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Abstract: We demonstrated a multi-band plasmonic metamaterial absorber (MA), based on the
near-field coupled resonators. In addition to the individual resonances of resonators in the proposed
structure, which were split-ring resonator (SRR) and cross-shape structures, another resonance was
also excited owing to the coupling of resonators, revealing a triple-band absorption. Furthermore, to
control the absorption behavior, on the top of the SRRs, the identical SRRs made of graphene ink were
pasted. By increasing the resistance of graphene ink, the coupling strength was weakened, changing
the triple-band absorption to a dual-band one. Our work might be useful as the controllable devices,
based on graphene-integrated plasmonic MA, such as filters, detectors and energy harvesters.

Keywords: metamaterial; multi-band absorption; near-field coupling; graphene

1. Introduction

Metamaterial (MM) is an artificial material which plays an important role in the field of
science and technology today. The MM is composed of resonance structures, the so-called
“meta-atoms,” whose sizes are many times smaller than the operating wavelength. By
designing it reasonably, the MM can exhibit unusual properties which are not available
in the constituent elements. Thanks to that, the unusual properties, such as the inversion
of Snell’s law [1], negative refractive index [2,3] and electromagnetic (EM)-wave absorp-
tion [4,5], are obtained easily. Therefore, the MM is promising for the potential applications
such as sensors [6–8], superlens [9,10], filters [11,12], antennas [13,14], and so on.

Nowadays, EM-wave absorbing materials are receiving great attention from materials
scientists around the world, due to many capabilities in both civilian and military domains.
Metamaterial absorber (MA) was proposed firstly by Landy et al. in 2008 [4]. The MA
can absorb the energy of EM impinging on the material surface. Compared with the
traditional absorbing materials, the MA has the advantages of being thin, light, and easy
to select the desired absorption frequency. Therefore, it can be integrated into compact
devices easily and conveniently. However, the ability to control the absorption properties
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of MA is still limited, because one resonance structure often works only at the fundamental
absorption frequency. To overcome this obstacle, various strategies have been developed
such as incorporating electronic turning components [15–17], microfluidics [18], micro-
electromechanical systems (MEMS) [19,20], etc. These methods enable to manipulate
effectively the perfect-absorption frequencies of MA. However, they require complicated
and costly fabrication processes.

Recently, the tunable MA can be achieved by integrating external materials, including
the use of graphene or graphene ink. Graphene is known as a monolayer of carbon
atom arranged in a honeycomb structure., which performs novel properties such as high
electron mobility, mechanical flexibility, and tunability. Therefore, graphene is one of the
potential candidates for the tunable MA, especially, in the THz range [21–23]. In addition,
the conductive inks based on graphene, which have advantages in term of flexibility,
lightweight and low-cost mass production, are also exploited for the MA [24,25].

In this work, we have investigated and proposed a way to expand the absorption
property of MA, operating in the GHz region but based on the near-field coupling of
resonators. Furthermore, by integrating resistive graphene-ink into the MA, the absorption
behavior can be also controlled. Our investigation aims at simple approaches to manipulate
the absorption behavior in perfect MA. These results are intended to meet the necessary
demands for civilian, including healthcare, and military applications.

2. Methods

The proposed MA unit cell is shown in Figure 1. The MA structure consisted of an FR-4
dielectric layer in between two copper layers. In our simulation, we took the permittivity of
FR-4 to be 4.3 with a loss tangent of 0.025. Copper with a conductivity σ = 5.8 × 107 S·m−1

was chosen for both top and bottom metallic layers. In this case, the bottom layer was made
of a continuous copper plate while the top layer consisted of split-ring resonator (SRR) and
cross-shape (CS) patterns. The detail parameters of plasmonic MA are presented in Table 1.
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Table 1. Structural parameters of the MA.

Parameter a d g l r1 r2 s td tm w

Value (mm) 22 1 1.5 11 7 1 0.5 1.6 0.035 2

Simulation results were obtained by using the software CST Microwave Studio [26]
based on the finite integration technique [27]. Frequency domain solver was used in a
frequency range from 5.5 to 10.0 GHz. Since the bottom layer is a continuous metal plane,
there is no wave passing through our structure. Therefore, the absorption of MA structure
is calculated as

A(ω) = 1− |S11(ω)|2 − |S21(ω)|2 = 1− |S11(ω)|2 (1)

where S11(ω) and S21(ω) are the reflection and transmission parameters, respectively.
In experiments, the MA sample, which is shown in Figure 1d, was fabricated by

using the lithography technique including exposure, development, etching and removing
processes. A vector network analyzer (VNA) ZNB20 attached to a pair of transmitter and
receiver horn antennas was exploited to measure the reflection parameters of MA, as shown
in Figure 1e. The distance between antenna and sample is approximately 2 m and the angle
of incidence θ is about 15 degrees.

