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Metastructures (MSs) are artificial electromagnetic materials with specific design sizes, and their structure
is composed of periodic or aperiodic arrangements of basic elements. These new electromagnetic
materials exhibit some unique electromagnetic properties and phenomena compared with natural
materials and can achieve richer and more personalized functions. Various phenomena based on MSs
have attracted the interest of many researchers, among which absorption and polarization phenomena
have attracted much attention due to their unique functions and properties. Different from ordinary
absorbers and polarization converters (PCs), devices that are studied and designed using the absorption
and polarization properties of MSs have often demonstrated better performance and unique functions
and are widely used in different fields and disciplines, such as military, communications and medicine,
with extensive potential. In the early days, absorbers and PCs had various problems, such as single
frequency performance, poor controllability, angle sensitivity, and narrow bandwidth, and the
introduction of MSs has improved and solved these problems. This article reviews the development of
MS-based absorbers and PCs and describes their reconfigurable techniques, performance optimization
techniques, and potential applications. In addition, it analyzes and discusses the latest research on

Received 28th August 2025,
Accepted 6th November 2025

DOI: 10.1039/d5¢cp03307a
absorption and polarization phenomena based on MSs and put forward the possible future research

Published on 10 2025. Downloaded on 06.06.2026 13:25:30.

rsc.li/pccp directions and prospects.

1. Introduction

Metastructures (MSs) are artificially engineered dielectric struc-
tures with electromagnetic properties that are not found in
natural materials, and they are capable of actively regulating
and manipulating electromagnetic waves (EWs). Typically
composed of subwavelength unit cells, MSs can be categorized
into three types based on the relationship between their
structural dimensions and operational wavelength: photonic
crystals, electromagnetic metasurfaces, and electromagnetic
MSs. Photonic crystals' are artificial dielectric structures
composed of a variety of media with different refractive indices
that are periodically arranged, and its unit cell size is equivalent
to the working wavelength. Photonic crystals selectively inhibit
the propagation of specific wavelengths of light by forming a
photonic band gap, similar to the control of electrons by
semiconductors, thereby realizing the regulation of light waves.
Electromagnetic MSs> are man-made materials with special
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electromagnetic properties, which often have wavelengths
much smaller than the operating wavelength, and they have
some special electromagnetic properties, such as negative
refraction,® super-transmission,* absorption,” and stealth.®
Electromagnetic metasurfaces’ are similar to electromagnetic
MSs, but their thickness is extremely thin, and they can
be regarded as two-dimensional electromagnetic MSs.
Metasurfaces can achieve effective and flexible control of the
propagation mode, EW phase, polarization mode, and other
characteristics. The unique properties of electromagnetic MSs
are not inherent characteristics of the unit materials but stem
from the shape and placement of all elements in the constitu-
ent units.® That is, the composition, size, and arrangement of
the structural units or unit cells have significant impacts on the
electromagnetic properties of MSs. Therefore, precise control of
the frequency, amplitude, propagation direction, polarization,
and other characteristics of EWs can be achieved through
rational designing.’

Soviet scientist Veselago'® first proposed an important con-
cept in 1967: the dielectric constant and magnetic permeability
of left-handed materials are both negative. In addition, he
successfully predicted unique electromagnetic phenomena,
such as negative refraction, inverse Doppler frequency shift,
inverse Doppler effect, and anomalous Cerenkov radiation,
in left-handed materials. Owing to the lack of left-handed
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materials in nature, these advanced theories were not valued
and developed for a considerable period of time. In 1996, a
turning point occurred when Pendry et al.'! first verified the
existence of a negative dielectric constant using thin metal wire
structures arranged periodically in a cubic lattice. Then, in
1999, it was demonstrated that the effective magnetic permeabil-
ity obtained by using split rings can be adjusted to values that
cannot be obtained in natural materials. The experiments of
Pendry and other scholars confirmed Veselago’s theory on nega-
tive dielectric constant and magnetic permeability and further
promoted the development of electromagnetic MSs. Based on
Pendry’s research work, Professor Smith"? successfully measured
the negative refractive index of copper composite materials in
2001 and prepared the world’s first electromagnetic MS. The
results were published in the journal Science, sparking enthu-
siasm for the study of MSs. In 2006, Pendry et al.™® conducted
further research and proposed the theory of transformation
optics, which means that arbitrary control of EWs can be achieved
through the design of MSs.™ They also provided design ideas and
implementation schemes, further promoting the research on MSs
that can freely control electromagnetic parameters.

With the advancements in research, regulatory devices
designed based on MSs continue to emerge, such as invisibility
cloaks,">*® sensors,"®! perfect absorbers,>>> polarization
converters®*>® and radar antennas.’*> These devices have
been widely used in fields such as national defence and
security, aerospace, communication technology, and other
emerging technologies. Among various MS devices, absorbers
and polarization converters (PCs) are widely used in various
fields and play an indelible role.

