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Graphene–Silver Hybrid Metamaterial for Tunable
and High Absorption at Mid-Infrared Waveband

Shun Cao , Taisheng Wang, Qiang Sun, Yuguo Tang, Bingliang Hu, Uriel Levy, and Weixing Yu

Abstract— We proposed a hybrid metamaterial structure
based on graphene-silver, which has tunable and efficient light-
absorbing performance at the mid-infrared regime. It is shown
that this model can absorb light effectively with a maximum
of 100% at the absorption peak wavelength. In addition,
the absorption peak wavelength can be adjusted flexibly by
changing parameters, including the chemical potential applied
to graphene or other structural parameters of the structure.
This nearly perfect absorption capability is attributed to the
synergetic effects of the localized surface plasmon enhancement of
Ag nanoribbon, graphene plasmonics, metal–insulator–graphene
mode and Fabry–Perot resonance. This kind of tunable absorber
can be used in mid-infrared photodetectors or spectroscopy fields.

Index Terms— Graphene, metamaterial, absorber, localized
surface plasmon resonance enhancement, tunability.

I. INTRODUCTION

OVER the past decades, metamaterials based per-
fect absorbers (MPAs) have been widely exploited

for optoelectronic applications, including plasmonic biosen-
sors [1]–[3], infrared thermal detection [4], [5], energy-
harvesting devices [6]–[10]. Many MPAs with periodic
nanostructures were proposed, which show a super absorptive
property from visible to terahertz domain [11]–[14]. Noble
metals, such as gold and silver, are widely used for the MPAs.
Localized surface plasmon resonance (LSPR) excited by the
metallic nanostructures is one of the main factors to enhance
the interaction between the incident wave and the structure.
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However, the optical response of noble metals is passive
and not easy flexible in tuning the absorption and resonating
properties of the devices. This limits MPAs in applications
such as spatial light modulators [15], [16].

In middle infrared and terahertz regime, graphene has
prominent electric, optical properties and can behave like
metals when it interacts with the incidence light and sup-
ports surface plasmons (SPs) [17]–[20]. This makes it useful
in applications in transformation optics, tunable metamateri-
als, super-resolution and absorption enhancement [21]–[30].
Comparing with conventional metal SPs, graphene SPs can
be tuned by electric gating or chemical doping and thus
makes dynamically tunable resonant and active devices possi-
ble [31]–[33]. However, the absorption of graphene MPAs is
relatively weak in the near-infrared range in that it is normally
used as a lossy material without supporting SPs [34].

In view of the merits of noble metals and graphene, we pro-
posed a graphene-based metamaterial absorber (GMA), which
can support ultra-high absorption at the mid-infrared band. The
finite-difference time domain (FDTD) method was employed
to analyze GMA and the absorption of GMA is as high as
100% at wavelength of 4.55 μm. Additionally, the absorption
mechanism of GMA is numerically studied and the effect
of different parameters of GMA on the absorption was also
discussed in detail.

II. METHODS AND STRUCTURE

Figure 1 show the proposed GMA structure which consists
of Ag/SiO2/graphene/Polyethylene oxide (PEO)/Ag nanorib-
bon and the geometric parameters of the GMA. Due to
realize the extremely high value for the chemical potential in
graphene, we chose the PEO, as dielectric material bewtten the
top Ag nanoribbon and graphene. An ion gel, which consists
an ionic liquid (e.g. Li+) and a polymer (like PEO), can be
realized in the experiments [35], [36]. The period of unit cells
is 500 nm period in both x and y directions.

The model of graphene sheet was similar to and can be
found in our previous work [25]. The graphene thickness
was also assumed as 1 nm [37]–[40] in simulations, to make
the numerical calculations reach proper convergence. In the
simulation, the parameters of graphene are: Kelvin temperature
T = 300 K, Fermi velocity νF = 105 m/s, DC mobility μ =
10000 cm2V−1s−1, and the value of the chemical potential μc

was tuned from 1.0 eV to 2.0 eV.
According to [25, eqs. (1)-(3)], the relative permittivity

of graphene with different μc were calculated and shown
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Fig. 1. The schematic diagram of the graphene-based metamaterial absorber
with geometric parameters: P = 500 nm, w = 100 nm, d1 = 100 nm, d2 =
230 nm, d3 = 20 nm, d4 = 10 nm. (a) The perspective view and (b) the cross
sectional view of the GMA.

Fig. 2. Optical properties of graphene as a function of chemical potential
in 2-7 μm waveband. (a) The real and (b) imaginary part of permittivity of
graphene, respectively.

in Figs. 2(a) and 2(b), respectively. As shown in Fig. 2(a),
a smaller μc results in a greater real part εr . However,
the imaginary part changes slightly when the μc is increased,
as depicted in Fig. 2(b).

