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ABSTRACT: Here, we present an ultralight multilayered graphene-based
metasurface for suppressing specular reflection. With the help of a joint
optimization method, dual low-reflection mechanisms including absorption and
random diffusion are realized within the same structure, resulting in a remarkable
decrease in the backward reflected energy in an ultrabroadband range of 7.5 to 43
GHz (a relative bandwidth of 140.6%). Experiments demonstrate that our design
with a thickness of approximately 3.27 mm can maintain excellent antireflection
performance over a wide angle range of 0 to 45° for both TE and TM waves.
Additionally, as a result of adopting low-density substrates (polyethylene
terephthalate and polymethylacrylimide foam) and multilayered graphene films,
the proposed metasurface shows the advantage of ultralight weight, thus opening
an avenue for a number of engineering applications such as electromagnetic
shielding, information security, and electromagnetic compatibility technology. In
addition, owing to the natural characteristics (corrosion resistance, bending
resistance, etc.) of multilayered graphene films, the proposed metasurface shows enormous potential in some particular application
scenarios with harsh conditions.
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■ INTRODUCTION

As an ancient research area, microwave absorbers or low
reflectors1−7 have attracted much attention due to their
excellent abilities to dissipate or antireflect incident electro-
magnetic (EM) power and therefore restrain the mirror
reflection and transmission of microwaves. To date, such
antireflection technologies have been widely used in military
fields for several decades, such as in radar cross section (RCS)
reduction,8−11 where low-frequency stealth (Ku band (12−18
GHz), X band (8−12 GHz), and even lower) is urgently
needed. Additionally, with the prompt development of fifth-
generation (5G) high-speed wireless communication technol-
ogy, millimeter waves ranging from 24.25 to 43.5 GHz have
officially become a hot topic and a recent trend in the study of
wireless communication.12,13 Notably, electromagnetic inter-
ference (EMI) and a lack of electromagnetic compatibility
(EMC) are inevitable problems that can seriously affect the
quality of 5G communication.14,15 To tackle these problems,
millimeter-wave absorbers or antireflectors16−19 have been
employed to improve the isolation among transmitters and/or
transceivers. Although numerous studies in the corresponding
operation frequency bands have been performed, devising a
suitable solution to simultaneously address the abovemen-
tioned problems is still in great demand.

To solve these serious problems, two different approaches,
including the use of traditional EM absorbers and the use of
metamaterials/metasurfaces have been attempted by research-
ers. With regard to conventional broadband EM absorbers,
ferromagnets are always selected and utilized to transform the
incident EM energy into heat,20−24 resulting in a significant
reduction in the reflected waves along the echo direction; thus,
ferromagnets are widely used in many fields such as EM
shielding and anti-EMI. However, the high density and large
thickness hinder their use in electronic applications in some
unusual scenarios. Currently, metamaterials25,26 or metasurfa-
ces,27,28 as an alternative scheme, consist of subwavelength
structures and have been proposed to realize many exotic
phenomena such as negative refraction,29,30 EM black holes,31

holographic imaging,32,33 and anomalous reflection/trans-
mission,34,35 providing the possibility of solving this problem.
Several attempts have been made to realize broadband low
reflection by using metamaterials but with various drawbacks.
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For example, Li et al. proposed a thin-layered metamaterial
absorber based on carbonyl iron nanocrystalline flakes with
more than 90% absorption (a normal reflectivity of less than
0.1) in 4−40 GHz,36 but it suffers from the heavy densities of
the substrates and the difficulty in the manufacture of standing-
up meta-atoms. Song et al.37 and Zhang et al.38 proposed
three-dimensional (3D) metastructures that can realize self-
recoverability and ultrabroad absorption. Nevertheless, the
large thickness critically restricts their practical applications.
Additionally, the metasurface, as a kind of two-dimensional
(2D) metamaterial, has also been used to achieve low
backward scattering and spread the reflected energy into
various directions by tailoring the spatial profile of low-loss
meta-atoms. Despite the thin thickness, most of these
metasurfaces either exhibit narrowband absorption or are
limited to only one operation band (microwave band or
millimeter-wave band).39,40 Li et al. demonstrated a metasur-
face Salisbury screen with a subwavelength thickness that can
exhibit an efficient absorption of over 89% in an ultrawide
frequency band ranging from 4.1 to 17.5 GHz. However, it has
no response to millimeter-wave spectra.41 Therefore, achieving
a cross-broadband antireflection metamaterial or metasurface
with ultralow density and thin thickness is still challenging.
In this paper, aiming at ultrabroadband low reflection, a

