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TOPICAL REVIEW — Smart design of materials and design of smart materials
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For decades, the rapid development of wireless communication has provided people a smarter way of living. However,
a significant increase in electromagnetic pollution is an unavoidable consequence. Evading radar detection in modern
warfare has also become an important prerequisite for survival on the battlefield. This review provides a comprehensive
overview of the current status and types of electromagnetic absorption metamaterials, especially their design and preparation
methods. Moreover, this review focuses on the strategies used to optimize the absorber absorption performance. Finally,
this review presents a viewpoint on future research on electromagnetic absorption metamaterials, the main challenges that
need to be addressed and the possible solutions.
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1. Introduction
1.1. Electromagnetic waves and electromagnetic absorb-

ing materials

Nowadays, a sharp increase in electromagnetic radiation
is generated by various electronic products in the process of
use due to the development of science and technology. The
immune, cardiovascular and central nervous systems are only
a few of the body’s systems that are damaged to a certain
extent by electromagnetic radiation. Currently, electromag-
netic interference (EMI) shielding and absorption technologies
can effectively stop the leakage of electromagnetic radiation.
For EMI shielding materials, absorption and reflection signif-
icantly contribute to the total EMI shielding efficiency. How-
ever, the reflected waves cannot be eliminated and can still ad-
versely affect other electronic components inside the precision
electronic instruments. The ideal material for attenuating elec-
tromagnetic waves should be absorption-based. Accordingly,
the application of high-performance electromagnetic absorp-
tion materials is a superior way to neutralize harmful elec-
tromagnetic radiation by attenuating electromagnetic waves
and converting them into thermal energy.[1] To protect human
beings from electromagnetic pollution and equipment from
downtime due to electromagnetic waves, considerable effort
has been exerted to synthesize high-performance microwave-
absorbing materials. In addition, military radar technology
has made sufficient progress in recent years that the military
industry has an increasing need for electromagnetic shield-
ing and stealth coatings for vehicles, ships and aircraft to ef-

fectively reduce the radar reflection cross-section (RCS) of
weaponry and improve its survivability on the battlefield.[2–6]

Given the exceptional application scenarios, microwave ab-
sorbing materials must feature more excellent properties (such
as lightweight, chemical resistance and oxidation resistance)
to meet the requirements of normal applications in harsh en-
vironments, thus posing a serious challenge to traditional mi-
crowave absorbing materials. For example, magnetic mate-
rials will demagnetize at a high temperature and lose their
properties. Metal matrix composites are highly dense and un-
suitable for use in high-temperature oxidation environments.
Therefore, diversified electromagnetic metamaterial absorbers
(EMMAs) and their design methods are urgently needed to
cope with the demands of diverse and complex application
scenarios.

Additionally, the constant development of industry and
technology in today’s human society has produced and used an
enormous amount of energy, much of which is lost in various
ways. The focus has changed to EMMAs as a means of envi-
ronmental protection, resource conservation and carbon emis-
sion reduction. Efficient electromagnetic absorbers can im-
prove energy utilization and optimize material costs and adapt-
ability to harsh environments for energy devices (e.g., photo-
voltaic devices and solar collectors). Conventional EMMAs
have remarkable features in that the thickness of an electro-
magnetic wave absorber is almost of the same order of magni-
tude as its target wavelength, which will significantly increase
its thickness if low-frequency band performance is desired.
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However, the rapid advances in nanofabrication technology
and the introduction of the metamaterial concept in the past
decades have opened a new gateway to the design of miniatur-
ized and high-performance EMMAs. Metamaterials provide
an ideal solution to the above-mentioned problems due to their
excellent space-filling properties.

1.2. Introduction of metamaterials

Metamaterials are artificially designed media in which the
subwavelength-sized metallic or dielectric unit cells are pe-
riodically and repeatedly arranged to display unique and ex-
otic electromagnetic properties. This metamaterial absorber
achieves the absorption, of electromagnetic waves through
the resonance phenomena, with the top metasurface allow-
ing the penetration of incident electromagnetic waves, the
middle substrate capturing the radiation and the bottom layer
blocking the transmission of electromagnetic waves. Meta-
materials have a profound potential for optical imaging,[7]

stealth,[2–6,8] antennas,[9–13] holography,[11,14] ultra-sensitive
sensors,[15] filters,[16] photovoltaic solar cells,[17–19] and per-
fect absorbers.[20–30] EMMAs are highly sought after by re-
searchers because of their extraordinary absorption properties.
In particular, perfect absorption remains one of the interesting
applications of EMMAs.

Metamaterial absorbers were experimentally demon-
strated for the first time in 2008.[31] Thereafter, vari-
ous metamaterial absorbers with different properties, such
as single-band,[32–35] dual-band,[5,36] multiband,[12,37] and
broadband,[28,38–46] absorbers have been extensively investi-
gated (Fig. 1). To date, several forms of metamaterial ab-
sorbers that are suitable for operation in the microwave, ter-
ahertz, visible and ultraviolet ranges have been reported (Ta-
ble 1). The desired absorption performance can be achieved
by tailoring and optimizing the geometrical parameters of the
constituent primary cells.

Fig. 1. Schematic of the introduction of EMMA, including features
from design to application.

Wang et al. proposed a low density SiC aerogel
EMMA.[52] This EMMA not only possesses the excellent me-
chanical properties of the precursor, but also shows the EAB

of 5.5 GHz and the RLmin of −15 dB. This work is novel, but
the electromagnetic properties are not yet enough to meet the
needs of applications such as electromagnetic stealth. Zhang
et al. prepared a hollow EMMA based on CuS.[50] This work
achieves lower reflection loss. Due to its good impedance
matching performance and rich micro-interfaces, this EMMA
shows excellent electromagnetic absorption performance. At
2.3 mm thickness of sample, EAB is 6.88 GHz, RLmin is
−40 dB. Zhang et al. designed a hybrid EMMA that achieved
a significant increase in EAB while achieving a lower reflec-
tion loss, which is −48 GHz.[55] This EMMA is composed of
traditional magnetic absorbing materials and graphene films to
achieve an EAB of 30.5 GHz including ultra-low frequencies.
This EMMA is characterized by low RLmin, high EAB, light
design weight and robust environmental adaptability, which
reflects its engineering value.

Table 1. Summary of the RLmin and effective absorption band (EAB)
for different types of EMMA.