The main structure of an absorber usually includes a reso-
nant unit and a dielectric substrate. The absorption of incident
EWs by absorbers is converted into other energy by matching
impedance.*® The polarization of EWs refers to the variation of
the electric field strength vector over time. If the variation follows
a certain pattern, they are called polarized EWs. These can be
divided into three types, namely linear polarization, circular
polarization, and elliptical polarization. The endpoint trajec-
tories of their electric field intensity vector correspond to straight
line segments, circles, and ellipses, respectively.*’*° In MSs,
absorption and polarization are mutually influential, and the
impact of polarization on the absorption of MSs depends on
their anisotropy or isotropy. When electromagnetic waves strike
an MS, impedance matching causes these waves to be converted
into thermal energy through ohmic, dielectric, and magnetic
losses. In isotropic MSs, the absorption of linearly, circularly,
and elliptically polarized waves remains consistent before and
after polarization, meaning the absorption characteristics stay
unchanged. However, when the MS exhibits anisotropy, the
matching impedance varies with different polarization states,
thereby affecting absorption. This demonstrates that polariza-
tion influences the absorption properties of MSs. Since most
MSs are anisotropic, polarization is generally recognized as a
significant factor affecting their absorption performance.

The absorption of MSs is primarily influenced by the sym-
metry of their structural units. For linearly polarized waves, the
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absorption efficiency is highly dependent on the relative angle
between the polarization direction and the hyperstructure
configuration, demonstrating polarization sensitivity. However,
highly symmetric structures exhibit a small absorption differ-
ence under linear polarization, even achieving polarization
insensitivity at large angles. For circularly polarized waves,
the absorption performance depends on chirality. Chiral struc-
tures show significant absorption differences between left-handed
and right-handed polarizations, whereas symmetric structures
demonstrate identical absorption for vertically incident left-
handed/right-handed circular polarizations, without noticeable
effects. As the most general form, elliptically polarized waves are
typically considered the superposition of two distinct circular
polarizations with different chirality directions. Consequently,
the absorption performance of these hyperstructures is influenced
by both ellipticity and the orientation angle.

Early absorbers had high absorption rates (ARs) for a specific
frequency, limited absorption bandwidth, poor tunability, polar-
ization sensitivity, and other issues, which restricted their applica-
tions. The advantages of MSs lie in their unique electromagnetic
properties that enable the precise control of incident electromag-
netic waves. Compared with other traditional materials, they can
better regulate the operating frequency and bandwidth, while
achieving higher absorption rates and polarization conversion
efficiency (PCR). Additionally, with the use of tailored materials
and active devices during design, MSs can switch between operat-
ing frequency bands and states. This means that MSs possess
advantages, such as compact size, easy integration, diversified
functions, high performance, strong personalization, and excel-
lent tunability. Therefore, absorbers based on MSs have the
advantages such as low thickness, stronger absorption effect,
light weight, and the ability to dynamically control electromag-
netic parameters. In both military and civilian fields, their appli-
cation potential is enormous, including in radar stealth,***
thermal radiation stealth,>*?” electromagnetic shielding,**°
wireless energy transmission’®*! and other fields, providing
important technical support to meet the rapid development
needs of modern information technology.*” By introducing
MSs and researching the design technology, device performance
has been greatly improved, and its functionality has been greatly
expanded. For example, the frequency domain of electro-
magnetic MS absorbers has expanded from the microwave band
and gigahertz (GHz) to terahertz (THz),"> near-infrared,**
far-infrared,*> and visible light bands.*®

In practical applications, it is often necessary to detect or
change the polarization characteristics of EWs, such as the
conversion of linearly polarized waves into circularly polarized
waves, which play an important role in antenna design, optical
communication, polarization filters, and other fields.>® An MS-
based PC is a device that utilizes MS to achieve the polarization
state conversion of EWs. Through its unique structure and
material properties, it can effectively achieve this. This type of
converter is typically composed of multiple layers of metal or
dielectric topological structures, with a simple design and easy
integration. Compared with conventional devices, PCs based on
MSs have a lot of advantages, including simple design, small
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size, thinness, easy integration, flexible design, and customiz-
able electromagnetic parameters.”’ They have broad applica-
tion prospects in fields such as antennas,®*° sensing,*®™>®
radar’®®® and imaging.®"%*

Studying the design technology of MS-based PCs can help
improve the efficiency of PC design and enhance its flexibility,
controllability, and ability to control EWs. However, their sub-
wavelength dimensions and complex structural models pose
challenges in their manufacturing processes, leading to higher
costs. Moreover, the absorption and polarization effects of MSs
are closely related to their structural models, resulting in
significant variations in performance under different incident
angles. This sensitivity to incident angles and polarization
makes them prone to polarization sensitivity issues. Therefore,
MSs also have problems, such as incident angle sensitivity,
polarization sensitivity and bandwidth limit.

In this work, as illustrated in Fig. 1, we present the design
and investigation of absorption and polarization functions
based on MSs from four key perspectives: historical review,
design techniques, recent research advances, and challenges
and prospects. The organization of this article is outlined in
Fig. 2. We begin by defining and categorizing the concept of
MSs, followed by a review of the development history of MS-
based absorbers and polarization converters (PCs). We then
provide a detailed introduction to the design methodologies
used for these devices, covering both reconfigurable technolo-
gies and performance enhancement strategies, along with
examples of specific applications. The subsequent sections
explore recent research and application trends in MS-based
absorption and polarization control. Finally, the article con-
cludes with a summary of findings and a discussion on the
current challenges and future prospects in the field.

