitude and phase, and the recon-
structon of two holographic videos in a single meta-holo-
gram was attainable.

Another important application that is relevant to every-
one and requires precise control of amplitudes and phases is
wireless communication. Mobile communications always
need harmonic manipulation. To customize the harmonics,
a commonly used method involves incorporating supple-
mentary amplifiers and phase shifters to meticulously regu-
late the amplitudes and phases of the harmonics after the
mixing process. However, this approach is known to cause
costly expenditures and system integration challenges. Cui
et al. demonstrated a 1-bit time-domain digital coding meta-
surface scheme to achieve the required harmonic control
(Figure 4(d), (e) and (f)) [117]. The harmonic amplitudes
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were modulated by the phase differences of the two states
defined by the biased voltages. The phase distribution of the
harmonics was subject to the time delay of the switching
functions for the meta-atoms.

The ability to control the amplitude and the phase si-
multaneously strengthens the metasurface to completely
handle the wavefront of the EM waves and performs vari-
ous advanced functions from holograms to wireless com-
munications [119]-[124].

3. Polarization and phase

EM waves have vectoriality. Therefore, incorporating po-
larization control into the functionality of metasurfaces,
mostly phase modulation, can cause them to be more versa-
tile and meet the requirements in a more comprehensive
range of applications [125]-[133].

For example, a metalens can work in a virtual imaging
device. It usually has a single focal spot defined by the fo-
cusing phase profile encoded onto the metasurface. The
most immediate change observed is the multiple focal spots
once inducing the DOF of polarization [134]. Multifocal
metalenses can focus incoming light on multiple focal
points, enabling the simultaneous capture of multidimen-
sional information. Yang et al. developed an imaging sys-
tem including a single mete-lens with two focus spots and
the corresponding image retrieval algorithm to obtain the
depth and polarization information within a single shot [135].
They were well suited for applications requiring variable
focal lengths, such as zooming in and out, making them ide-
al for video cameras, telescopes, and microscopes [136].

Additionally, due to the polarization-selective multifo-
cal metalens, various advanced imaging applications are
more easily performed, including chiral imaging. Usually,
polarization imaging is performed using cascading multiple
lenses and waveplates. A much more compact way is to
combine the lenses and the waveplates into a single meta-
surface (Figure 5(a)) [137]. A chiral beetle can be observed
under opposite helicity, showing diverse information by fo-
cusing the opposite circular polarization components from
the imaging target into different spots (Figure 5(b)). The
multiple-focus meta-lens faciliates a very intuitive, elegant,
and simple avenue to perform polarization imaging.

The vectoriality of EM waves contributes to vectorial
meta-holograms for various fancy functions and applica-
tions. For example, Li et al. proposed a metasurface design
scheme for independently controlling the phase and polar-
ization and demonstrated holographic image reconstruction
with arbitrarily spatially varying polarization states (Figure
5(c)) [138]. The supercell of the proposed diatomic meta-
surface consisted of two silver nanorods. These two
nanorods were always perpendicular to each other. Thus,
the reflected light could be observed as the composition of
the two orthogonal field components modulated by the two
nanorods in the supercell. The whole supercell defined the
phase. Moreover, the polarization state could be tuned by
varying the amplitude and phase differences of the field
modulated by the two nanorods. Specifically, the phase dif-

ference between these two components depended on the rel-
ative position displacement; the rotation angles of the
nanorods determined the amplitude ratio. Note that the two
nanorods were always set as orthogonal. In this way, the
phase and polarization could be tuned independently; the
encoding of the holographic image and the polarization
state at the subwavelength level was attainable. The diatom-
ic design made it much simpler to simultaneously modulate
phase and polarization parameters. Moreover, this ap-
proach effectively mitigated the challenges associated with
the design and fabrication processes by maintaining the
same size and shape of meta-atoms.

Another scheme to utilize the polarization channel in
holograms is to perform encryption. The encrypted infor-
mation can be allocated into the opposite circular polariza-
tion components. Li et al. demonstrated a multiplexing vec-
torial meta-hologram [139]. Twin holographic images were
encoded into the two circular polarization channels. Addi-
tional information could be encrypted using the overlap
area (Figure 5(d)). The image in the overlapped area could
be dynamic by continuously altering the phase difference
between the incident right and left circularly polarized light.
This dual-function device improved communication securi-
ty by providing the twin images. The designed IRUE could
be used to independently control phase profiles of the or-
thogonal polarization components and compensate for the
broadband phase by integrating the propagation phase and
geometric phase (Figure 5(e)) [44], [140]. The polarization-
dependent holograms are shown (Figure 5(f)).

