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We theoretically investigate a circuit analog approach to integrate graphene and metamaterial in
electromagnetic wave absorber design. In multilayer graphene-metamaterial (GM) absorbers, ultrathin
metamaterial elements are theoretically modeled as equivalent loads which attached to the junctions
between two transmission lines. Combining with the beneﬁts of tunable chemical potential in graphene,
an optimized GM absorber is proposed as a proof of the circuit method. Numerical simulation results
demonstrate the effectiveness of the circuit analytical model. The operating frequency of the GM
absorber can be varied in terahertz frequency, indicating the potential applications of the GM absorber in
sensors, modulators, and ﬁlters.
& 2014 Elsevier B.V. All rights reserved.
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1. Introduction
A perfect electromagnetic (EM) wave absorber is a device to absorb
all incident radiation at the operating frequency and to disable all
other light propagation channels [1]. Salisbury screen based on the
transmission line theory is the fundamental strategy to design EM
absorbers in which a resistive sheet is placed in front of a metal
ground plane with a distance of one fourth of the wavelength [2]. As a
broadband extension of the Salisbury screen, the Jaumann absorber
consists of two or more resistive sheets and resonances over multiple
wavelengths [2]. To achieve high absorption over broad band, circuit
analog (CA) absorbers are developed in which lossy frequency
selective surfaces (FSS) are arranged periodically in front of a single
metal ground [3,4]. With its rapid developments in artiﬁcial materials,
metamaterials are recently proposed to design novel EM absorbers [5–
10]. Unlike conventional absorbers based on transmission line theory,
metamaterials, consisting of solely metallic elements, are usually
described as effective materials via effective electric permittivity and
effective magnetic permeability [11–15]. By independently tuning the
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resonance in ε and μ, metamaterials can be designed with matched
impedance to free space, thus realizing approximately zero reﬂectivity
[5]. This seminal work soon has inspired other works in various
frequency regimes. High absorptivity has been achieved in THz [16],
mid-infrared [17], near-infrared [18] and visible [19] frequencies.
Graphene [20–22], one-atom-thick electromagnetic material
with the ﬂexible tunability of its chemical potential [23], is a
promising two-dimensional platform of designing atomicallythick plasmonics and metamaterials [24–26]. In particular, some
works have already shown the good optical absorption performance of graphene sheets [27–30]. However, combining graphene
with conventional metamaterials to establish novel EM absorbers
has been rarely discussed [27–30]. In this paper, basing on
transmission line theory, we propose a circuit analog method to
integrate graphene and metamaterial sheets in absorber design,
which may provide theoretical guidance for designing graphenemetamaterial (GM) combined absorbers. As a proof of concept, an
optimized tunable GM absorber, whose operating frequency can
be varied from 1.77 THz to 2.59 THz, is proposed.

2. Results and discussion
The GM absorber under consideration consists of a metamaterial sheet and a graphene sheet separated by insulators (polymer)
located upon a metal ground plane. Two typical structures are

Z. Wang et al. / Optics Communications 329 (2014) 76–80

schematically shown in Fig. 1. The unit cells of both the grapheneembedded (in Fig. 1(a)) and metamaterial-embedded (in Fig. 1(b))
structures are periodically arranged along the x and y directions
with the periodicity, p ¼ 20 μm. The patterned metamaterial ﬁlm
(cut-wire shape) is constructed by copper whose thickness is
t m ¼ 0:02 μm. In the graphene-embedded sample, a graphene
sheet is sandwiched between two polymer layers (with different
thicknesses d1 ,d2 ) and the metamaterial ﬁlm is placed on the top.
Whereas, the metamaterial-embedded sample has a reverse
arrangement in which the top layer is a graphene sheet. It should
be noted that throughout this paper the time variation is ejωt ,
where j is the imaginary unit.
Based on transmission line theory, an effective circuit analog
model is established in Fig. 1(c), where ε0 is the dielectric constant
of vacuum, εp ¼ 3:5ε0 represents the dielectric constant of polymer. Due to the ultrathin thicknesses compared with the operating
wavelength, both the graphene sheet and the metamaterial ﬁlm
can be treated as conductive ﬁlms with the surface impedances Z g
and Z m , respectively. Polymer layers, modeled as transmission
lines, can be designed either inductive or capacitive to satisfy
desired absorption performance. Without lose generality, consider
wave is obliquely incident onto the GM absorber with an incident
angle of θ, the effective circuit parameters shown in Fig. 1(c) for TE
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polarization (the electric ﬁeld is along x axis) in metamaterialembedded structures are derived as [31]
Z 1 ¼ jZ p tan ðkzp d1 Þ