Type Material RLmin (dB) EAB (GHz)
Nanocomposites Ni/PANi –35 13.8 GHza

Nanocomposites N-CNT/rGO –33.2 13.3 GHzb

Nanocomposites MWCNTs/MnF2/CoO –64.73 6.64 GHzc

Powder CuS/Mn(OH)2 –40 6.88 GHzd

Powder 3D-rGO –33 1.8 GHze

Aerogel SiC –15 5.5 GHzf

Aerogel rGO –61.63 7.8 GHzg

Foam Graphene –61.29 5.51 GHzh

Multilayer Graphene/PMI/MAM –48 30.5 GHzi

Fractal Cu/FR-4 –13 5.72 GHzj

Fractal Fe3O4/Ti –35.57 4.2 GHzk

aRef. [47], bRef. [48], cRef. [49], dRef. [50], eRef. [51], fRef. [52],
gRef. [53], hRef. [54], iRef. [55], jRef. [56], kRef. [57].

The structure of a metamaterial absorber can be modelled
using inductance and capacitance. According to the transmis-
sion line theory, the metamaterial absorber can be considered
an LC circuit. This LC equivalent circuit reduces the reflection
coefficient and produces perfect absorption at the resonant fre-
quency. Broadband absorption can be achieved by using sev-
eral methods, such as nanocomposites, fractal structures and
the installation of lumped elements (resistors) in fractal meta-
material structures, each of which has some advantages and
disadvantages. Considering the cost and technical difficulty of
these methods, the use of lumped elements is a cost-effective
and relatively simple method. By choosing the appropriate re-
sistor value, a certain degree of broadband absorption can be
obtained.

1.3. Effective absorption structures: metal metasurface
and films

Apart from the various applications of individual
nanoparticles (NPs), the localization effect of the interacting
nanoparticles on electromagnetic fields is more significant, ex-
panding the use of NPs. An ensemble of NPs, whose distance
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from each other does not exceed the diameter of individual
particles, can strongly trap incident light in the subwavelength
range and create a huge localized field due to the surface plas-
mon. The spectrum of NPs is determined by the interaction
between the individual localized surface plasmon resonances.
The magnitude of the confined field and its frequency signif-
icantly depend on the shape, size and space between NPs. In
the simple case, a conspicuous electric field response is gen-
erated when a metal particle or particles are located above a
metal surface. Specifically, the interaction of the dipole with
the induced image in the mirror also affects the resonance
when it is located near the conducting layer (mirror), in ad-
dition to the dipole–dipole interaction.

Early dipole-conducting film structures consisted of
metallic particles (dipoles) and metallic films (conducting sur-
faces). Interactions between the local surface plasma of the
nanostructures and themselves led to remarkable absorption
of electromagnetic waves. In the study of the effect of par-
ticle arrangement on optical properties, Papanikolaou found
that silver spheres (90 nm in diameter) located on top of a sil-

ver film (40 nm thick) absorbed most incident electromagnetic
waves, leading to the first theoretical report of a highly absorb-
ing film-particle absorber.[58]

Patterned nanostructures are gradually replacing the ear-
lier metal particles and broadening the application areas of
dipole-conducting film structures due to the rapid development
of wafer fabrication processes. Nicola et al.[59] used a chem-
ical vapor deposition (CVD) method to grow a single layer of
monocrystalline graphene on a copper foil and subsequently
transferred it to a substrate to prepare a broadband, highly ef-
ficient, tunable Sierpinski carpet-shaped photodetector. In this
work, the authors show that an almost unity internal quantum
efficiency can be obtained by a reasonable geometric design.
However, the principle behind the above works is the same,
and all of them design a three-layer structure with a top meta-
surface, a dielectric film and a substrate. The top metasurface
with special properties often requires lithography, CVD and
other processes to complete the fabrication. Some representa-
tive studies are listed in Table 2.

Table 2. Representative works of fractal EMMAs and their performance.

Fractal type Material Size of the unit cell RLmin (dB) Operating band

Lumped resistorsa Cu/FR-4 12.5 mm –13 4–12 GHz
E-shapeb Cu/FR-4 26 mm Unity 20–30 GHz

Multilayer Sierpinskic Fe3O4/Ti 20 mm –35.57 8–12 GHz
Sierpinski–Minkowskid Metal/FR-4 20 mm Unity Multiband

Fractal circlee Metal/FR-4 18 mm –20 Multiband
L-shapef Cu/FR-4 5 mm –50 5–25 GHz

Multilayerg Polymer/CNTs 6.9 mm –30 10–40 GHz

aRef. [56], bRef. [60], cRef. [57], dRef. [61], eRef. [62], fRef. [63], gRef. [64].

2. Theoretical preparation
2.1. Transmission line theory

When electromagnetic waves propagate to the surface of
a loss-dispersive metal, transmission, reflection and absorp-
tion occur. The reflection of electromagnetic waves includes
reflections that occur at interfaces and multiple reflections that
occur between interfaces. In this case, multiple reflections re-
sult in a continuous path of electromagnetic wave propagation,
enhancing the loss of electromagnetic waves. Electromagnetic
waves lead to thermal effects in the material due to the inter-
action of electromagnetic fields with the electronic and molec-
ular structure of the material, thereby converting the energy of
electromagnetic waves into heat. This process is macroscop-
ically manifested as the absorption of electromagnetic waves
by the material and the phenomenon of self-generated heat. In
the absorption–dissipation process, the microwave behavior of
the material can be characterized by parameters, such as re-
flection coefficient R, specific reflection coefficient at isolated
interfaces RM, reflection loss RL and the scattering parame-
ter S11. These natural physical quantities can find their coun-

terparts defined in transmission line theory, a well-established
discipline in microwave engineering. The theory helps in un-
derstanding the mechanism of microwave absorption by mate-
rials and can be used to develop new materials that efficiently
absorb microwaves. However, the maturity of the theory does
not assure that it can be easily applied to materials because
its focus needs to shift from circuit response to the intrinsic
properties of the material. Specifically, transmission line the-
ory cannot simply be applied to all materials or metamaterials
without regard to their intrinsic properties. In reality, the non-
homogeneous microstructure or defects of the material will af-
fect its microwave behavior to a certain extent, thus causing
large or small deviations between the predictions of transmis-
sion line theory and experimental results. According to the
transmission line theory, the impedance and reflection loss of
a material can be calculated as follows:[65]

RL = 20lg
∣∣∣∣Zin −Z0

Zin +Z0

∣∣∣∣ , (1)

Zin = Z0
√

µ r/εr tanh(j(2π f d/µr)) , (2)
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where Z0 is the impedance of free space, εr is the relative com-
plex permittivity (εr = ε ′− jε ′′), µr is the relative complex per-
meability (µr = µ ′− jµ ′′), j is imaginary unit, c is the speed
of light in a vacuum, f is the frequency of the incident elec-
tromagnetic wave, and d is the sample thickness of the mate-
rial under test in the direction of microwave propagation. ε ′

and µ ′ represent the storage capacity of the material for elec-
tromagnetic wave energy, whilst ε ′′ and µ ′′ represent the loss
capacity of the material for electromagnetic wave energy.[66]