4. Wavelength and phase

Metasurfaces for frequency manipulation can be divided in-
to two types, i.e., nonlinear metasurfaces [141]-[145] and
temporally modulated metasurfaces [146], [147], each of
which has advantages and limitations. Nonlinear metasur-
faces can significantly enhance the nonlinear response of
natural materials due to the strong resonant field enhance-
ment. Furthermore, nonlinear metasurfaces are free of strin-
gent phase-matching requirements since the nonlinear pro-
cess only occurs in a subwavelength-thick layer. However,
the nonlinear process requires high optical pump power,
and the overall frequency efficiency still needs improve-
ment; currently, plasmonic structures achieve an efficiency
of ~10719 [141]-[143] and all-dielectric designs achieve an
efficiency of ~107° [144], [145]. On the other hand, tempo-
rally modulated metasurfaces leverage the time domain as
another degree of freedom for light manipulation, enabling
regulation of the frequency property of EM waves. Tempo-
rally modulated metasurfaces can achieve a theoretical
maximum frequency-conversion efficiency of 100% for ser-
rodyne modulation with saw tooth phase modulation [146],
[147]. However, temporally modulated metasurfaces typi-
cally have a slight frequency shift of light from the kHz to
GHz range. Most temporally modulated metasurfaces are
experimentally demonstrated at microwave frequencies due
to the available mature active control components, such as
varactor diodes and PIN diodes, as well as printed circuit



Electromagnetic Wave Tailoring: From One Dimension to Multiple Dimensions

0030131-11

"

(a)

= (Xinzs Vimts> Zimt)
(Xops Vobs Zop) -
B
- I
B
x YN ( )
v "
- (Xiurs Vinks Zin)
5|
Full phase and polarization control
Phase  Polarization

i i i

cosy
ei2wing . .
elZnS/posu,ly/
Yy

(©)

A, 6

/;J-/
M
4

-
0

z
515 .k{‘/j ij
N X

Vectorial meta-hologram

Eincf

Silver
Silica

i b e e LR P T PR

. B v =1 &_N P %
1.o"e o _ @ ‘\ e N V0 T

- e e el = Nft b€ Rl Tl B
s2a v _i_ | D B \

"N 1 _rv_ s 0 DR e e o \
s~ 0 _0_1I . 5 .7 5.6

B 1 v 1 _B - - =N
. i B - g 3 ¢ & 9

I = 0 o _= = Sow IR ] W
W oe (. » et 2 N &

. . - - e 1 =\ _ e 2
a_0-0.0_ o S 3 5" 9%

- 1 _0 - P PR s Tl e
Rl B B | 1 151 = 8 o

Bl ® W o & i byl Wt Td Bl I

ll LI I = —_— ‘rl\ 4 I,—~

YRGS o8 a0 N 1 Y et s 21"
. - - 2 T A

[D)—eitr |5y

e )

‘a_+>_>67120 (x, »’)‘57>

‘5:>4,e;20 (x, y)‘8_+>

Polarizer

x-polarized component

@=45° or —135° 9=135° or —45°

Collimating lens

t .
] NS
’ ; N0
} N
laser LP Metasurface

Fiber-coupled
Collimating lens QWP @1 35°
% =
N
1
RS
- e Ja N0
Fiber-coupled ‘ S

laser Lp Metasurface

Figure 5 Polarization and phase manipulation of the light field. (a) Circular polarization multiplexed metalens [137]; Different focal points for LCP and
RCP components allow viewing of an object through images from both. (b) Images shown at the two focuses for the LCP and RCP light. (¢) Diatomic
metasurface for vectorial holography [138]; The phase difference depends on the relative position displacement, and the amplitude ratio depends on the ro-
tation angles of nanorods. (d) Overlap region hologram for encryption [139]. (e) IRUE design for vectorial applications [140]; The IRUE design can con-
trol the phase profiles of arbitrary orthogonal polarization components using propagation and geometric phases. (f) Vectorial hologram reconstructed by

the IRUE-designed metasurface [140].

board (PCB) technologies.