ð1Þ

Z 2 ¼ ðZ 1 Z m Þ=ðZ 1 þ Z m Þ

ð2Þ

Z 3 ¼ Z p ðZ 2 þjZ p tan ðkzp d2 ÞÞ=ðZ p þ jZ 2 tan ðkzp d2 ÞÞ

ð3Þ

Z in ¼ ðZ 3 Z g Þ=ðZ 3 þ Z g Þ

ð4Þ

where Z p ¼ ωμ0 =kzp is the characteristic impedance of the polyqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
mer, kzp ¼ kp  k0 sin 2 θ is the propagation constant along
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
z-direction, and kp ¼ ω μ0 εp is the wave number in the polymer.
To evaluate the absorbing performance of such proposed
GM combined absorbers, the impedances of the graphene sheets
f
(Z g ¼ 1=sg ) and the metamaterial ﬁlms (Z m ¼ 1=sef
m ) are compulsory
f
to calculate, where sg and sef
are
the
effective
surface
conductivities
m
of graphene and the metamaterial, respectively. Note that graphene
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Fig. 1. The schematic diagram of the GM absorbers. (a) Graphene-embedded
structure, (b) metamaterial-embedded structure, and (c) equivalent circuit model.

Fig. 2. Normalized surface optical conductivity of graphene with various chemical
potentials. The solid and dashed lines correspond to the real and imaginary parts of
sg Z 0 , respectively.

Fig. 3. (a) The equivalent circuit model of a metamaterial ﬁlm sandwiched in
dielectrics. The retrieved effective electric sheet conductivity for (b) n1 ¼ 1,
n2 ¼ 1:87, and (c) n1 ¼ n2 ¼ 1:87.
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is usually characterized by its surface conductivity [32–34], which
can be calculated directly by the Kubo formula [35–38]
"Z
þ1
je2 ðω jτ  1 Þ
jεj
∂f d ðεÞ
sg ðω; μc ; τ; TÞ ¼
dε
2
2 ∂ε
πℏ
 1 ðω jτ  1 Þ
#
Z þ1
∂f d ð  εÞ  ∂f d ðεÞ
d
ε
;
ð5Þ

ðω  jτ  1 Þ2  4ðε=ℏÞ2
0


where f d ¼ 1=ð1 þ exp ðε  μc Þ=kB T Þ is the Fermi–Dirac distribution,
μc is the chemical potential, e is the electron charge, ℏ is the reduced
Planck's constant, kB is the Boltzmann's constant, and τ is the
momentum relaxation time due to the carrier intraband scattering.
The ﬁrst term in Eq. (5) corresponds to the intraband electron–
photon scattering process and the second term relates to the direct
interband electron transition. For simplicity, we
 use here a constant
value of τ ¼ 0:1 ps. At THz regime, when ℏω⪡μc , the interband part
in Eq. (5) is negligible and the surface conductivity can be simpliﬁed
as [37,39]





 je2 kB T
μc
μ
þ 2 ln exp  c þ 1 :
ð6Þ
sg  sintra ¼ 2
kB T
π ℏ ðω jτ  1 Þ kB T
At room temperature (T¼ 300 K), Fig. 2 shows the normalized
surface conductivity (sg Z 0 ) of monolayer graphene with various
chemical potentials (0.2–0.8 eV), where Z 0 ¼ 120π ohm is the freespace impedance. In the frequency range of 1–6 THz, the higher μc
has larger graphene's conductivity, which shows promising applications in realizing tunable absorbers and other switchable
devices with a voltage-controllable effect.
Theoretically calculating the conductivity of patterned metmaterials is much more difﬁcult, instead, we use a viable numerical
method to retrieve its effective parameters. It has been proven that
thin-ﬁlm metamaterial and conductivity sheets can be characterized with the electric and magnetic effective surface conductivity
[40]. Therefore, in this context, a similar retrieval approach is
employed to calculate the effective electric surface conductivity of
the metamaterial ﬁlm sandwiched in different dielectrics. For
simplicity, a non-magnetic resonance metamtarial ﬁlm is adopted.
The unit cell of the considered metamaterial (Fig. 3a) consists of a

cut-wire made of copper whose dimensions are w1 ¼ 19 μm,
w2 ¼ 10 μm, and h ¼ 0:6 μm. This metamaterial ﬁlm between two
dielectrics is equivalent to a load attached to the junctions
between two transmission lines. In the case of normal incidence,
the effective surface electric conductivity of the metamaterial ﬁlm
f
(sef
m ) can be expressed as [41,42]