3. Results and Discussion

Figure 2 presents the simulated absorption spectra of the CS structure (Figure 2a), SRR
one (Figure 2b), and the proposed MA structure combined with both ones (Figure 2d). The
results point out that the absorption of CS structure reaches 98.4% at 6.85 GHz, while that
of the SRR structure is 82.2% at 8.5 GHz. Although each individual structure gives only a
single peak, by taking them together the proposed MA exhibits a 92.2% absorption peak at
6.85 GHz, and two close absorption ones at 8.37 and 8.65 GHz with absorption magnitude
of 98% and 99.8%, respectively. These two absorption peaks form an absorption band with
an absorption over 80% from 8.28 to 8.75 GHz. The results show that, besides the absorption
peaks of the two individual structures, the coupling of resonators also generates a new
resonance peak, showing the multi-band absorption spectrum of proposed plasmonic MA.
The corresponding S11, S21, S22 and S12 parameters of MA are also plotted in Figure 2c,
which show that the proposed MA absorbs only the wave incoming to the front structure
layer, while the MA reflects totally the wave incoming to the back continuous metallic layer.

The influence of the distance d between CS and SRR structures on the absorption
spectrum of MA was studied and is shown in Figure 3. Here, distance d was changed by
fixing the position of CS and displacing the SRRs. The simulated results present that, when
d decreases from 1 to 0.5 mm, there is a slight change at the first absorption resonance
with a minor shift from 6.85 to 6.80 GHz. Meanwhile, two absorption peaks close to each
other are changed clearly. Specifically, the absorption frequencies of second and third peaks
move to 8.36 and 8.80 GHz, respectively, when d = 0.5 mm. Meanwhile, the absorption
of second peak increases to be 99.4%, while that of the third peak decreases slightly to be
95%. The observation indicates that parameter d plays an important role in controlling the
coupling of the two resonators. When d is smaller, the near-field coupling of SRR and CS
is stronger, making the resonance peak separated further. The phenomenon is consistent
with previously-published results on the near-field coupling (plasmonic) effect between
resonance structures in MM [28–31]. From the obtained results, it can be concluded that
by controlling the structural parameter d, the separation between absorption frequencies
is changed. Thus, the absorption region from 8.28 to 8.75 GHz can be converted from
a broadband (at a larger d) to a dual-band absorption (at a smaller d). The measured
absorption spectra in Figure 3b are in a quite good agreement with the simulated ones
in Figure 3a. Small deviations in the absorption frequency and magnitude might be due
to the tolerance of fabricated samples. The influence of incident angle on the absorption
spectrum of MA (d = 0.5 mm) is simulated and presented in Figure 3c. The result shows
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that the absorption spectrum of MA is nearly unchanged for small incident angles. The
absorption spectrum of MA is only significantly changed at larger incident angles, which are
larger than 45 degrees. Therefore, it can be ensured that, in our experiment, the measured
absorption of MA at small incident angles is similar to that at the normal incidence.
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Crystals 2022, 12, 525 5 of 10

To clarify the mechanism of plasmonic MA, the surface-current distribution on the
structure was simulated and is presented in Figure 4. It can be seen that all the resonances
at absorption frequencies are the magnetic resonances caused by antiparallel induced
surface currents on the top and bottom metallic layers. At 6.80 GHz, the induced current is
concentrated mainly on the CS structure, meaning that the first absorption frequency is the
individual resonance one of CS structure. Meanwhile, at 8.36 and 8.80 GHz, the induced
currents are distributed mainly on the SRR, indicating the main role of SRRs at the second
and the third absorption frequencies. However, the current distribution is not uniform
on the SRR structure. The currents are located mainly on the outer branches of SRRs at
8.36 GHz, while those are excited strongly on the inner branches of SRRs at 8.80 GHz. The
observed results show that the absorption resonances at 8.36 and 8.89 GHz are also affected
by the coupling of SRR and CS structures, which redistributes the surface current on the
SRR differently from the other frequency.
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tion resonance of CS structure is not affected by the graphene. However, the separation 
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Figure 4. Surface-current distribution on the MA structure when d = 0.5 mm at absorption frequencies
of (a) 6.80, (b) 8.36 and (c) 8.80 GHz.