This part of the loss is mainly caused by the dipolar, resonance
and relaxation mechanisms in the material under the action of
microwaves.[32] According to Eqs. (1) and (2), an ideal sit-
uation where if εr and µr are numerically equal is not diffi-
cult to find, and a reflection of zero will be obtained. Even if
equal εr and µr are difficult to obtain, as long as they are as
close as possible, high electromagnetic wave absorption can
be achieved.[67]

2.2. Fractal dimension

Metamaterial absorbers, which have been introduced in
Section 1, have received a significant amount of attention from
researchers because of their exotic and unique electromagnetic
properties. An important approach to constructing metamate-
rial absorbers is the introduction of periodic fractal structures
to obtain physicochemical properties that conventional materi-
als do not possess. The fractal structure is similar in nature and
can be divided into several parts, each of which is identical or
similar to the whole when reduced. This structure appears as
a rough and fragmented geometric structure with morpholog-
ical features that fill the space with a non-integer number of
dimensions. Fractal geometry needs to measure the complex-
ity of many fractal structures with the same parameter. Hence,
the fractal dimension is proposed to compare the complexity
of two curves or surfaces.

From a computational point of view, fractal dimension
has several definitions, including box dimension, Bouligand–
Minkowski dimension, intersection dimension and Hausdorff
dimension. Although they lead to different algorithms and re-
sults when they are discretized and applied to digitized data,
most of these dimensions are equivalent in the continuous do-
main. Therefore, this review mainly adopts Hausdorff dimen-
sion to describe the complexity of fractals, which is commonly
used by researchers. Take the classical fractal structure of the
Sierpinski carpet as an example (Fig. 2), this structure is de-
signed starting from a square progenitor cell with side length
L0. This structure is divided into 3×3 arrays of sub-cells with
side length L1 = L03−1, and the central sub-cell is replaced
with the upper-level cell. More complex fractal structures of
high fractal order can be obtained by iteratively generating
sub-cells with edge length Lt = L03−t in the same way. After
each iteration, the size of the sub-cells is reduced by a fixed

ratio (i.e., ℒ = ∋), and each unit cell generates the next level
of unit cells by a fixed number (i.e., 𝒩 = ∀). Accordingly,
the Hausdorff dimension of the Sierpinski carpet can be calcu-
lated as dH = lg𝒩/ lgℒ=∞.∀∃.[9] The dimension of various
other types of fractal structures can be given by the same cal-
culation, and it is only required to find the scaling of adjacent
level unit cells and the number of sub-cells generated by each
unit cell.

(a) (b) (c)

Fig. 2. Schematic diagram of the standard Sierpinski fractal of (a) first-
order, (b) second-order, (c) third-order.

2.3. Dielectric and ohmic losses

The calculation of the material impedance is introduced
in Subsection 2.1. According to Eq. (1), that the minimum
RL is obtained when its impedance and that of the free space
satisfy the impedance matching condition. The impedance of
a metamaterial absorber with a substrate (mirror) also corre-
sponds to almost unity absorption. The energy of the absorbed
electromagnetic waves is dissipated on the surface and inside
the absorber and converted into thermal energy by two mech-
anisms: ohmic loss due to the metal resistance and dielectric
loss due to the intermetallic substrate layer.[31] This process is
macroscopically exhibited by the absorption of microwaves,
which is converted into dissipated heat energy.

(a) (b) (c)

Fig. 3. (a) Perspective, (b) front view, (c) end view of the proposed
absorber.

Ohmic losses cause the temperature of the material
through which the current flows to rise due to heat genera-
tion, so the magnitude of ohmic losses is mainly influenced
by the intrinsic properties and geometrical characteristics of
the metallic part of the metamaterial. Tuong et al.[68] used
thin-plate resistors as the main loss medium for conductor–
dielectric–conductor perfect absorbers (Fig. 3), reducing the
thickness of copper squares to a few nanometers. The experi-
mental results show that the absorption at 16 GHz is 82.25% at
a thickness of 50 nm. The optimal absorption is achieved when
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the thickness is 10 nm. Under this thickness, most of the en-
ergy of the incident electromagnetic wave is dissipated by the
thin sheet resistance on the surface of the metamaterial. In fact,
the energy loss is similar to the power distribution, which also
indicates that the energy loss is realized by the heat produc-
tion of the thin metal plate. Specifically, the ohmic loss plays
a dominant role in perfect absorption. The impedance match-
ing condition is also satisfied in this case (i.e., the effective
surface impedance of the absorber at this frequency matches
the free space impedance Z0).[68]

The application of an electric field to a dielectric pro-
duces polarization. However, the polarization process is not
instantaneous but lags behind the voltage; this lag is typically
caused by the polarization of the dipole and space charge,
and this process serves as dielectric relaxation.[68,69] Dielec-
tric loss is the phenomenon of the dielectric itself heating
up by consuming part of the electrical energy caused by the
above-mentioned phenomenon in an alternating electric field.
In the subsequent work of Tuong et al., a perfect absorption
dominated by the dielectric loss was obtained by changing the
properties of the insulating dielectric layer whilst retaining the
originally obtained dimensional parameters. The best loss tan-
gent was obtained at the resonant frequency. The simulation
results show that most of the power distribution in the meta-
material is transferred from the metallic layer to the insulating
dielectric, further demonstrating that the thermal effect of the
material in this case is dominated by the dielectric loss. Simi-
lar EMMAs are shown in Fig. 4.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4. Schematic diagram of first-order, second-order and third-order
absorbers, (a)–(c) in Ref. [13], (d)–(f) in Ref. [60], (g)–(i) in Ref. [70].

3. Absorber design and fabrication
EMMA’s design boils down to the design of metama-

terials, which usually start with microstructure. For fractal
metamaterials, firstly, fractal geometric characteristics must
be determined to obtain a fractal unit cell. Secondly, meta-

surface can be obtained by transformation, arrangement and
combination of unit cells. Then, the metasurface is combined
with the dielectric layer and the backplane to get the proto-
type of fractal EMMA. And the subsequent optimization is
obtained by changing the geometric characteristics, material
composition, physical properties and other means on this ba-
sis. For nanoparticle composite metamaterial absorbers and
powder absorbers, the design generally starts from organic
or inorganic materials with known wave absorbing properties.
By changing material composition, compactness, preparation
conditions, geometric parameters, etc., EAB broadening or
RLmin decreasing can be realized, and finally the effective ab-
sorption of target band can be realized.