2. Development of absorbers based on
MSs

The development of MS-based absorbers can be traced back to
2008, when Landy et al.* first proposed an absorber design
based on an MS and experimentally verified its functionality.
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Fig. 1 . Summary of the review: absorption and polarization based on MSs

from four aspects, namely, historical review, design techniques, latest
research, and challenges and prospects.
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Fig. 2 Roadmap of the review, showing the progression of topics.

As shown in Fig. 3(a), the absorber was composed of a square
electric resonator, a dielectric substrate, and short wires from
the top to bottom, achieving nearly 100% absorption at
11.65 GHz and high absorption near a narrowband. This
research pioneered the use of MS in designing light absorbers.
Compared with traditional absorbers,** these have higher ARs,
smaller sizes, thinner and lighter masses, along with richer
potential applications. However, this type of absorber only has
high AR at specific frequencies, which limits its application.
In contrast, broadband MS-based absorbers have a wider
absorption frequency range, stronger adaptability, and better
electromagnetic compatibility, which make them more widely
applicable. Since 2010, the absorption frequency range of MS-
based absorbers has gradually expanded from single-frequency
points®*®* and multi-frequency points®*®” to broadband.®®®°
In 2010, Li et al.”® designed a dual-band MS absorber consisting
of four resonators rotated at 90°, as shown in Fig. 3(b). The
simulation results demonstrated that this absorber had two
perfect absorption points near 11.15 GHz and 16.01 GHz, which
respectively maintained ARs of over 90% and 92%. In 2018,
Shrestha et al.”* proposed a broadband infrared metasurface
absorber using indium tin oxide and an asymmetric Fabry
Perot cavity, as shown in Fig. 3(c). In the 4-16 pm wavelength
range, its AR exceeded 80% and remained stable over a wide
range of incident angles. In 2020, Fan et al”® designed a
broadband electromagnetic MS absorber loaded with patch
resistors, as shown in Fig. 3(d). This design exhibited an AR
of over 90% and a relative bandwidth (RB) of over 119.2% in the
frequency range of 2.55-10.70 GHz. Compared with other
absorbers, loading surface-mount resistors in metal resonant
structures has two main advantages. On the one hand, it can
effectively adjust the equivalent impedance and achieve maxi-
mum AR by achieving a perfect impedance matching; on the
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(a) First MS-based absorber. Reproduced from ref. 23 with permission from Physical Review Letters, copyright 2008. (b) Dual-band MS absorber.

Reproduced from ref. 70 with permission from Progress In Electromagnetics Research, copyright 2010. (c) Broadband infrared MS absorber. Reproduced
from ref. 71 with permission from Acs Photonics, copyright 2018. (d) Broadband MS absorber loaded with patch resistors. Reproduced from ref. 72 with
permission from Materials, copyright 2020. (e) Broadband MS absorber composed of square copper tiles. Reproduced from ref. 73 with permission from

Materials, copyright 2023.

other hand, surface mount resistors can convert surface current
into heat for consumption and have a good absorption effect on
incident EWs. In 2023, Kim et al” reported a broadband MS
absorber consisting of square copper tiles connected to four chip
resistors, as shown in Fig. 3(e). According to the computed results,
it had a wide RB of —10 dB and a fractional bandwidth of 63.83%
from 6.57 to 12.73 GHz. It is worth mentioning that in this work,
the optimal combination of copper tiles was obtained by applying
a genetic algorithm (GA) for automatic program design to achieve
broadband absorption. The use of a genetic algorithm greatly
improved the design efficiency and optimized system perfor-
mance. The above-mentioned studies on electromagnetic MS

absorbers provide different methods and design ideas for
achieving broadband design goals, making important contribu-
tions to the construction of frequency-diverse communication
systems and advancing the field of MS-based absorbers.

In addition, the operating frequency domain of MS-based
absorbers has gradually expanded from the microwave
band”*”® to THz,”®”” near-infrared,”®”® far-infrared,?*®! and even
visible light band.®*** In 2008, the team of H. Tao at the
University of Central Florida in the USA** extended the MS-
based absorbers to the THz band-based on the “double opening
split ring resonators (SRRs) dielectric layer metal wire” structure
for the first time, as shown in Fig. 4(a), with an AR of 70% at
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(a) Absorber with a “dual opening SRRs dielectric layer metal wire” structure. Reproduced from ref. 24 with permission from Optics Express,

copyright 2008. (b) Broadband absorber made of a metal dielectric multilayer composite material. Reproduced from ref. 84 with permission from Applied
Physics Letters, copyright 2014. (c) Multi-frequency absorber in the near-infrared band, with a metal grating structure. Reproduced from ref. 85 with
permission from IEEE Access, copyright 2020. (d) Perfect absorber in the long-wavelength infrared range. Reproduced from ref. 81 with permission from
Light: Science & Applications, copyright 2021. (e) Broadband absorber with a manganese-silicon dioxide—manganese three-layer structure. Reproduced