multilayered graphene-based metasurface is designed and
proposed by utilizing a joint optimization method,42 in
which EM absorption and EM diffusion43,44 are achieved in
the same artificial array, leading to excellent antireflection (a
reflectivity of less than 0.1) in a frequency band from 7.5 to 43
GHz, which successfully covers part of the microwave band
and part of the millimeter-wave band. With the help of the co-
optimization strategy, the operation bandwidth and the
scattering suppression ability of the metasurface can be
custom-designed as desired, and automated design can even
be implemented by utilizing this method. Different from the
traditional method to extend the operation bandwidth by
superimposing many adjacent resonant modes in a system,45

only finite resonant modes (a total of four resonances, shown
in Figure 2e) are excited by incident EM waves to modulate
the distribution of the reflection amplitudes and phases of the
proposed meta-atoms. Then, a broadband EM response
simultaneously including absorption and backward diffusion
is achieved by deliberately arranging these elements across the
aperture. The optimized metasurface and the corresponding
meta-atoms are modeled in Figure 1 through structural design.
Notably, with the aid of polymethylacrylimide (PMI) foam (a
density of 50 kg/m3 and a dielectric constant of 1.05 + i0.001)
and polyethylene terephthalate (PET) film (a thickness of
0.175 or 0.05 mm, a density of 1380 kg/m3, and a dielectric
constant of 2.7 + i0.005), the whole structure is exceptionally
lightweight, resulting in excellent application value in engineer-
ing. Moreover, graphene has been a promising material for
technological applications owing to its remarkable electrical,
mechanical, and thermal properties. To date, graphene has
illustrated excellent absorption features from terahertz to
visible light, ascribed to interband free-carrier transitions or
intraband free-carrier dynamics,46 and the optical absorption
performance can be increased by stacking graphene layers.47

Even though single-layered or few-layered graphene shows
some fascinating phenomena, the relatively low conductivity
limits its development along with the extreme difficulty in
large-area processing. To eliminate these problems, multi-
layered graphene films are herein synthesized with different

sheet resistances as needed. Note that due to the robust
properties of the fabricated multilayered graphene film,48,49 our
design can be improved in the future and may provide a
promising way to achieve low reflectors for use in some special
application scenarios with extreme environmental impact
loads.

■ THEORY AND DESIGN
Based on EM theory, the normal reflectivity (R) from the
proposed metasurface can be calculated as

∑ ∑φ= × =
= =

R p a j p20 log exp( ) and 1
i

n

i i i
i

n

i
1 1 (1)

where pi, ai, and φi (i = 1, 2, 3) are the proportion, reflection
amplitude, and reflection phase of the ith type of meta-atom,
respectively. According to eq 1, the main factor affecting the
total R of the metasurface is the reflection response of each
unit cell and the inter-reaction among them. Hence, to
minimize the R of the metasurface automatically in an
operation band of interest, a co-optimization method (Figure
S1a) that combines a commercial simulation tool (CST
Microwave Studio) with genetic algorithm (GA) optimization
is used to select the proper meta-atoms. (See Supporting Note
S1 for a detailed introduction into the joint optimization
method.) The final designed low-reflection metasurface is
formed by three different elements (Figure 1) with optimized
reflection amplitudes and phases. As illustrated in Figure 1, a
square-ring-shaped resonator (Element 1) and a patch
resonator (Element 2) are observed at the top of the whole
structures, while no pattern is discovered in Element 3. (In the
following content, the applied graphene refers to multilayered
graphene.) All the top patterns hosted by PET layers are made
of a graphene film with a sheet resistance r1 of 0.03 Ω/□. A
thin PET film with a thickness of 50 μm is adopted.
Additionally, full-layer graphene films with a thickness of
0.175 mm and a sheet resistance r2 of 141 Ω/□ are located in
the middle of the whole structures (Element 1, Element 2, and
Element 3) and supported by the PET films. Lossless PMI
foam with low density is selected as the substrate to support
and link the adjacent layers (Figure 1). The other structural
parameters of the proposed elements are provided in Table 1.
Simultaneously, the space occupancies p1 (for Element 1), p2