Given the special working characteristics of the elec-
tromagnetic absorbers, researchers want them to meet the
requirements of different working scenarios in terms of
the operating frequency range, absorption bandwidth, po-
larization independence, electromagnetic absorption capac-
ity and adjustability.[15,71] To date, a wide variety of EM-
MAs have been reported, including fractal metamaterial ab-
sorbers, nanocomposite absorbers and powder material ab-
sorbers. Common fabrication methods have been developed
for the structural and material characteristics of different ab-
sorbers. Metamaterial absorbers designed with fractal geome-
try concepts typically have highly designed periodic regular
structures, which are difficult to spontaneously form in the
raw material. Accordingly, standard lithography and electron
beam lithography are frequently used to complete the prepa-
ration of the metasurface or unit cell arrays. By contrast,
nanoparticle composite metamaterial absorbers and powder
material absorbers are different. Firstly, both designs require
metal nanoparticles or powders with a high fill in the substrate
material to exploit the interaction of the local plasmon reso-
nance of individual nanoparticles. Secondly, large area cov-
erage is essential in most applications,[72–74] which precludes
electron beam lithography and requires the self-organized for-
mation of nanostructures. This condition explains why tech-
niques, such as vapor deposition and magnetron sputtering,
are popular for tailoring nanostructures and their properties.
Both techniques allow good control of the filling of metal par-
ticles in the base material and the distribution of depth and
the incorporation of metal nanoparticles with a well-defined
composition. Given the high binding energy and low metal-
substrate interaction energy between metal atoms and clusters,
metal nanoparticles are typically formed by self-organization
during metal and component co-deposition.[49] Various types
of absorbers have different material compositions, microstruc-
tures and absorption mechanisms. Therefore, absorbers differ
in terms of absorption bandwidth and peak.
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3.1. Fractal metamaterials

Nicola et al. prepared a novel plasmonic multiband meta-
material based on Sierpinski carpet space-filling fractals in
a step of electron beam lithography, evaporation and lift-
off. In this work, Sierpinski carpets were patterned on CaF2

and Si/SiO2 substrates by electron beam lithography, and a
160 nm layer of 950 K poly methyl-methacrylate (PMMA
A2 1:1, 1% in anisole) was deposited by spin coating on a
substrate previously cleaned with O2 plasma and dried on a
hot plate at 180 ∘C for 7 min. A 10 nm thick Al conduc-
tive layer was deposited on the CaF2 substrates by thermal
evaporation at a rate of 0.02 nm/s at a working pressure of
10−6 mbar to prevent the charge accumulation caused by the
electron beam. The conductive layers were washed in KOH
(1 M) for 10 s and rinsed in deionized water. The layers
were incubated in a low-temperature mixture of MIBK:IPA
1:3 for 30 s. A certain thickness of Ti/Au film was deposited
by electron beam evaporation on the substrate at an operating
pressure of 10−6 mbar at a rate of 0.02 nm/s and finally lift
off with hot acetone. The films were then characterized by
scanning electron microscopy, surface-enhanced Raman spec-
troscopy analysis and optical microscopy. The results were in
good agreement with the expected material parameters. Landy
et al. adopted the same patterning, evaporation and stripping
process to prepare the fractal metamaterial absorber. However,
considering the minimum size of the pattern, the more effi-
cient and less demanding experimental conditions of standard
lithography were chosen in this work. Unlike electron beam
lithography, standard lithography adopts UV light for expo-
sure rather than an electron beam. Because of the shorter de
Broglie wavelength of electrons, electron beam lithography al-
lows to fabricate smaller-sized devices, whose machining pre-
cision can be no more than 100 nm. Unlike electron beam
lithography, lithography requires the preparation of a mask for
the determined pattern in advance to ensure accurate pattern-
ing during lithography. From the perspective of cost, lithogra-
phy is usually a higher priority than electron beam lithography
because of its high efficiency and low cost.

Nicola et al. also prepared a gold/graphene plasma frac-
tal absorber as shown in Fig. 5(a), which achieves broad-
band, efficient, polarization-insensitive, and tunable light de-
tection at room temperature mainly by depositing a patterned
graphene array in a substrate, where the metal part can be pat-
terned by the standard process of electron beam lithography,
metal evaporation, and exfoliation as described above.[9] As
a non-metallic material, graphene cannot be deposited on a
pre-prepared substrate by evaporation and lift-off, so a dif-
ferent process from the preparation of fractal metal arrays
is used to prepare patterned graphene in this work. Single-

layer monocrystalline graphene was grown by chemical va-
por deposition (CVD) on copper foil using a tube furnace at
1060 ∘C and 25 mbar. Graphene was transferred from copper
to the target substrate using a semi-dry transfer method. The
films were spin-coated with PMMA film and graphene was
electrochemically exfoliated from the grown substrate in 1 M
NaOH solution. The graphene/PMMA film was removed from
the electrolyte, rinsed with deionized water, and dried under
ambient conditions. The films were deposited on the target
Si/SiO2 substrate at 120 ∘C, and the PMMA carrier polymer
was removed in acetone to obtain the transferred monolayer
single-crystal graphene. The gold patterning was essentially
the same as the electron beam etching described above. Subse-
quent characterization was accomplished with a scanning elec-
tron microscope (SEM), atomic force microscope and surface-
enhanced Raman spectroscopy analysis. A similar process for
the preparation and characterization of metamaterial absorbers
is described in Ref. [59].
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Fig. 5. (a) The perspective of gold/graphene plasma fractal absorber
in Ref. [9]. (b) Electromagnetic absorption performance of EMMAs of
different materials.

3.2. Nanoparticle composite metamaterial absorber

Polymer-based nanocomposites feature more complex
microstructures, and suitable impedance-matching distribu-
tions and microstructures help in enhancing the dissipation
of incident electromagnetic waves. Zhang et al.[54] precisely
designed ultralight polyimide-based graphene foams with or-
dered layered structures by a bidirectional freezing process
and performed controlled construction. The formation of
more layered interfaces per unit volume of foam effectively
promotes the layer-by-layer dissipation of vertically incident
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electromagnetic waves, resulting in efficient broadband elec-
tromagnetic absorption performance of the foam. In this
work, the researchers propose a simple, low-cost and effec-
tive method to prepare ultralight polyimide-based graphene
nanocomposite foams with ordered layered structures by a
bidirectional freezing process. Water-soluble poly (amic acid)
(PAA) as a precursor can be homogeneously compounded
with graphene oxide (GO) in water and converted to poly-
imide after thermal imidization, resulting in composites with
excellent mechanical strength and thermal stability. Compared
with other 2D nanomaterials, the flexible GO nanosheets have
a larger spreading ratio and play a more important auxiliary
role in promoting the formation of ordered lamellar structures
during the bidirectional freezing process. Moreover, these
nanosheets can be used as a pore modifier to regulate the
lamellar spacing between ordered skeletons. Moreover, re-
duced GO can be used as a functional material to promote
the optimization of impedance-matching distribution. Ac-
cordingly, the effective construction of an ordered lamellar
structure successfully gives polyimide/graphene foam ultra-
low density, excellent electromagnetic compatibility (low RL)
and wide effective absorption bandwidth (EAB). Furthermore,
the electromagnetic absorption performance also exhibits out-
standing tunability by controlling the impedance distribution
and microstructure of the backbone at different freezing tem-
peratures and concentration ratios of PAA and GO.