from ref. 86 with permission from Scientific Reports, copyright 2023.
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1.3 THz. Although the absorption efficiency reported in this work
was not very high and offered a single-frequency point absorp-
tion, this work made a pioneering contribution to identifying
applications in the THz band, providing ideas for subsequent
research and design. In 2014, Zhu et al.®* prepared an ultra-
wideband absorber in the THz frequency domain using metal
dielectric multilayer composite materials, as shown in Fig. 4(b),
with an AR of over 80% in the 0.7-2.3 THz range. The RB of this
design was about 127%, which was bigger than the total absorp-
tion width of the THz frequency previously reported and indi-
cated higher practicality. In 2020, Wu et al.® presented a multi-
frequency MS absorber based on a metal grating structure that
could operate in the near-infrared band, as shown in Fig. 4(c).
The results indicated that for transverse magnetic (TM) wave
incidence, the absorber presented four different absorption
peaks, with an AR exceeding 97%. For transverse electric (TE)
wave incidence, the AR approached zero in the operating fre-
quency domain. In 2021, Zhou et al.®** designed a perfect absor-
ber with an ultra-wideband in the long-wave infrared range.
As shown in Fig. 4(d), both types of Ti/Ge/Si;N,/Ti absorbers
exhibited high ARs exceeding 90% over a wide wavelength range
from 8 to 14 pm, covering the entire long-wave infrared range.
This absorber can exhibit perfect broadband absorption in the
ultra-long infrared wave range and has the advantages of small
size, simplicity, and low cost. It may be applied in fields, such as
thermal emitters, infrared imaging, and photo detectors in the
future. In 2023, Sayed et al.®® proposed a broadband absorber
with a manganese-silicon dioxide-manganese three-layer struc-
ture and optimized various parameters using the particle swarm
optimization algorithm (PSO). As shown in Fig. 4(e), the optimal
parameters can achieve absorption of over 94% in the visible-
light range, with an average AR of 98.72%, and even a perfect AR
of over 99% in the 447-717 nm range. At present, the application
of MS-based absorbers has significantly expanded to various
frequency domains, not only expanding the application scope
of the absorbers, but also meeting the growing demand for high-
frequency applications.

Traditional absorbers often exhibit instability when facing
EWs with large angles of incidence or different polarization
states, which limits their application in complex electromag-
netic environments. Therefore, improving the angle and polar-
ization insensitivity of absorbers is one of the significant
directions in current research, and there have been many
solutions so far. In 2010, Zhu et al.*” proposed a polarization-
insensitive microwave absorber by using an MS, as shown in
Fig. 5(a). Its lattice unit consisted of a quadruple, rotationally
symmetric electric resonator and a cross structure at the
bottom of the dielectric substrate to achieve electrical and
magnetic resonance, effectively absorbing the incident wave
energy. For incident EWs of different polarizations, the micro-
wave AR was 97%, and the absorption efficiency of TE and TM
waves reached over 90% in a wide incident angle range of 0° to
60°. In 2018, Nguyen et al.®® designed a broadband MS absorber
consisting of eight resistance-arm units, as shown in Fig. 5(b),
which was suitable for X-band (8.20-12.40 GHz) applications
and achieved broadband and wide-angle absorption. From 8.20 to
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Fig. 5 (a) Polarization-insensitive microwave absorber based on an MS.
Reproduced from ref. 87 with permission from Progress In Electromag-
netics Research, copyright 2010. (b) Broadband MS absorber composed of
eight resistance-arm units. Reproduced from ref. 88 with permission from
Scientific Reports, copyright 2018. (c) Multi-channel absorber with one-
dimensional graphene topological photonic crystals. Reproduced from ref.
89 with permission from Optics Letters, copyright 2018. (d) Ultra-thin
incident-angle-insensitive three-band absorber. Reproduced from ref. 91
with permission from MDPI, copyright 2025.

13.40 GHz, the AR of the MS absorber was greater than 90% at
any polarization angle. In both TE and TM modes, the EWs
maintained high ARs when the incident angle was increased
from 0° to 60° and 65°. In the same year, Wang et al.®® presented
a multi-channel absorber made of graphene one-dimensional
topological photonic crystals, as shown in Fig. 5(c). The results
showed that the multi-channel absorption peaks of the perfect
absorber were very narrow, and the AR exceeded 97% at incident
angles of 0° to 50°. In 2021, Jiang et al. proposed a novel optical
microwave absorber® that used square spiral elements in the
impedance layer to increase the absorption bandwidth and
improve stability under high angles of incidence. The experi-
mental results showed that by using planar and conformal
configurations with different curvatures, the absorber achieved
a transmittance of 69.4%, a wide absorption band of 85.7%,
excellent angular stability at 60°, and polarization insensitivity at
various angles. In 2025, Zheng et al.®’ proposed an ultra-thin
three-band MS absorber, with an incident-angle-insensitive
structure consisting only of metal patches, dielectric layers,
and copper grounding, as shown in Fig. 5(d). This absorber
showed a high AR and three absorption bands, covering the C-
band, X-band, and K-band. As mentioned above, by designing
new structures (such as quadruple rotationally symmetric reso-
nators, cross structures, and square spiral elements) and opti-
mizing the material parameters (such as the introduction of
impedance layers and compensation layers), the stable absorp-
tion ability of the absorbers to various incident angles and
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polarization states of EWs can be improved to meet the needs of
radar systems and communication equipment. The excellent
angle stability performance makes these devices widely applic-
able in multiple fields, as they can effectively absorb EWs in
various complex environments, reduce electromagnetic inter-
ference, protect sensitive equipment, and promote the overall
operation of the system.*”

A review of the research progress in the operating frequency
band and performance of MS-based absorbers reveals that by
adopting different design schemes, this type of absorber has
successfully achieved broadband design goals, and its applica-
tion frequency band has also extended to the THz, near-
infrared, far-infrared, and even visible light bands. More
importantly, the existing MS absorbers exhibit excellent angu-
lar stability at different incident and polarization angles,
achieving efficient absorption of EWs over a wide range of
incident and polarization angles. However, the research on
traditional absorbers in various frequency bands has become
relatively saturated, and the electromagnetic environment in
practical scenarios has become more complex and varied.
Traditional single-function absorbers can no longer meet the
growing scientific and application needs. Therefore, developing
absorbers with multifunctionality and tunability is a new
challenge yet necessary for addressing future electromagnetic
environments.