Figure 1. Schematic of the proposed metasurface and corresponding
unit cells. Light lines with different colors represent incident waves of
different frequencies.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c20499
ACS Appl. Mater. Interfaces 2021, 13, 7698−7704

7699

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20499/suppl_file/am0c20499_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20499/suppl_file/am0c20499_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20499/suppl_file/am0c20499_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20499/suppl_file/am0c20499_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20499?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20499?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20499?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c20499?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c20499?ref=pdf


(for Element 2), and p3 (for Element 3) of each optimized
element across the metasurface are also given in Table 1. (See
Supporting Note S2 for a detailed introduction into the unit
cell and aperture optimization.)
Although suitable units and their space occupancies have

been obtained, to realize broadband performance and low
reflection, the spatial arrangement of the proposed meta-atoms
should also be deliberately designed according to the
corresponding element occupancies, as calculated in Table 1.
Before optimizing the aperture configuration of the metasur-
face, we first define 3 × 3 identical meta-atoms as a super
element that can maximize the geometrical similarity and
mimic the periodic boundary condition. Then, by utilizing the
same optimization strategy mentioned in Supporting Note S1,
the optimal spatial distribution, as shown in Figures 1 and 3, is
finally acquired to suppress the backward scattering to the
maximum extent.
To show the performance of the predesigned metasurface, a

full-wave simulation is carried out (Figure 2a) to uncover the
reflection characteristics by utilizing CST Microwave Studio
2019. From Figure 2a, notably, under illumination with a
normal plane wave, a backward reflectivity of less than 0.1 is
achieved from 7.5 to 43 GHz, in which the relative bandwidth
can reach 140.6%, offering design possibilities for ultra-

broadband EM shielding and compatibility devices. Then, to
reveal the physical mechanism of the outstanding performance
of the graphene-based metasurface, the reflection responses of
the three optimal elements are presented in Figure 2d,e.
Considering the use of a lossy conductive material (the middle
graphene layer), Element 1 and Element 2 show excellent
absorption at both edges of the target waveband, and the
absorptivity of Element 3, which gradually increases with
frequency, always remains high (Figure 2d). Through the co-
contribution of the three lossy meta-atoms, the primary
absorption feature of the metasurface can be realized, as shown
in Figure 2b, resulting in dissipation of part of the incident
energy. Additionally, due to the phase difference among the
typical particles (Figure 2e), broadband random diffusion can
be achieved based on the generalized Snell’s law,50 thus leading
to omnidirectional-like reflection similar to light shining on a
rough surface. To further evaluate the contribution of the
diffuse scattering to the restraint of the backward reflection, the
anomalous scattering energy in the frequency band of 5−45
GHz is also calculated (Figure 2c), and the diffusion
phenomenon is found to play an essential role in suppressing
the specular reflection from the metasurface upon illumination
by normal plane waves.
Since the reflection responses (amplitude and phase) of the

elements are mainly due to the resonant feature of the
corresponding structures, to obtain further insight into the
physical mechanism, the simulated surface currents of the unit
cells under normal incidence linearly polarized waves are
illustrated (Figure 2f−i). The corresponding resonance
frequencies are all marked at the places where abrupt phase
shifts occur (Figure 2e). For resonance R1 in Element 1, two

Table 1. Optimized Parameters of the Three Basic Elements

W1 L1 W2 L2 W3 L3 P

2.6 mm 6.0 mm 0 mm 4.8 mm 0 mm 0 mm 6.4 mm
r1 r2 t1 t2 p1 p2 p3

0.03 Ω/□ 141 Ω/□ 1.0 mm 2.0 mm 38.0% 11.6% 50.4%

Figure 2. Simulated energy occupation of backward EM waves versus frequency: (a) specular reflection; (b) absorption; (c) diffusion. Simulated
reflection amplitudes (d) and phases (e) of the typical unit cells. Simulated surface currents at normal incidence: cross-sectional view at R1 (f),
cross-sectional view at R2 (g), top view at R3 (h), and top view at R4 (i).
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sets of antiparallel currents induced by near-field coupling
between the top pattern/ground layer and the middle
graphene layer can be revealed (Figure 2f), therefore proving
the absorption and phase delay originating from the magnetic
resonance. Despite the structural difference of the top-layer
particles, similar phenomena can also be caused by the
magnetic resonance at R2 in Element 2 (Figure 2g). Figure 2h
shows the top view of the simulated surface currents at R3 in
Element 3, and many currents are localized in the middle
graphene layer due to the electric resonance, accompanied by a
significant ohmic loss at the metasurface. Regarding R4 in
Element 1 (Figure 2i), antiparallel currents are found at the
two sides of the top square-ring-shaped structure; that is, the
incident waves can drive magnetic resonance between the
adjacent meta-atoms. Moreover, because of the lower sheet
resistance of the top pattern than of the middle graphene layer,
the Q factor at R4 is higher than those at R1, R2, and R3
(Figure 2d).
In the following, to better understand the diffusion effect