This work used a modified Hummers method for the ox-
idation of graphite flakes. Water-soluble PAA was prepared
by condensation reaction with equimolar ratios of PMDA and
ODA with DMAc as the raw material. Then, PAA salt was
prepared with TEA as a hydrophilic surface modifier. Then,
the PAA was poured into deionized water and repeatedly
washed to remove the solvent and unreacted raw materials.
The water-soluble PAA was obtained after freeze-drying. GO
(10 mg/mL) was uniformly mixed with PAA at a concentration
ratio of 1:1, as shown in the flowchart (Fig. 6(a)). The pre-

pared GO/PAA pure sol was poured into a bidirectional freeze
cast mold placed on a cold copper plate with 15 ∘C wedge
PDMS as a spacer and kept at 4 ∘C for 24 h for sol–gel tran-
sition. The prepared GO/PAA hydrogels were further frozen
at −70 ∘C for 6 h and freeze-dried in a vacuum. The obtained
GO/PAA foams were heated at 100 ∘C, 200 ∘C and 300 ∘C in a
nitrogen stream for 1 h to reduce GO and imidise PAA, respec-
tively. SEM, Fourier transform infrared spectroscopy, thermo-
gravimetric analysis and vector network analyzer were subse-
quently used for the characterization to obtain the morpholog-
ical features and electromagnetic parameters of the samples.

Liu et al.[38] synthesized a novel core–shell structure
composite. The Co–C/void/Co9S8 ternary composite consist-
ing of porous carbon covered by Co nanoparticles as the core
and Co9S8 as the shell in the outer layer has shown excellent
RL and absorption bandwidth in the experiments, which can
be used for ultra-broadband and efficient low-frequency mi-
crowave absorption. The composites in this type of work are
chemically synthesized, but the specific method of synthesis
varies. Liu et al. synthesized ZIF/sulfide core–shell com-
posites via anion exchange method. In Fig. 6(b), 40 mg of
ZIF powder was dispersed in 40 mL of ethanol under ultra-
sonic and magnetic stirring conditions. Then, 0.18 g TAA was
added to the suspension and kept at 60 ∘C for 10 min, 20 min,
60 min and 120 min. The Co : S molar ratio was 1:2.4, and
the corresponding samples were labelled as ZIF/S-2, ZIF/S-3,
ZIF/S-4 and ZIF/S-5. Additionally, 40 mg ZIF powder was
dispersed in 40 mL ethanol, and 90 mg TAA was added and
kept at 60. The Co/S molar ratio was 1:2.2. The corresponding
sample was labelled as ZIF/S-1. Finally, the above-mentioned
precipitates were washed with ethanol and dried under a vac-
uum. The prepared pure ZIF and ZIF/sulfide powders were
annealed at 600 ∘C for 2 h under Ar atmosphere at a heating
rate of 3 ∘C/min to obtain Co–C, Co–C/Co9S8 and Co9S8–
CoS composites. Many similar composite synthesis methods
can be found in the following works.[33,38,93,94]

(a)

(b)
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VoidCo9S8

Fig. 6. (a) Schematic diagram of the preparation process of rGO/PI foam in Ref. [54]. (b) Schematic diagram of Yolk-shell-structure Co–
C/void/Co9S8 composites in Ref. [38].
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3.3. Powder absorbers

Gao et al.[95] prepared a ZnN4-based MOF-derived car-
bon composite. The theoretical calculations show that this
significant enhancement comes from the coordination struc-
ture of individual Zn atoms in the carbon matrix, which is as-
sociated with a high density of permanent electric dipoles that
act as atomic-scale polarization sites under alternating elec-
tromagnetic fields. This zinc single-atom microwave absorber
(SAMWA) has a high Zn–N4 content (18.4%) and defect den-
sity (2.43×1011 cm−2), resulting in an appreciable dielectric
loss tangent (∼ 5.6). The preparation of SAMWA started with
the synthesis of ZIF-8 by firstly mixing 3.16 mmol Zn(NO3)2–
6H2O with 20 ml MeOH and 20 ml distilled water. Mean-
while, 24.4 mmol 2-methylimidazole (MeIM) was dissolved
in 20 ml MeOH, and the methanolic solution of Zn(NO3)2–
6H2O was poured into the methanolic solution of MeIM and
stirred for 3 h. Finally, the solution was washed with MeOH
several times, collected by centrifugation and dried at 110 ∘C
for 12 h to obtain ZIF-8 powder. Then, the solution was placed
in the argon environment at different temperatures for 3 h to
carbonize to obtain a series of SAMWA with different proper-
ties.

In contrast with the ‘bottom-up’ method of powder ma-
terial preparation described above, Fang et al.[51] used a ‘top-
down’ method to prepare a powder material as the operating
material for EMMAs. The authors prepared 3D-rGO pow-
ders by hydrothermal and thermal treatment methods. Firstly,

200 mg of GO was dispersed in 100 ml of deionized water
using ultrasound for 2 h. Then, the solution was transferred
to a teflon-lined autoclave reactor. The reactor was heated to
180 ∘C within 1 h and kept for 6 h to form 3D-rGO compo-
nents. After the sample is cooled to room temperature, it is
removed from the reactor and freeze-dried. Moisture in the
3D-GO assembly can be removed by freeze-drying. Next, the
samples are transferred to an alumina crucible, loaded into a
tube furnace filled with argon (Ar) and reduced with hydrogen
(H2) at 900 ∘C for 30 min. Finally, the 3D-rGO assemblies
were ground into powder with a particle size of ∼ 100 µm.

RLmin and EAB are two important indicators to measure
EMMA’s performance. Researchers hope to fabricate EM-
MAs with low RLmin and high EAB. This review summarizes
some of the reported works that applied different materials
and methods to get different RLmin and EAB in Table 3. In
Fig. 5(b), the EAB of carbon-based composites and magnetic
multicomponent EMMAs is ordinary, but the RLmin is lower
than that of other materials. Graphene aerogel/foam is capa-
ble to achieve ultra-wideband or ultra-low RL, whereas the
preparation process is complex. Metal fractals and dielectric
films’ and carbon nanotubes’ EAB and RL are generally in-
ferior to other materials, but can also achieve broadband ab-
sorption through processing methods such as increasing thick-
ness. Therefore, researchers can select appropriate materials
to prepare EMMAs according to the requirements of absorp-
tion band and absorption capacity.