Temporally modulated metasurfaces incorporating
spatial modulation, namely, spatiotemporally modulated
metasurfaces, have attracted extensive attention due to their
appealing flexibility for controlling the frequency and phase
properties of light [8], [148]-[151]. Applying time-gradient
control signals to the meta-atoms results in an equivalent
phase gradient at one specific harmonic, thereby steering
the beam in the intended direction [148]. Nevertheless, spa-
tiotemporally modulated metasurfaces generally produce
undesired harmonics (sideband), reducing the frequency

conversion efficiency and polluting useful signals. This lim-
itation has been recently overcome by integrating a spa-
tiotemporally modulated metasurface with a waveguide,
namely, space-time-coding (STC) metasurface antennas [8],
[152], [153], as shown in Figure 6(a). The STC metasur-
face antenna can translate the in-plane guided waves into
out-of-plane propagating waves with a desired converted
frequency in free space. Due to the enormous momentum
mismatch, the undesired harmonics are suppressed in both
free space and the waveguide. A high frequency-conversion
efficiency of ~80% and beam steering have been demon-
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strated for space-time-coding metasurface antennas through
1-bit ON-OFF switching of the coupling state of the meta-
atoms. The STC metasurface antenna can simultaneously
generate and independently manipulate multiple harmonics
and their wavefronts by sharing the same radiating aperture
(Figure 6(b)).

Nonlinear metasurfaces significantly enhance the non-
linear response of natural materials and provide the flexibil-
ity to efficiently engineer the phase of nonlinear waves.
Phase control for nonlinear metasurfaces can be implement-
ed by a geometric PB phase for circular polarization (CP) or

an abrupt phase change for linear polarization incidence.
The introduced geometric PB phases for nonlinear waves
are (n—1)8c and (n+ 1)fc for different circular polariza-
tion nonlinear waves [156]. o = =1 and represents for the
same or opposite circular polarizations to that of the funda-
mental wave, n is the nonlinear order, and 0 is the orienta-
tion angle of the meta-atom. Furthermore, only a particular
harmonic order with a specific circular polarization can be
generated by carefully designing the rotational symmetry of
the meta-atom [156]. For example, Tseng et al. demonstrat-
ed a nonlinear metalens that simultaneously achieved sec-
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ond-harmonic generation and light focusing at vacuum ul-
traviolet frequencies [154]. A triangularly shaped zinc ox-
ide (ZnO) meta-atom with C; rotational symmetry (Figure
6(c)) was adopted to achieve a full 2 phase range for the
nonlinear wave by rotating the meta-atom. The nonlinear
metalens could convert the 394 nm fundamental light into
focused 197 nm radiation with a 1.7 pm-diameter spot.

Elliptical nanopillar Si-based meta-atoms with differ-
ent geometric dimensions are used for linearly polarized
pump waves to provide a full 27 phase range for the third-
harmonic field. The electric and magnetic Mie resonances
facilitate nonlinear efficiency enhancement and high direc-
tionality of the nonlinear waves. Different wavefront shap-
ing, including beam deflection, vortex beam generation, and
light focusing [145], is demonstrated for the all-dielectric
nonlinear metasurface at the third-harmonic frequency, as
shown in Figures 6(d) and (e). Nonlinear metasurfaces with
simultaneous frequency conversion and wavefront engi-
neering provide a new route to many applications. One il-
lustrative example is computational edge detection [155], as
shown in Figure 6(f). By using metallic quantum wells with
intensity-dependent optical constants, the phase difference
of the two sheared images can be tuned by the input intensi-
ty. Therefore, a single nonlinear metasurface can achieve
different computational imaging from an edge image to a
diffracted full image by tuning the illumination light inten-
Sity.

5. Polarization, amplitude, and phase

With further increased DOFs of the EM wave tailored by
metasurfaces, much more versatile and promising high-di-
mensional light field manipulation functions can be
achieved by tailoring the complex amplitude of both or-
thogonal polarization channels.

For example, the information can be encoded into the
metasurface as a hologram in the far field and nanoprinting
in the near field in multiple polarization channels. The first
experimental single-layer metasurface demonstration of en-
coding four independent channels of optical information,
two holograms, and two nanoprinting images in orthogonal
polarization states was shown by Xu et al. [157]. The bire-
fringent elements were selected as the nanoantennas, and
thus, the orthogonal polarizations had opposite-handedness
after being modulated by the nanoantenna. Thus, the Jones
matrix solved the complex amplitude modulation in both
polarization channels. They found that the Jones matrix of
the unit cell for the control of the complex amplitude of
both channels could be expressed as a combination of two
different Jones matrices. This solution was intuitive and
easily applied to practice. The unit cell was composed of
two birefringent elements, and each was responsible for one
of the Jones matrices by varying the dimensions and the ori-
entations. As a demonstration, they encoded dual holo-
graphic images and dual nanoprinting images in both circu-
lar polarizations (Figure 7(a)) [140]. Figure 7(b) shows the
two nanoprinted images and the holographic images encod-
ed in the single-layer metasurface. The proposed intuitive

design method and the demonstrated platform provide pos-
sibilities of concurrent and autonomous manipulation of
both the phase and amplitude for two orthogonal polariza-
tions. In addition, this design can function across a broad
range of frequencies, enabling the reconstruction of full-
color images using both nanoprinting and holographic tech-
niques.