In next investigation, we propose a simple way to manipulate the near-field coupling of
resonators in the MA by exploiting graphene. Figure 5 illustrates the unit-cell configuration
of graphene-integrated plasmonic MA. A graphene-ink was pasted on top of the SRRs of
aforementioned MA (with d = 0.5 mm). To adjust the near-field coupling strength, different
graphene inks were used with the resistance varied from 7.2 to 30 Ω/sq. The graphene
sheet resistance was characterized based on the four-probe method by using the Helpass
HPS2523 resistance tester (HELPASS, Changzhou, China).

Figure 6 shows the simulated and measured absorption spectra of bare MA and pro-
posed graphene-integrated plasmonic one. In the simulation, when the sheet resistance of
graphene ink is 7.2 Ω/sq, the first peak is nearly unchanged since the individual absorption
resonance of CS structure is not affected by the graphene. However, the separation between
second and third peaks is reduced gradually. At the same time, the absorption of these
peaks decreases remarkably, broadening the absorption spectrum to be a frequency region
from 8.26 to 8.86 GHz for an absorption range only from 70% to 80%. When the sheet
resistance of graphene ink increases further from 7.2 to 30 Ω/sq, the first absorption peak
is still nearly unchanged. On the other hand, the second and third peaks are transformed
to be a single peak at 8.4 GHz and the absorption is reduced more to be roughly 60%.
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Figure 6. (a) Simulated and (b) experimental absorption spectra of bare and graphene-integrated
plasmonic MAs with different resistances of graphene ink.

In the experiment, the measured absorption spectra show the similar behaviors as
the simulated ones. The reduction of separation between second and third peaks, and the
decrease of absorption can be explained, based on the resistance of graphene-ink. In the
graphene-integrated plasmonic MA, the graphene layer acts as the resistive layer which
weakens the strength of individual resonance of SRR. Consequently, the near-field coupling
of SRR and CS resonators is also weakened, making the separation in frequency between
second and third peaks is smaller. Furthermore, it is noteworthy that the resonance
intensity of SRR is weaken by the resistive graphene layer. The change of resonance
intensity alters the impedance of MA. Hence, the impedances of MA and air do not match
anymore. Consequently, the absorption magnitude is decreased accordingly in the presence
of graphene ink. Since both coupling of resonators and resonance strength of SRR decrease,
not only these two peaks are transformed to a single peak, but the absorption is also reduced.
The obtained results indicate that the absorption behavior of multi-band plasmonic MA
can be controlled effectively by integrating the graphene ink into the MA structure.

To gain insight into the absorption mechanism of plasmonic MA, the distribution of
surface current on the conductive parts of MA is simulated at distinct absorption frequen-
cies. Figure 7a shows the surface current distributions at 6.80, 8.38 and 8.76 GHz of MA
integrated with the graphene ink whose sheet resistance is 7.2 Ω/sq. Obviously, all of these
resonances are the magnetic resonances caused by anti-parallel induced surface currents
on the conductive layers. At 6.80 GHz, the induced current is still enhanced mainly around
the CS structure. The induced currents at 8.38 GHz are concentrated on the outer edges of
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SRRs. Meanwhile, at 8.76 GHz the induced currents are located mainly on the inner edges
and partly at the outer ones of SRRs. In comparison with the surface-current distribution in
Figure 4, the currents are not clearly distributed on the outer and inner edges at the second
and third absorption peaks, respectively. This indicates that the coupling of resonators
is weaker under the existence of resistive graphene ink. The simulated surface currents
present that the resonance at 6.80 GHz is due to the magnetic response caused by the
individual CS structure, while the absorption band from 8.26 to 8.86 GHz result from both
individual magnetic responses of the SRR structure and weak coupling of the SRRs and
CS. When the sheet resistance of graphene ink comes to be 30 Ω/sq, at 6.78 and 8.40 GHz,
similarly the top and bottom surface currents are anti-parallel to each other, confirming that
the absorption mechanism is affected by the magnetic resonance. Here, the induced current
at 6.78 GHz is still built up mainly on the CS structure. However, at 8.40 GHz, the surface
current distribution is uniform on the SRR. The observed phenomena indicate that the high
resistance of graphene ink weakens the near-field coupling effect. Therefore, the coupling
of resonators becomes less active and the absorption peak is contributed predominantly by
the individual resonance of SRR structure.
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