By using the rigorous FDTD (Lumerical FDTD Solutions),
the GMA structure was analyzed. The TM polarized plane
wave at 4-6 μm waveband incident in z direction. The inset
of Fig. 1(a) shows the direction of incident waves with respect
of the perspective of the proposed absorber. Periodic boundary
conditions (PBC) was employed in both x and y directions
and perfectly matched layer (PML) boundary condition in
z direction. The optical constants of Ag are taken from
literature [41]. The refractive index of PEO can be obtained
from [42]. We assumed the chemical potential μc of graphene
is 1.7 eV and the relative permittivity was showed in Fig. 2.

The absorption was calculated by the equation A(λ) =
1 − R(λ) − T (λ), R(λ) is the reflection and T (λ) is the
transmission. Due to the thickness of the bottom Ag layer
(100 nm) is much larger than its skin depth, there is nearly
no transmittance in the waveband, i.e. T (λ) = 0. Under this
condition, the absorptivity can be simplified into A(λ) =
1 − R(λ).

III. RESULTS AND DISCUSSION

Frequency-domain field and power monitors were used to
investigate the S-parameters of GMA. Figure 3 shows the
absorption spectra of GMA (the red curve) for the normal
incident light. The absorption has one peak at wavelength
of 4.55 μm, the corresponding absorption is 100%. In order to
show the effect on absorption of graphene in GMA, we also
calculated the structure without the graphene. The absorption
of this structure (the green curve) was also shown in Fig. 3.
In this case, the absorption has one peak at wavelength

Fig. 3. Absorption spectra of GMA with graphene mobility
10000cm2V−1s−1 (red), GMA with graphene mobility 5000cm2V−1s−1

(black), GMA with graphene mobility 1000cm2V−1s−1 (blue) and GMA
without graphene (green).

of 5.18 μm, however, the corresponding absorption is only
28.1%. As a result, it is confirmed that the graphene layer
plays an important role in the enhancement of the absorption
at this waveband. Electrolyte gates can be efficient at modu-
lating the carrier concentration in graphene but also introduce
high amount of scattering and the mobility in the layer is
significantly reduced even down to 1000cm2V−1s−1 [43]. Due
to the scattering effect of PEO, we also showed the absorp-
tion curves of graphene with a mobility of 1000cm2V−1s−1

and 5000cm2V−1s−1 (the black and blue line), respectively.
From Fig. 3, the resonant wavelength of absorption peak is
almost unchanged and the maximal absorption just decreased
to 97.3% and 93.0% when the mobility of graphene is
5000cm2V−1s−1 and 1000cm2V−1s−1, respectively. There-
fore, the scattering, due to the PEO, does not have much effect
on absorption.

The electric field distributions at different planes were
calculated at wavelength of 4.55 μm (the absorption peak) and
the results were shown in Figs. 4(a)-4(d). Figure 4(a) shows the
distribution of the electric field at y = 0 μm plane. From the
color bar, one can observe clearly that the electric field, located
at the edges of upper Ag ribbon/PEO interface, is enhanced
greatly with more than 50 factors. The detail of electric field
distribution of Ag ribbon at z = 124 nm (3 nm above the
Ag nano-ribbon) is shown in Fig. 4(b). One can find that the
electric field is concentrated mainly at the edges of the Ag
ribbon. This phenomenon can be attributed to the localized
surface plasmon resonance (LSPR) effect [44]. Figure 4(c)
shows the distribution of real Ez at y = 0 μm plane.
As depicted in Fig. 2, at the waveband of 2-7 μm, the graphene
shows a metal-like properties. Therefore, from Fig. 4(c), it can
be found the SPs exist in the graphene layer. The PEO film,
sandwiched by the Ag nano-ribbon and graphene, forms a
sandwich nanocavity. The standing wave (SW) pattern of SPs
exists in the nanocavity as shown in Figs. 4(a) and 4(c).
Since the nanocavity functions as a cavity resonator for
SPs, the electric field is enhanced greatly with more than
30 factors. This can be attributed to the hybrid Metal-Insulator-
Graphene (MIG) plasmon mode, like MIM (Metal-Insulator-
Metal) mode, due to the proximity of the graphene layer to the
Ag grating. The incident wave could penetrate the graphene
layer, which is a one-atom-thick material. The detail of electric
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Fig. 4. (a) The distribution of the electric field of GMA in y = 0 plane.
(b) The distribution of the electrical field at z = 124 nm plane. (c) The
distribution of real z component of the electric field of GMA in y = 0
plane. (d) The detail of the distribution of the electric field in the SiO2 film.
(e) The distribution of the electric field of the simple Ag ribbon-PEO-SiO2-
Ag structure in y = 0 plane, with the same parameters of GMA. (f) The detail
of the distribution of the electric field of the simple Ag ribbon-PEO-SiO2-Ag
structure in SiO2 film.

field distribution of SiO2 film at y = 0 μm in Fig. 4(a) is
shown in Fig. 4(d). As shown in Fig. 4(d), the intensity of
the electric field in the SiO2 film is nearly zero close to the
interface of the bottom Ag and SiO2 film.