3. Development of PCs based on MSs

In 2007, Hao et al.®® proposed the theory that the polarization
state of EWs can be effectively controlled using anisotropic
materials, and by adjusting material parameters, various pos-
sible polarization modes can be achieved. They also designed
an “I-shaped” pattern of an MS-based PC, as shown in Fig. 6(a)
for verification. Through microwave experiments, it was veri-
fied that the PC could completely convert linearly polarized
EWs into cross-polarized EWs. The PC achieved a polarization
conversion rate of over 90% at 6.80 and 12.86 GHz. This work
successfully demonstrated the possibility of applying MSs to
manipulate the polarization state of EWs, providing a direction
for future research. Subsequently, PCs based on MSs gradually
emerged for conversion between various polarization states.
In 2018, Xu et al.”® designed an H-shaped line-to-line PC based
on an MS, as shown in Fig. 6(b). In the frequency range of
7.00-19.50 GHz, this polarization converter could achieve over
90% PCR and an RB of 94%. This PC met the ultra-wideband
requirements and had a simple surface structure that was easy
to process. In 2019, Guo et al.®® used a photonic crystal plate
structure to achieve arbitrary linear polarization conversion, as
shown in Fig. 6(c). Even when the incident light direction
was changed, for a fixed input polarized light, reflected light
with any output polarization could be generated. In 2024,
Hafeez et al®® designed a multi-band and multifunctional
metasurface, which achieved linear and circular polarization
conversion in the reflection mode. As shown in Fig. 6(d),
the PCR reached over 95% in specific bands. From the above
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Fig. 6 (a) MS PC with an I-shaped structure. Reproduced from ref. 92 with
permission from Physical Review Letters, copyright 2007. (b) H-shaped
linear MS PC. Reproduced from ref. 93 with permission from Optics
Express, copyright 2018. (c) Arbitrary linear polarization converter based
on a photonic crystal plate structure. Reproduced from ref. 94 with
permission from Advanced Optical Materials, copyright 2019. (d) Multi-
band linear circular polarization conversion metasurface. Reproduced
from ref. 95 with permission from Crystals, copyright 2024.

studies, it can be seen that PCs based on MSs overcome the
shortcomings of narrow bandwidth and low conversion rates
observed in the past. Their working band is wider, and the
polarization conversion function is improved and no longer
limited to one-way conversion, making them better suited
for imaging, remote sensing, and satellite communication
systems.

PCs often need to work in conjunction with radiation
sources to achieve polarization conversion of EWs. Based on
the positional relationship between the radiation source and
the converted EWs, they can be divided into reflective®® % and
997191 MS PCs. Below given are two types of PCs,
provided for example introduction and analysis comparison.

In 2015, Gao et al.***> proposed a dual V-shaped reflective MS
PC. Computed results showed that in the ultra-wideband range
of 12.40-27.96 GHz, the PC can effectively convert linear
polarization into cross polarization, with an average PCR of
90%. This PC has a simple structure but can achieve ultra-

transmissive

wideband effects, suitable for various application scenarios,
and can be extended to the THz band. In 2021, Guo et al'®
presented a linear PC based on an MS that operates in the
reflection mode, as shown in Fig. 7(a). In the frequency range of
4.73-10.93 GHz, the PCR of the PC exceeded 90%. The con-
verter showed angular stability below 36° and superior polar-
ization insensitivity under x- and y-polarized incident waves.
In 2018, Lin et al. proposed a broadband transmission
linear-to-circular conversion PC based on metasurfaces.'**
The converter consisted of three conductive pattern layers, each
containing a square array of elliptical ring apertures. As shown
in Fig. 7(b), this PC achieved linear-to-circular polarization
conversion, with a relative bandwidth of 40.2% within the
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Fig. 7 . (a) Reflective PC based on MSs. Reproduced from ref. 103 with permission from Engineered Science, copyright 2021. (b) Broadband transmission
linear-to-circular conversion PC based on metasurfaces. Reproduced from ref. 104 with permission from Applied Physics A, copyright 2018.

10.73-16.13 GHz frequency range. In 2022, Chandra et al.'*
designed an ultra-thin transmissive MS cross PC that achieved
the conversion of linearly polarized waves to cross-polarized
waves in the C, X, and Ku frequency bands, and the PCR
exceeded 95% at frequencies from 4.6 to 14.8 GHz.