Table 3. Summary of different processing methods.

Processing method Application Remarks/limitations

CVDa Carbon nanotubes/graphene Simple operation and low deposition rate

Magnetron Sputteringb Films Fast deposition and uniform film formation

3D printingc mm scale or larger, determined structure Simple manufacturing, material limitation

Electron beam lithographyd µm scale or smaller, determined structure High precision, low efficiency

Lithographye µm scale or larger, determined structure High efficiency, mask needed, inexpensive

Chemical synthesisf Amorphous, small-scale materials Raw materials and wastes may be toxic and can be prepared in large quantities

Freezing methodg Foam/aerogel Low density of product, high porosity

Thermal reductionh rGO Low cost, continuous preparation in large quantities, low internal reduction

aRefs. [67,77,92], bRefs. [96,97], cRefs. [42,45], dRefs. [9,59], eRefs. [57,96,98–100], fRefs. [33,48–50,75,78,81,84,86,95,101,102],
gRefs. [76,85,91], hRefs. [51–53,55,103–106].

4. Optimization methods
We are interested in the specific properties of absorbers

in different application scenarios. For example, radar stealth
materials are of most interest for their broadband and efficient
absorption capability in the radar wave band. Filters for a per-
fect absorption of specific frequencies are the most important
properties, and photodetectors have higher requirements for
the sensitivity of electromagnetic waves. Great efforts have
been exerted by researchers for different usage requirements
to improve the absorption, broaden the absorption spectrum or

optimize the electromagnetic compatibility of metamaterials
at low frequencies.

4.1. Improving absorption

High absorbance or low reflectance is the most important
property of EMMAs, and several commonly used methods can
effectively improve the absorbance of electromagnetic waves
in specific frequency bands. For example, methods, such as
improving the impedance matching conditions and changing
the circuit load resistance, have been shown to greatly affect
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the microwave behavior of the material.

4.1.1. Impedance matching

The decisive role of impedance matching on the mi-
crowave response of an EMMA has been discussed from a
theoretical point of view in Section 2 of this paper, which
also provides an important idea to improve the electromagnetic
compatibility of an EMMA (i.e., to improve the impedance
matching condition to obtain a higher absorption). This
idea is also supported by the following experimental results.
Costanzo et al.[90] proposed a novel Minkowski fractal meta-
material absorber with the structure shown in Fig. 7(a). To
achieve near-unity absorption of electromagnetic waves at the
operating frequency, the absorber should satisfy the following
objectives: maximize the percentage of absorbed RF energy

and ensure insensitivity to the polarization of the incident elec-
tromagnetic signal. This task also requires that the impedance
of the absorber matches the impedance of the free space at the
operating frequency to meet the prerequisites for perfect ab-
sorption. The calculation and simulation results show that the
impedance matching is highest at the frequency of 2.45 GHz
when the absorption of the EMMA also reaches near unity of
99%. At other frequencies, the impedance matching is worse
than 2.45 GHz, and the absorption of the EMMA is lower than
the peak of 99%. This finding also proves that the impedance
matching case has the least reflection effect of the material on
the electromagnetic wave, in other words, the lowest electro-
magnetic reflectance at this time (because the transmittance in
this work is zero). Similar result can be found in Ref. [60].
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Fig. 7. Schematic diagram of metamaterial absorber in (a) Ref. [90], (b) Ref. [55]. (c) Variation of RL and EAB with resistance in Ref. [55].
(d) Effect of different fractal levels on EAB in Ref. [60].

4.1.2. Adjusting the load resistance

Zhang et al.[55] proposed a hybrid metamaterial absorber
consisting of a conventional magnetic absorbing material and a
multilayer meta-structure pre-designed with a graphene film to
achieve broadband and efficient absorption of electromagnetic
waves using resonant mode coupling. The geometrical pa-
rameters of the metamaterial absorber are shown in Fig. 7(b).
A series of simulation experiments were designed to obtain
the most favorable resistance of graphene (r1) for electromag-
netic absorption. The value of r1 was varied from 120 Ω/m to
200 Ω/m with a variation of 20 Ω/m each time. The obtained
RLmin and EAB are shown in Fig. 7(c). In this figure, the low-
est reflectance of the absorber is obtained when r1 = 160 Ω/m,
which is the result the researchers wanted. However, the au-
thors did not give much explanation for this phenomenon,
pending subsequent investigations by the researchers. The

available results already show that changes in the resistance
in the material can affect the microwave behavior of the meta-
material absorber, which is also, in principle, a result triggered
by changing the impedance.

4.2. Increasing EAB

Electromagnetic shielding and absorption are important
potential applications for EMMAs. In fact, EMMAs can be
applied in the fields of electromagnetic shielding and electro-
magnetic stealth.[3] Specific application scenarios dictate that
such EMMAs should have broadband absorption characteris-
tics (i.e., they should be able to absorb electromagnetic waves
of different frequency ranges with significant effects). How-
ever, ultra-wideband absorption is still extremely difficult to
achieve because of the sensitivity of the dielectric and ohmic
losses in materials to the frequency of incident electromag-
netic waves. Many researchers have exerted plenty of efforts
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in this field. This work illustrates a few methods that can ef-
fectively broaden the absorption band.

4.2.1. Changing the fractal level

The size effect of the microwave behavior of a metasur-
face has been described in previous work[107,108] (i.e., an equal
scaling up or down of the size of a metamaterial with the same
material and geometry results in a change in its targeted ab-
sorption of electromagnetic wave frequencies). The fractal
structure is similar in that each level of the fractal pattern is
essentially an enlargement or reduction of the fractal pattern
of the adjacent level. In combination with the aforementioned
phenomena, we have reason to speculate that the introduction
of one more level of fractal in the fractal hypersurface may
produce a new characteristic absorption peak for a new fre-
quency band. Related work has been reported on this con-
jecture. Bilal et al. studied a specially designed metallic E-
shaped fractal-based perfect metamaterial absorber (PMA), as
shown in Figs. 4(d)–4(f), whose top surface consists of square
fractal ring resonators surrounded by a special E-shaped frac-
tal design.[60]

The researchers designed a series of experiments to in-

vestigate the effect of fractal order on the designed metama-
terial absorbing properties (Table 4). Firstly, the design of
the zero-order fractal was explored, and multiple absorption
peaks were obtained. The square metal sheet was then re-
placed with an E-shaped resonant structure. The simulation re-
sults showed that the electromagnetic absorption performance
of the absorber significantly changed. Some absorption peaks
disappeared, some were retained, and some absorption peaks
appeared that were not originally present. The same change
occurred for the second-order fractal, where near-uniform ab-
sorption peaks still appeared at the impedance-matched fre-
quencies. When an asymmetric metal ring is inserted in the
center of the fractal geometry, the overall absorption spectrum
of the absorber is broadened and responds differently to the
TE and TM modes of the electromagnetic wave. This phe-
nomenon arises because the addition of the asymmetric reso-
nant ring breaks the quadruple symmetry of the original frac-
tal structure. However, this aspect is not the focus of the study
here, but the increase in the number of fractal stages essentially
broadens the absorption spectrum of the fractal metamaterial
absorber.