Thus, the Jones matrix method has been proven to be a
practical approach for addressing wavefront transformation
issues related to polarization. This method was soon ex-
panded to increase the information channels, i.e., triple sets
of nanoprinting and holographic images encoded in a sin-
gle-layer metasurface (Figure 7(c)) [158]. The unit cell of the
proposed metasurface was composed of four nanoblocks of
the exact same dimensions with different orientations. The
nanoantenna was optimized to only respond to the polariza-
tion parallel to its long axis. The output Jones matrix could
be expressed as six equations for an arbitrary incident po-
larization. As three pairs of amplitudes and phases needed
to be determined, a unit cell required at least three nanoan-
tennas providing six DOFs (three pairs of positions and ori-
entations). An additional nanoantenna was included in the
unit cell to prevent potential overlap, referring to the upper
right corner of Figure 7(c). The bottom panel of Figure 7(c)
shows the experimental results of the triple groups of en-
coded images, the nonprinted faces, and the reconstructed
letters.

Polarization-controlled wavefront manipulation can al-
so contribute to the dynamic optical display (Figure 7(d))
[159]. This is achieved by tailing the polarization distribu-
tions in addition to the complex amplitude distribution, and
the polarization does not work as an information channel.
This technology enables the invention of elaborate and ap-
pealing visual displays that can be used in various scenes,
from entertainment to scientific research.

Integrating the polarization dimension into complex
amplitude wavefront modulation provides numerous advan-
tages in various applications [160], from enhancing the in-
formation capacity to dynamic display and polarized space
folding.

6. Polarization, wavelength, and phase

Broadband and narrowband wavefront shaping both have
significance in related areas. Broadband modulation is es-
sential for full-color display applications. In contrast, spec-
tral control is sometimes necessary, especially when only
part of the wavelengths need polarization and phase modu-
lation, leaving others unaffected.

The quasi-BIC has emerged as an effective spectral
control method, including spectral polarization and phase
control. Alu et al. proposed a metasurface supporting chiral
BICs. The unit cell of the metasurface was composed of
two sets of stacked nanopillars with different twist angles
(inset of left panel, Figure 8(a)). This could achieve strong
chiral effects in a selected narrowband. Combined with the
PB phase principle, the metasurface could tailor the phase
of the selected spectral of the incident beam while leaving
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others transmitting without modulation (left of Figure 8(a)).
The right panel of Figure 8(a) shows the simulated tilted
plane wave under gradient phase modulation. Figure 8(b)
shows the mode distribution under resonance excitation in-
cidence. Figure 8(c) displays the far fields under different
circular polarizations, and the near-unity anomalous reflec-
tion can only be excited under right circular polarization.
The proposed design method could be used to perform
more complex wavefront tailoring, especially when there is
a requirement to encode different phase profiles to specific
wavelengths [161].

The complete phase and polarization manipulation en-
able the vectorial hologram of continuous vector variation,
leading to better information encoding. However, color,
which is one of the most intuitive features for human be-
ings to understand the world, has not yet considered. To ful-
ly use such properties, Zhao et al. demonstrated a full-color
and arbitrary polarization hologram (Figure 8(d)) [162]. For

the first time, they showed a minimalist and exquisite de-
sign method to fully tune the polarization and color of the
incident beam. The unit cell was composed of two kinds of
rectangular nanoantennas. Under linear polarization inci-
dence, these two nanoantennas generated two circular po-
larization states in their £1 (or opposite) diffraction orders
(Figure 8(e)). The output of a single unit cell was the sum
of the two components; thus, the variation of its phase and
amplitude by tuning the orientations of the two kinds of
nanoantennas was possible, and the polarization states were
defined. As polarization control was attained in the first
diffraction order, it could perform full color holography
with arbitrary polarizations through k-space ptychography
[165]. When selecting the dimensions of the nanoantennas,
the holographic images will be reconstructed with the same
polarization states only if the phase compensation of the
three primary colors (633 nm, 532 nm, and 473 nm) is ful-
filled. The proposed minimalist approach effectively cir-
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cumvented the need for complex nanostructure searching
and challenging fabrication processes.