In general, various PCs have been designed and manufac-
tured to effectively meet the needs of today’s antenna systems,
communication systems, and coding imaging fields. PCs based
on MSs exhibit distinct characteristics and advantages in
different polarization modes and propagation modes, but there
are also some shortcomings. For instance, reflective converters
may introduce additional reflections and scattering, causing
interference to communication systems. However, the trans-
mission PC may be limited by the transmission performance of
the material, which affects the efficiency of polarization con-
version. To effectively address the limitations of different types
of PCs and improve device performance, traditional MS-based
PCs are gradually being integrated with tunable materials,
shifting towards the development of multifunctional electro-
magnetic intelligent devices.

4. Design techniques and methods

By reviewing the development history of MS-based absorbers
and PCs, we can understand that their functions have made
significant breakthroughs, and their performance has been
greatly improved. We have also discovered the important con-
tributions of various MS design technologies in addressing
developmental bottlenecks and limitations. This section sum-
marizes the commonly used effective design techniques, with a
focus on the application of reconfigurable technology and
performance improvement technology in absorbers and PCs.
Among them, reconfigurable technology refers to the flexible
adjustment of the electromagnetic properties of MSs, while
performance improvement technology focuses on enhancing
the electromagnetic properties and functional performance of
MSs. By optimizing the material structure, size, resonance
mechanism, and other aspects of MSs, their performance
can be significantly improved, and their application scope
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can be expanded to meet the growing demands of different
applications.

4.1. Reconfigurable technology

Reconfigurable technology is the controllable adjustment of the
performance or electromagnetic response of MSs using external
stimuli or internal control measures. This technology can
change the electromagnetic properties of MSs, enabling flexible
and efficient electromagnetic control in different working
environments or application scenarios. As shown in Fig. 8,
three reconfigurable technologies that can be applied to absor-
bers and PCs are the use of tailored materials'®>'%® (graphene,
vanadium dioxide (VO,), liquid crystal and photosensitive
materials), active devices®”'®” (PIN diodes, varactor diodes
and solid-state plasma) and gravity fields.

Tunable materials can switch their states under external
excitation, including electrical, magnetic, laser, pressure, tem-
perature, and chemical factors. By changing the geometric or
physical parameters of the resonators of the MS, discontinuous
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Fig. 8 Classification of reconfigurable technologies.
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phases at the exit interface can be obtained, thereby designing
dynamically controlled multifunctional MSs. It offers diverse
regulatory characteristics and flexible modulation methods and
is widely used in the reconfigurable design of MSs. It is also an
important and common reconfigurable method used for absor-
bers and PCs based on the MS.

In 2007, physicists K. S. Novoselov and A. K. Geim of the
University of Manchester, UK, successfully prepared a single-
layer graphene'®® using a mechanical stripping method. This is
a two-dimensional plane material, which consists of a hexago-
nal lattice of closely arranged single-layer carbon atoms, with
the characteristics of a semi metal with no gap. Graphene has
excellent photovoltaic properties,"* "' including excellent
light transmittance, ultra-wide response spectrum, and fast
photovoltaic response, making it important for applications
in cutting-edge fields, such as detection and optoelectronic
sensing. Furthermore, the conductivity of graphene can be
flexibly adjusted through bias voltage,"** and thus it demon-
strates excellent potential in tuning MSs and can be well
applied in the design of MS absorbers and PCs. For instance,
in 2018, Liu et al'"® proposed graphene-based broadband
metamaterial absorbers whose absorption bandwidth and effi-
ciency could be voltage-controlled, as shown in Fig. 9(a). The
results demonstrated that the single-ring absorber achieved a
bandwidth of 2.25 THz across a 90% absorption range. Further-
more, they proposed combining two or more resonant rings of
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different sizes within a single unit cell to attain broadband
absorption, with a bandwidth of 3.2 THz and higher absorption
efficiency. In addition, in 2021, Zhang et al.'** proposed a
tunable THz PC based on cross-shaped graphene patches
and their complementary structures, as shown in Fig. 9(b).
By utilizing the cross graphene-patch structure, the PCR
achieved over 90% cross polarization conversion from 2.92 to
6.26 THz; while utilizing its complementary structure, linear
circular polarization conversion was achieved from 4.45 to
6.47 THz.

VO, is a compound with multiple phase transition char-
acteristics and exhibits different crystal phases at different
temperatures and pressures, with the most significant
being the transition from monoclinic to orthorhombic crystal
phases.'™® ™7 When the temperature is below 68 °C, it exhibits
a monoclinic crystal phase and an insulating or semiconduct-
ing state; When the temperature exceeds 68 °C, its structure
transforms into the orthorhombic crystal phase, and it changes
to a metallic state. The phase transition temperature of VO, is
low; it is easy to control, and has chemical stability and a high
temperature coefficient of resistance at room temperature.'®
Most importantly, the phase transition process of VO, is
reversible and can be well applied in the design of tunable
MS devices, achieving switching between absorption and polar-
ization conversion functions. For instance, Yan et al''®
proposed a multifunctional MS through VO, phase transition

RC

Ellipticity

Fig. 9 (a) Graphene-based broadband metamaterial absorbers. Reproduced from ref. 113 with permission from AIP Advances, copyright 2018. (b)
Single-layer tunable THz PC with a cross-shaped graphene patch and its complementary structure. Reproduced from ref. 114 with permission from
Optics Express, copyright 2021. (c) Multi-functional MS based on VO,. Reproduced from ref. 119 with permission from Optics Express, copyright 2020. (d)
MS based on VO,. Reproduced from ref. 120 with permission from Optics Express, copyright 2020.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 25720-25742 | 25727


https://doi.org/10.1039/d5cp03307a

Published on 10 2025. Downloaded on 06.06.2026 13:25:30.