induced by the lossy metastructures, the 3D scattering patterns
are presented in Figure 3a−c for normal incidence waves at 10,

25, and 40 GHz. Additionally, the 3D scattering patterns of a
same-sized metallic plate are also provided in Figure 3d−f for
comparison with our design (Figure 3a−c). According to the
full-wave simulated results (Figure 3a−c), the reflected energy
is dispersed in various directions in an ultrabroad frequency
range due to the destructive interference from the elementary
unit cells with suitable phase differences (Figure 2e).

■ FABRICATION AND MEASUREMENT

Preparation of Graphene Films with Different Sheet
Resistances. The graphene films were implemented through
the following steps (Figure 4a). First, a graphene oxide (GO)
slurry was diluted with ultrapure water to achieve a GO
suspension with a 15 mg/mL concentration. Second, the
diluted GO suspension was drawn on a PET substrate with a
thickness of 0.05 mm. The corresponding GO film was
obtained by evaporating the solution and tearing the film off
from the substrate. Then, graphene films with different sheet
resistances were achieved by two different reduction methods:
annealing under an argon atmosphere at 3000 °C for 1 h (Film
A) and reduction in 50 mg/mL ascorbic acid aqueous solution

Figure 3. Simulated 3D scattering patterns of the proposed metasurface (a−c) and same-sized metallic plate (d−f) for normal incidence at 10, 25,
and 40 GHz.

Figure 4. (a) Schematic illustration of the synthesis flow for graphene films with different sheet resistances. SEM images (b), Raman spectra (c),
and XRD spectra for Film A and Film B. Insets of panel (b): photographs of Film A and Film B.
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for 2 h (Film B). The sheet resistances of Film A and Film B
measured by the four-probe method are 30 ± 1 mΩ/□ and
141 ± 2 Ω/□, respectively. Scanning electron microscopy
(SEM) images (Figure 4b) show thicknesses for Film A and
Film B of 17 and 14 μm. Additionally, from the insets of Figure
4b, Film A has a more pronounced metallic luster than Film B,
qualitatively reflecting the high conductivity of Film A.
Moreover, the Raman (Figure 4c) and X-ray diffraction
(XRD) (Figure 4d) spectra of Film A and Film B were all
obtained to verify that the synthesized films were composed of
graphene films. The high-temperature annealed Film A had a
strong G′ peak and a weak D peak, indicating high-quality
graphitization (the orange line in Figure 4c). In contrast, the
chemically reduced Film B (the olive line in Figure 4c) showed
more defects (a strong D peak) and low graphitization (a weak
G′ peak). The strong intensity of the characteristic graphitic
(002) peak of Film A located at 2θ = 26.5° (the orange line in
Figure 4d) proved that Film A had a stacking structure of
graphene sheets. However, Film B with low orientation order
had a wide half-width at 2θ = 26.5° (the olive line in Figure
4d), which was consistent with the measured Raman spectral
data (Figure 4c).
Fabrication of the Proposed Low-Reflection Metasur-

face. To verify the correctness of the design method for the
proposed ultralight and ultrabroadband graphene-based low-
reflection metasurface, a sample was fabricated according to
the optimized structural parameters (Table 1) and the aperture
configuration (Figures 1 and 3) obtained through the
combined optimization method, and a photograph of the
sample with 11 × 11 supercells is depicted in Figure 5b. The

laser etching process was adopted to pattern the top-layer
graphene film with a processing precision of ±20 μm. The
substrate made of PMI foam was fabricated using computer
numerical control (CNC) machine tools with high accuracy.
Owing to the low densities of the substrates (PMI foam and
PET film) and the graphene films (approximately 1500 kg/
m3), the manufactured sample shows another excellent
advantage of light weight primarily of concern in EM absorber

and stealth design, making it relevant to some unique
application scenarios. To further exhibit the lightweight
property of the proposed metasurface more vividly and
graphically, the fabricated sample was weighed using an
electronic balance, as shown in Figure 5b, and the
corresponding calculated density of 197.1 kg/m3 (the surface
mass density is 0.64 kg/m2) is only approximately 1/10 the
density of FR-4 (1700−1900 kg/m3) and approximately 1/50
the density of copper (8960 kg/m3).