Duan et al. demonstrated a full-color hologram by in-
tegrating multiple polarization channels [164]. Three prima-
ry colors and three polarization channels were multiplexed
using a noninterleaved metasurface (Figure 8(f)). The ad-
vantage was that the crosstalk was almost zero, and there
was no interleaving-induced degradation of efficiency; thus,
the reconstructed holographic images had high quality.
Their work was the first demonstration of a full-color holo-
gram with near-zero crosstalk.

The co-manipulation of the DOFs of polarization,
wavelength, and phase shows the potential of advanced
wavefront manipulation. For example, various advanced
holograms have been demonstrated. Li et al. further perfect-
ed EM wave manipulation by integrating the DOF of ampli-
tude [166]. They first derived analytical equations from
seamlessly tailoring the phase, polarization, and amplitude
achieved by the geometric and detour phases unrelated to
wavelengths. The wavelength multiplexing was then inte-

grated using the k-space engineering technique to recon-
struct a full-color complex-amplitude vectorial meta-holo-
gram (Figure 8(g)).

Multidimensional manipulation of light is a ground-
breaking capability that opens up new possibilities for pro-
ducing novel phenomena and facilitating various applica-
tions, including the precise and reliable reconstruction of
the optical information.

IV. Conclusion and Perspectives

We have reviewed the research progress of metasurfaces in
recent years from the perspective of different EM wave
modulation dimensions. Single-dimensional modulation in-
cludes phase, polarization, amplitude, wavelength, and or-
bital angular momentum. Multidimensional modulations in-
clude polarization-wavelength modulation, amplitude-phase
modulation, polarization-phase modulation, wavelength-
phase modulation, polarization-amplitude-phase modulation,
polarization-wavelength-phase modulation, and polarization-
wavelength-phase-amplitude modulation. The performance
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of single-dimensional modulation is limited in specific sce-
narios. However, after multidimensional modulation, the
limitations of single-dimensional modulation can be over-
come, and more flexible and diverse EM properties can be
obtained. The advantages consist of achieving multiplex-
oriented applications, such as massive information storage,
transmission, and exotic vectorial field reconstructions. It
has broad application prospects for the full potential of ad-
vanced EM field manipulation.

We anticipate several promising avenues for high-
dimensional control of EM waves, which have the potential
to exert a profound impact on EM devices.

Development of multidimensional applications Multi-
dimensional modulation primarily focuses on two dimen-
sions, with demonstrated applications mainly in hologra-
phy and nanoprinting. Therefore, two important research di-
rections are to increase the modulation dimensions and to
explore new applications.

Achieving independent manipulation of every dimen-
sion of electromagnetic waves is challenging because the
dimensions are intrinsically linked when varying the meta-
atoms’ geometrical parameters. Therefore, the determination
of a method to decouple the links is highly important.

Metasurfaces have numerous advantages over conven-
tional devices, making them a promising direction to develop
new applications using well-established high-dimensional
modulation principles. By leveraging these advantages and
exploring new applications, metasurfaces could facilitate
new possibilities for manipulating light and advancing opti-
cal technologies.

Development of multidimensional and tunable meta-
devices The functionalities of multidimensional modula-
tion devices are predominantly static. Nevertheless, practi-
cal demands necessitate flexible and adaptable control. For
instance, in the field of holography, existing multidimen-
sional modulation devices are typically limited to produc-
ing holograms with fixed patterns. However, in practical
applications, such as 3D displays or security systems, the
dynamic and flexible manipulation of EM wavefronts is
crucial for achieving optimal performance and functionali-
ty. Therefore, there is a need to develop tunable devices un-
der high-dimensional modulation that can provide flexible
and adaptable control over EM waves.

Integrating multidimensional modulation devices into
a practical system While many significant advancements
have been made in the research and functional demonstra-
tion of electromagnetic wave control principles, their practi-
cal applications in engineering are still limited. Despite the
successes, many challenges need to be overcome to achieve
practical implementation, such as the development of high-
ly efficient and cost-effective technologies that can operate
effectively in the real-world environment. Hence, further
efforts are needed to bridge the gap between theoretical re-
search and practical engineering applications [167]-[169]
and to identify new solutions that can meet the demands of
industry and society.
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