Table 4. EM absorption performance for different fractal levels.

Schematic Material Operating band
RLmin (dB) EAB (GHz)

First-order Second-order Third-order First-order Second-order Third-order
Figs. 4(a)–4(c) Cu/FR-4 1–8 GHza –20 –24 –32 1.9–2.6 1.9–2.4

5.2–5.6
1.7–2.4
5.0–5.9

Figs. 2(a)–2(c) Metal/teflon 1–3.5 GHzb –42.55 –43.92 –37.93 2.43–2.46 2.44–2.47 2.44–2.46
Figs. 4(d)–4(f) Cu/FR-4 20–30 GHzc Near-unity

absorption
Near-unity
absorption

Near-unity
absorption

20.4–20.9
23.3–23.9
25.0–26.7

20.2–20.6
24.9–25.3

20.6–21.1
25.6–25.7

Figs. 4(g)–4(i) Ag/SiO2 400–700 nmd –14 –6 –20 442–473 nm
492–506 nm

No EAB 400–466 nm
515–559 nm
620–663 nm

aRef. [13], bRef. [109], cRef. [60], dRef. [70].

4.2.2. Adjusting the composition

Zhang et al.[105] prepared a series of graphene foam mate-
rials with different chemical compositions and physical struc-
tures by using a simple and controllable chemical synthesis
method and demonstrated that the graphene foams have good
properties through an in-depth analysis of their composition,
structure and electromagnetic absorption properties. In the
experiments, the synthesized pristine graphene foams were
placed under different temperature conditions for annealing
to regulate the ratio of C, H and O elements in the materi-
als. The RL of the graphene foam samples obtained at differ-
ent annealing temperatures is shown in Fig. 8(a). The original
unannealed graphene foam (T0) has low C/O and poor absorp-
tion in the test band. The RL of T200 annealed at 200 ∘C is
not significantly different from that of T0. After the anneal-
ing temperature was increased to 400 ∘C, the electromagnetic
absorption performance of the graphene foam significantly im-

proved. T400 had a minimum RL of −28.4 dB at 13.9 GHz

and could reach a desirable −10 dB or less in the frequency

range of 5.6–16.9 GHz. The results show that the T600 has the

best electromagnetic absorption performance. In addition to

the maximum RL of −34.0 dB at 13.1 GHz, the RL <−10 dB

bandwidth reaches 14.3 GHz, accounting for 89.4% of the en-

tire measured bandwidth. The changes in the electromagnetic

absorption properties of the composites do not monotonically

evolve as the annealing temperature continues to increase. By

contrast, the EMC performance of the graphene foam starts

to weaken when the temperature exceeds 600 ∘C. Therefore,

this work suggests the existence of an optimal annealing tem-

perature in this case, such as 600 ∘C, at which the elemental

ratio of the material is most favorable to achieve broadband

electromagnetic absorption. The same approach was used in

Refs. [48,75,79] to broaden the EAB of the composites.
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4.3. Methods for improving the low-frequency perfor-
mance

Electromagnetic wave devices and devices operating in
the low-frequency band have been widely used in wireless
data communication systems, local area networks, household
appliances and other fields. Studies have found that the
widespread use of these devices can seriously harm human
health by weakening the biological immune system, damag-
ing DNA strands and inducing cancer. The key to solving
this problem is to develop materials that can attenuate harm-
ful electromagnetic wave pollution. However, not enough re-
search has been conducted on low-frequency microwave ab-
sorption. The typical electromagnetic absorption devices have
good absorption performance in the X–K band (8–27 GHz),
whilst the response in the L–S (1–4 GHz) or even lower fre-
quency band is relatively weak, making it difficult to achieve
effective absorption. The researchers found that changing the
chemical composition of the metamaterial absorber makes it
difficult to shift the absorption peak across a large span toward
the low-frequency band, but changing the geometry of the ab-
sorber can more effectively improve the low-frequency per-
formance of the device. Zhang et al.[55] greatly improved the
low-frequency electromagnetic absorption capability of the

predesigned absorber by changing the thickness of the elec-
tromagnetic absorption layer. In Fig. 8(b), the absorption peak
of the absorber moves toward the lower frequency with the in-
crease in d, and the maximum span even reaches more than
5 GHz.

Wang et al.[52] designed and prepared silicon carbide
aerogels with ceramic properties and aerogel morphology to
achieve broadband efficient electromagnetic absorption under
extreme environments. The researchers firstly prepared the
SiC aerogel by chemical synthesis and confirmed its compo-
sition and structural morphological characteristics by XRD,
SEM, TEM and XPS characterization. The effect of differ-
ent thicknesses of silicon carbide aerogel on RL was investi-
gated in the experiment, as shown in Fig. 8(c). The absorp-
tion peak of the silicon carbide aerogel gradually moves to
the lower frequency direction with the increase in the sample
thickness. The span of the absorption peak shift reaches more
than 10 GHz. Similar work can be found in Refs. [93,94,110].
All of the above-mentioned work demonstrates the significant
contribution of material size to low-frequency absorption, but
this also poses limitations for the application of low-frequency
metamaterial absorbers (Table 5). Subsequent in-depth studies
by researchers on miniaturization and lightweight are needed.
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Fig. 8. (a) Effect of annealing temperature on EAB and RL in Ref. [105]. The frequencies corresponding to the low-frequency absorption
peaks of absorbers of different thicknesses (b) in Ref. [55], (c) in Ref. [52].

Table 5. Methods for improving low-frequency absorption.

Improvement methods Application Remarks/limitations
Adding a low-frequency absorption layera Universal application Increasing absorber size

Adjusting fractal levelb Fractal absorber Increasing difficulty in fabrication
Increasing thicknessc Universal application Increasing absorber size

aRefs. [55], bRefs. [9,60,109,111], cRefs. [51–53,76,103,104].