PCCP

in 2020, as shown in Fig. 9(c). The results demonstrated that
it achieved over 90% broadband absorption at 0.74-1.62 THz
and broadband line circular polarization conversion function
at 1.47-2.27 THz. In 2022, Qiu et al.**® proposed an MS based
on a VO, phase transition, as shown in Fig. 9(d), which
displayed functions, such as broadband absorption, cross
polarization conversion, line-to-circular polarization conver-
sion, and total reflection in different frequency bandwidths.

In addition, liquid crystal materials and photosensitive
materials can also be applied in the reconfigurable design of
MS absorbers and PCs. Liquid crystal is a widely used aniso-
tropic material, and its dielectric constant tensor can be con-
tinuously adjusted by using a bias voltage,"*" making it a
candidate for tunable materials. It has many advantages, such
as low cost, wide operating frequency band, weak demand for
external bias voltage due to the influence of external electric
and magnetic fields, and easy implementation. In 2017,
Wang et al."** proposed a tri-frequency tunable THz MS absor-
ber based on liquid crystals. As shown in Fig. 10(a), during the
entire tuning process, the absorbance of each peak in the three
frequency bands remained above 99%. In 2021, Sanusi et al.'**
proposed a multifunctional reconfigurable MS by using liquid
metal injection, which could flexibly switch between four
states. This MS consisted of two switchable microfluidic layers,
which served as reflectors with empty channels, and the state of
the liquid filled in different layers corresponded to different
functions. At 9.83-17.42 GHz, it achieved linear-to-cross polar-
ization conversion, with a PCR exceeding 90%. In addition,
the MS could switch linear to circular PC at 8.97-11.30 GHz
(RB = 23%). Photosensitive semiconductors are materials that
can regulate conductivity through external pump illumination,
such as photosensitive silicon, germanium, and gallium
arsenide. They are commonly used in optical switches and have
been widely applied in MS absorbers and PCs. In 2020,
Li et al."** proposed a frequency switchable MS absorber using
photosensitive germanium and gallium arsenide as optical
switches embedded in a raised square ring resonator. Because
photosensitive silicon and germanium can be excited using
pump lights of different wavelengths, their switching states
could be independently controlled. When photosensitive sili-
con and germanium were in different states, they could achieve
single-frequency absorption at low and high frequencies
and dual-frequency absorption modes. In 2022, Liao et al.'*
presented a THz MS based on the optical waveguide effect,
as shown in Fig. 10(b), which achieved polarization conversion
and absorption function switching. By exposing silicon to light
of different intensities to achieve photoconductivity, switching
between different functions was achieved. When the device
was operated as a PC, it achieved conversion between linear
polarization at 0.96-1.47 THz, with a PCR exceeding 90% and
an RB of 42%. When silicon was excited using pump light, the
device switched to an ultra-wideband absorber, with a high AR
of over 90% at 0.75-1.73 THz and an RB of 79%.

Besides, the use of active devices is also an important way of
designing tunable MS absorbers and PCs. Commonly used
active devices'?® include PIN diodes,"?”*?® varactor diodes,'>*°
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Fig. 10 (a) Three-frequency-tunable perfect THz MS absorber based on
liquid crystals. Reproduced from ref. 122 with permission from Optics
Express, copyright 2017. (b) Electromagnetic MS based on optical con-
ductivity. Reproduced from ref. 125 with permission from Optics Express,
copyright 2022.

131,132

and solid-state plasma, which typically have a short
response time, small sizes, and low cost. In 2018, Phon et al.**?
designed and implemented a novel multifunctional reconfigur-
able active electromagnetic MS. Four transmission states were
achieved by controlling the bias states of the top and bottom
PIN diodes separately, including reflection, transmission, and
absorption. The solid-state plasma effect is a collective effect
generated by charged carriers in solids.’** When the concen-
tration of free charges in the solid-state plasma unit is low, it is
in an unexcited state and exhibits a dielectric-like state. When
the concentration increases to a certain value, the unit can
exhibit metal-like properties. By selectively exciting units at
different positions with controllable voltage, the resonator
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structure and material properties can be changed to achieve
device reconfigurability. In 2020, Li et al.*** proposed a multi-
functional PC that could be tuned in terms of both function
and frequency. By changing the solid-state plasma excitation
region to form unit patterns of different shapes, cross-
polarization conversion and line circular polarization conver-
sion functions were realized, and the transition between
different operating frequency bands was realized in the cross-
polarization conversion state. Reconfigurable technology based
on active devices not only provides high flexibility and tun-
ability, but also faces challenges, such as complex feed struc-
ture design, power consumption, and heat dissipation.