Experimental Section. To complete the experimental
measurement calibration and measure the normalized broad-
band reflectivity, an experimental setup (Figure 5a) was built
in an anechoic chamber. The adopted test system included a
transmission horn antenna, a receiving horn antenna, a vector
network analyzer (VNA, N5247A, to 40 GHz), and a
cantilever system, as illustrated in Figure 5a. In our
experiments, the VNA was used to acquire the response data
of the fabricated sample and same-sized metallic plate by
obtaining the transmission coefficients (S21); therefore, the
normalized reflectivity can be calculated by comparing these
two S21 values. More specifically, the standard gain horn
antennas were connected to two ports of the VNA through two
low-loss and phase-steady cables. Note that three pairs of
different standard gain antennas (operation frequencies: 5−8,
8−18, and 18−40 GHz) were employed to satisfy the test
range of 5 to 40 GHz and that due to the limitation of the
working frequency of the VNA, which is no more than 40
GHz, the reflection response of the sample exceeding 40 GHz
cannot be given here. With the help of the cantilever system,
the reflection coefficients of the sample under normal or
oblique incidence can be obtained by rotating the cantilevers
connected to the corresponding standard gain horn antennas
(Figure 5a) by the same angle but in opposite directions
synchronously. When conducting the measurement, the
antennas were located far enough away from the sample to
meet the far-field condition to guarantee the test correctness
and accuracy.

■ RESULTS AND DISCUSSION

To verify the simulated results, the manufactured metasurface
was experimentally measured using the custom-built test setup,
as shown in Figure 5a. For normal plane wave incidence cases,
the reflectivity of the sample was determined (Figure 5c,d),
and good agreement between the simulation (Figure 2a) and
measurements can be easily observed. Due to the symmetry of
the basic unit cells (Figure 1), the measured spectrum of the
TE mode (Figure 5c) is in good accordance with that of the
TM mode (Figure 5d), providing the polarization-insensitive
characteristic. Additionally, the proposed metasurface still
exhibits low backward specular reflection from 7.5 to 43 GHz
even when the incident angle increases to 45° for both the TE
and TM cases, manifesting excellent angular robustness
(Figure 5c,d). The verified ultralightweight and ultrabroad-
band low-reflection features of the thin-thickness graphene-
based metasurface make it an eligible candidate for real-world
applications.

■ CONCLUSIONS

In this paper, a graphene-based multilayer metasurface (Figure
1) has been investigated to achieve ultrabroadband low
reflection with the aid of the joint optimization method, and
90% of the backward reflected energy can be suppressed by our

Figure 5. (a) Schematic of the custom-built experimental setup. (b)
Photograph of the fabricated sample placed on an electronic balance.
Measured reflectivity of the sample illuminated with TE (c) and TM
(d) mode plane waves.
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design in the whole band of 7.5 to 43 GHz under normal
incidence. Two mechanisms, absorption and backward
diffusion, are employed to compensate for each other to
achieve ultrabroadband RCS reduction with thin thickness and
light weight. Such compensation also gives rise to excellent
angular stability below 45°. A prototype of the proposed
metasurface was fabricated (Figure 5b), and the measurement
results (Figure 5c,d) are in good agreement with the numerical
results (Figure 2a). In addition, the performance of the
manufactured sample remains stable as the incident angle
increases from 0 to 45° for both the TE and TM polarizations
(Figure 5c,d). Combining the extraordinarily ultralight features
of the graphene film and PMI foam, our proposed design offers
an ultralow density, providing the possibility of realizing
lightness of structural devices. Moreover, the graphene film
also natively provides a low-reflection metasurface with the
potential characteristics of robust flexibility, corrosion
resistance, salt-fog resistance, and anti-high temperature. We
remark that the proposed thin-thickness design is of great
practical significance and engineering value, and it can be used
to realize anti-EMI, EMC, and stealth for both civil and
military applications.
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