5. Conclusion and perspectives
The research on metamaterial perfect absorbers is still in

its early stages. Complex structure, preparation difficulties and
high cost limit the process of putting these absorbers into ap-
plications. More efforts must be exerted to bridge the gap be-
tween laboratory-scale fabrication and industrial applications.
Nevertheless, the current theoretical and experimental results
show the great potential of this new metamaterial for various
applications.[112–115]

Photovoltaic and rectifier antennas are areas of interest as

major uses of highly absorbing metamaterials. Recent work
has realized novel broadband polarization and incidence an-
gle insensitive metamaterial absorbers and their energy har-
vesting applications, namely, rectifier antennas and power har-
vesters. The authors demonstrate through numerical simula-
tions that the absorption and energy conversion of electromag-
netic waves in the specific frequency range of the environment
by the circuit is achieved due to impedance matching and inte-
grated resistance.[56] Under TE and TM mode incidence, this
rectifier antenna can efficiently convert millimeter wave en-
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ergy into output power with 90% absorption bandwidth in the
frequency range of 5.16–10.88 GHz and 95.72% peak absorp-
tion at 6.57 GHz. In addition, the authors analyzed the absorp-
tion characteristics of this rectifier antenna in the operating fre-
quency band and showed that it can convert at least 56% of the
incident wave power to output power. Choi et al.[109] proposed
a fractal rectifier antenna that can show a maximum RF to DC
conversion efficiency of 57% at 2.45 GHz. Singh et al. pro-
posed a compact dual-band rectified antenna based on fractal
geometry with resonant frequencies of 2.1 GHz and 5.8 GHz.
In the proposed structure, the suppression of higher harmonics
was achieved to improve the RF-to-DC conversion efficiency
in both resonant bands. The experimental results show that the
RF-to-DC conversion efficiency is 79% and 86% at 1 kΩ load
at 2.1 GHz and 5.8 GHz, respectively.[13]

The large field enhancement achieved by a perfect ab-
sorber can also be applied to single-molecule Raman spec-
troscopy, as demonstrated by Wang et al. through a struc-
ture consisting of silver particles (average radius size of about
20 nm) dispersed on the surface of a SiO2-coated silver mirror.
In this structure, a surface-enhanced Raman scattering (SERS)
enhancement factor is obtained, which is an order of magni-
tude higher than that of silver nanoparticles on glass. They
attribute this enhancement to the improved coupling between
the incident light and the plasmon resonance of the developed
metasurface.[97] Holographic metasurface absorbers with frac-
tal structure design also have promising applications in remote
sensing and imaging.[11,14] Yurduseven et al. proposed a Si–
GaAs–semiconductor-based holographic metasurface antenna
operating at 94 GHz. The developed metasurface antenna pro-
vides beam shaping and steering in a holographic manner. The
need for complex phase-shifting circuits is eliminated due to
the modulation of the guided mode reference by the metasur-
face. The numerical analysis and experiments demonstrate
that the developed metasurface antenna can control its radi-
ation pattern by simple input port switching at an operating
frequency of 94 GHz with a maximum directivity of 31.9 dBi.
This metasurface antenna has a planar structure and is par-
ticularly suitable for airborne platforms where aerodynamic
constraints are important. The design approach can be easily
extended to other frequencies. Accordingly, this hypersurface
can be used in a variety of other applications, such as com-
munications, weather prognosis, wireless energy transfer, and
imaging.[7,116–118]

Covering the surface of an object with a perfect absorber
to achieve electromagnetic stealth is another potential appli-
cation for such materials by Zhang et al.[106] through nu-
merical simulations and experiments. Any object that can
be wrapped by a perfect absorber will be obscured in re-
flection, and electromagnetic stealth is achieved due to the
suppression of backscattered light from the wrapped object.

Their proposed structures possess low density and excellent
corrosion resistance properties, which have a high potential
for military and civil applications. Huang et al.[53] reported
lightweight graphene materials with good microwave proper-
ties and achieved the modulation of the pore structure of re-
duced graphene aerogel by adjusting the pre-reduction time.
The synthesized rGO-60 aerogel has superb electromagnetic
absorption performance with a minimum RL of 61.63 dB and a
maximum absorption bandwidth of 7.8 GHz. The CST simula-
tions show that the rGO-60 aerogel can attenuate electromag-
netic energy with a radar RCS reduction of up to 29.7 dBsm
at ±48∘. In addition to electromagnetic absorption, well-
designed metamaterials exhibit excellent thermal conductiv-
ity. Due to the two-stage transmission of phonons, the poly-
mer based thermal conducting metamaterials formed by fill-
ing the polymer matrix with thermal conducting fillers have
excellent comprehensive properties The thermal conductiv-
ity of metamaterials can be precisely controlled by adjust-
ing the preparation and deformation parameters. This heat-
conducting metamaterial has become an ideal candidate for
thermal management systems for electronic components and
sensitive robotic skin for temperature detection.[119,120] Be-
sides, graphene aerogel exhibits good thermal insulation and
frost protection properties, making it suitable for use as a
stealth coating for aircraft in extreme operating environments
and frost protection, making it suitable as a stealth coating
for aircraft to cope with its extreme operating environment.
Nowadays, some acoustic metamaterials with high absorption
properties designed and prepared for low-frequency mechan-
ical waves are also being reported. The designed and fabri-
cated acoustically perfect absorber structures typically con-
sist of elastic membranes with asymmetric rigid plates, which
are highly effective in absorbing low-frequency vibrations less
than 1000 Hz. Such intelligently designed metamaterials can
have a wide range of applications and can be used to re-
duce cabin noise in noisy environments, such as passenger
aircraft and ships, environmental noise along highways and
railroads[121] and for seismic hazard prevention in dense build-
ing complexes.[122]

Although metamaterial absorbers are appropriate for the
aforementioned fields, no significant progress has been made
in their fabrication and use on a broad scale. The reliability of
solar cells and energy harvesting devices as a source of energy
is critical, and the long-term service performance and stability
of metamaterial absorbers remain to be tested. Military stealth
metamaterial coatings are applied in harsh environments and
require excellent physicochemical properties to ensure their
operational performance. This task requires metamaterial ab-
sorbers to have excellent mechanical properties whilst being
chemically stable enough under high temperature, low tem-
perature, salt spray, vibration and other environments. In ad-

094102-12



Chin. Phys. B 32, 094102 (2023)

dition, the low efficiency and high cost of photolithography as
the main means of metamaterial preparation hinder the pro-
cess of production and application of EMMAs. This condition
necessitates the search for new, more efficient and economi-
cal preparation solutions. Metamaterials are rapidly emerging
and flourishing as an emerging technology, and researchers are
putting a significant amount of effort into this field. The mass
production and application of metamaterial perfect absorbers
are not out of reach in daily life.
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