As a comparison, the electric field distribution of the
GMA without graphene layer at y = 0 μm plane at
wavelength of 5.18 μm was also calculated and shown
in Figs. 4(e) and 4(f). From Fig. 4(e), the electric field
is also concentrated mainly at the edges of the Ag nano-
ribbon and the enhancement is only about 10 factors, which is
much weaker than that of GMA with graphene. As shown
in Fig. 4(f), due to lack of graphene plasmonics, there is
no electric field enhancement in the SiO2 film. As a result,
the absorption of GMA without graphene is much lower than
that of GMA with graphene.

Therefore, considering the results shown in Fig. 4 and
the discussion mentioned above, one can conclude that the
physical mechanism for the strong absorption of GMA is
the synergistic effect of localized surface plasmon enhance-
ment, graphene plasmonics and MIG mode. Firstly, localized
surface plasmon enhancement was excited by the Ag nano-
ribbon. And graphene SPs was generated by this electric field
enhancement. Due to the very large imaginary part of the
refractive index, the Ag and graphene absorbs the incident
wave greatly [20]. Then Fabry–Pérot formed between the Ag
grating and the Ag back reflector contributes to the absorption
of remaining energy as well.

To further understand the absorption performance of GMA,
the effect of different parameters including the chemical
potential μc of graphene, the period (P) and the thickness
of the PEO (d3) and SiO2 (d2) on the absorption were studied
and the results are shown in Fig. 5. Figure 5(a) shows the
absorption versus wavelength for chemical potential μc of
graphene. From Fig. 5(a), it can be observed that the change of
μc has different effects on absorption and resonant wavelength.

Fig. 5. The effect of different parameters of GMA on the absorption spectra:
(a) chemical potential μc of graphene, (b) the period (P), (c) the thickness of
the PEO (d3) and (d) the thickness of the SiO2 (d2). The chemical potential
of graphene is 1.7 eV in (b), (c) and (d).

Specifically, the absorption peak wavelength has an obvious
blue shift with the chemical potential μc increases. For absorp-
tion, when μc changes from 1.0 to 1.7 eV, the absorption
increases from 76.4% to 100%. However, when μc further
increases to 2.0 eV, the absorption reduces significantly to
97.5%. Therefore, one can tune the absorption performance
of GMA by changing the chemical potential of graphene.
Figure 5(b) shows the effect of the period (P) of GMA on the
absorption. The period is changed from 400 to 600 μm with
a step size of �P = 50 μm. As can be seen, there is almost
no change for the absorption when the period changes. The
absorption peak wavelength has an obvious red shift with the
period increases. The wavelength of absorption peak changes
with a direct dependence on periodicity of GMA. This is con-
sistent with the reference [45]. Figure 5(c) shows the absorp-
tion versus wavelength for different thickness of PEO (d3),
sandwiched by the Ag nano-ribbon and graphene. As shown
in Fig. 5(c), it can be seen that the absorption peak wavelength
has a blue shift with the thickness d3 increases. For absorption,
when d3 changes from 10 to 20 nm, the absorption increases
from 89.1% to 100%. However, when d3 further increases,
the absorption has almost no change, only reduces slightly
to 98.8% (25 nm) and 98.4% (30 nm). From Figs. 5(a)-5(c),
one can find that the absorption peak wavelength can be
tuned flexibly by simply changing of the parameters including
chemical potential of graphene, the period and the thickness of
the PEO film. Therefore, the Ag nano-ribbon, PEO film and
graphene are the resonant layer of GMA. The effect of the
thickness of the SiO2 film (d2) on the absorption is shown in
Fig. 5(d). It can be seen that there is almost no change for the
absorption peak wavelength when the d2 changes. To look into
the details, the absorption curves at the peaks are magnified
and shown in the inset of Fig. 5(d). One can find that the shifts
of the resonant wavelength are no more than 0.05 μm. The
absorption of GMA increases from 60.5% (d2 = 80 nm) to
100% (d2 = 230 nm). However, the absorption just reduces

Authorized licensed use limited to: Hebrew University. Downloaded on July 29,2020 at 21:26:02 UTC from IEEE Xplore.  Restrictions apply. 



478 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 30, NO. 5, MARCH 1, 2018

slightly to 98.2% when d2 further increases to 280 nm. The
F–P vertical cavity are formed between the Ag grating and
the bottom Ag film. Therefore, this effect originates from the
vertical cavity between the top Ag nanoribbon and the Ag
back reflector.

IV. CONCLUSION

In summary, we have proposed an efficient infrared
graphene-based metamaterial absorber which can achieve an
absorption of over 99%. The absorption property of GMA
can be tuned easily by changing the chemical potential
of graphene. The high absorptivity of the proposed hybrid
absorber can be explained by the synergistic effect of the
localized surface plasmon resonance enhancement, graphene
plasmonics, MIG mode and F-P resonant. Our results can
provide a valuable guide in applications including the design of
plasmonic absorber and optical communications in the infrared
range based on graphene.
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