Compared with traditional tunable polarization-controlled
MS, designing tunable MSs using gravity fields has the advan-
tages of simple and convenient control methods, and no side
effects. At present, this reconfigurable technology has become
increasingly mature and has achieved some outstanding results
in the applications of MS absorbers and PCs. In 2019, Tian
et al.** proposed an innovative idea of using gravity fields to
regulate MSs. They proposed a broadband lock-in absorber by
combining liquid media, namely oil and seawater, as shown in
Fig. 11(a). By using the different density characteristics of oil
and water, two absorption states were formed by folding under
the action of gravity, achieving conversion between 5.6-7.91 GHz
and 4.32-5.83 GHz. This design has the advantages of low energy
consumption, simple mechanism, and space resource saving,
making it applicable in various fields like PCs, photonic crystals,
and absorbers. In the same year, Zeng et al.'*> proposed a three-
dimensional PC based on the gravity field, which achieved linear
to circular polarization conversion, as shown in Fig. 11(b). The PC
consisted of a three-dimensional glass cavity filled with liquid
metal mercury (Hg), a copper reflector, a trench dielectric layer,
and a copper patch. Under the action of the gravity field, rotating
the glass cavity caused Hg to flow to different parts, forming
different resonance structures and achieving different polariza-
tion conversion functions. When placed parallel to the XY plane,
the axial specific band in the frequency band of 32.42-42.82 GHz
(RB is 27.64%) was less than 3 dB. However, after rotation, the
3 dB axial specific band frequency was 18.88-32.86 GHz.
Although these tunable electromagnetic MS designs based on
gravity fields have advantages, such as wide bandwidth, high
integration, space resource conservation, and simple operation,
this reconfigurable technology also faces disadvantages, such as
slow response speed, limited control range, and design chal-
lenges, while providing a natural and environmentally friendly
control mechanism.

By analyzing the reconfigurable MS absorbers and PCs
based on various tunable materials, liquid crystals, and gravity
fields, it can be found that these reconfigurable design techni-
ques have been widely studied and greatly developed, jointly
promoting the development of electromagnetic MS-based
absorbers and PCs. The emergence of these reconfigurable
technologies effectively solves the problems of single frequency
performance, poor harmony, low controllability, and inflexible
functionality, which exist in early MS absorbers and PCs.
However, there are still some shortcomings in these methods,
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Fig. 11 (a) Broadband lock-in absorber based on the gravity field. Repro-
duced from ref. 134 with permission from IEEE Access, copyright 2019.
(b) Three-dimensional linear-to-circular PC based on gravity field. Repro-
duced from ref. 135 with permission from Plasmonics, copyright 2019.

and new innovative methods and reconfigurable technologies
are urgently needed.

4.2. Performance improvement technology

The technology for improving the performance of MS to some
extent involves the optimization of device performance, includ-
ing but not limited to research on improving the absorption or
polarization conversion performance, expanding the operating
frequency range, and so on. This section introduces two MS
performance improvement techniques, as shown in Fig. 12,
namely, intelligent optimization algorithms and structural
morphology changes. The former can efficiently search for
the optimal structural parameters of MSs and achieve specific
performance requirements. The latter expands the application
range and performance by adjusting the structural form and
geometric parameters of MSs, flexibly regulating their electro-
magnetic properties.

In the design of large-scale and personalized MS, intelligent
optimization algorithms have gradually been used to improve
design efficiency and quality. The commonly used intelligent
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Fig. 12 Performance improvement technology.

algorithms include heuristic algorithms and machine learning
algorithms, which provide some flexible architectures for
different design goals. Heuristic algorithms mainly include
GA, PSO, Sine Cosine Algorithm (SCA), Grey Wolf Optimization
(GWO), Differential Evolution Algorithm (DE), topology optimi-
zation algorithm, etc. common machine learning algorithms
include neural networks, deep learning, etc. By applying intel-
ligent algorithms, the limitations of the traditional design
methods in modeling, optimization, and other aspects can be
overcome, thereby improving the design speed for various
applications.

At present, the method of using optimization algorithms to
assist in the design of MS absorbers and PCs has been widely
adopted, greatly facilitating the calculation of optimal perfor-
mance corresponding to the parameters and device structure
design. In 2021, Min et al."*® designed a flexible broadband MS

Flexible
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absorber with topology optimization, as shown in Fig. 13(a).
During the design process, by combining topology optimization
with GA, AR exceeded 90% at 5.3-15 GHz, and broadband
absorption was maintained at incident angles within 45° and
70°. The use of optimization algorithms enabled this design to
have more significant broadband absorption, a lower profile,
and better flexibility compared with previously reported trans-
parent absorption materials. This method has more practical
applications and demonstrates that using optimization algo-
rithms can greatly improve device performance in the design
process. In 2023, Zong et al."*” designed an embedded MS solar
absorber based on GA, as shown in Fig. 13(b), which operated
in the ultraviolet to near-infrared wavelength range. The results
showed an AR exceeding 95% at 300-2500 nm, and the average
AR was above 95% at a 60° oblique angle of incidence. In 2024,
Wang et al.'*® presented a broadband cross-polarization con-
version metasurface using PSO, as shown in Fig. 13(c). The
results showed that the pseudo-elliptical corner angle ' > 0.4n
and the broadband cross-polarization conversion achieved at
11.66-16.79 GHz resulted in an RB of 36.1%.

In addition, the application of machine learning in the
design of MS absorbers and PCs is emerging. In 2021, Chen
et al™® designed an ultra-thin broadband absorber with
absorption and diffusion functions by using deep neural n