1 2n1
 ðn1 þn2 Þ ;
sefm f ¼
ð7Þ
Z0 t
where n1 and n2 are the refractive indices of the cladding and
substrate, respectively, t is the transmission coefﬁcient for a
normal incident wave coming from the cladding (n1 ). The scattering parameters are calculated by a frequency-domain electromagnetic solver. One unit cell is stimulated with mirror symmetry
boundary conditions (PEC/PMC) to model a period array of cutwires. The incident electric ﬁeld is along the x direction. The
f
ef f
retrieved effective electric sheet conductivities (sef
m ¼ Reðsm Þ þ
f
jImðsef
Þ)
of
the
metamaterial
ﬁlms
in
different
backgrounds
m
following Eq. (7) are plotted in Fig. 3(b) and (c). One can see that
the electric sheet conductivities have noticeable Lorentz resonances and hence the incident waves will be highly scattered at
resonance frequencies [40]. The resonance frequency of the cutwire metamaterial shifts from 2.38 THz to 1.9 THz when the
refractive index of cladding substrates changes from 1 to 1.87.
Therefore, the inﬂuence of substrates should be considered when
using the circuit analog approach to design metamaterial devices.
Based on the aforementioned parameters of the graphene sheet
and the metamaterial ﬁlm, we are now going to verify the validity
of our proposed circuit analog method in designing GM absorbers.
Fig. 4 shows the simulated and theoretical results of the reﬂection
coefﬁcients for GM absorbers with μc ¼ 0:5 eV. The geometry
parameters we adopted here are consistent to previous description
except for d1 ¼ d2 ¼ 10 μm. In the simulation, we simulated the
whole structure in microwave CST. These curves show that the
simulation results are highly consistent with the theoretical
results. In the simulation, two absorbing peaks exist for both the
metamaterial-embedded structure and the graphene-embedded
structure. Meanwhile, the absorbing frequencies experience shifts

Fig. 4. Simulated and theoretical reﬂection coefﬁcients for (a and b) the graphene-embedded structure and (c and d) the metamaterial-embedded structure.
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3. Conclusion
We have analytically investigated the circuit approach to
integrate graphene and metamaterial in absorber design. Since
the graphene sheet and the metamaterial ﬁlm have relatively
ultrathin optical thicknesses, their electrical properties are characterized via effective surface conductivity. Simulated results
prove the validity of the transmission line model for GM absorber
design. An optimized metamaterial-embedded structure is then
proposed to build the frequency-tunable GM absorber depending
on the chemical potential. Our work shows a feasible methodology
to design tunable GM combined devices, which opens up new
possibilities for further innovations in switchable optics.
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Fig. 5. (a) Reﬂection coefﬁcients for the optimized GM aborber and the structures
comprising single metamaterial or single graphene. (b) Similar plot varying the
chemical potential.

for different incident angles. The underlying reason is that the
input impedance, related to the propagation constant along zdirection, is sensitive to the incidence angle.
Rooted on these understandings, tunable devices with desired
properties based on circuit analog approach can be designed.
Specially, to demonstrate the potential of circuit analog method,
we propose an optimized GM absorber, using the metamaterialembedded prototype. The metamaterial ﬁlm embedded in polymer layers is separated from the ground metal plane and the top
graphene sheet with different distances (d1 ¼ 2 μm,d2 ¼ 21 μm).
The reﬂecting performance for three cases (GM absorber, single
metamaterial, single graphene for μc ¼ 0:2 eV) is shown in Fig.5(a).
It is noted that the lower resonant peak is mainly originated from
the resonance of the metamaterial ﬁlm. After integrating the
metamaterial ﬁlm into the graphene absorber, a strong absorbing
peak turns up at this frequency. Moreover, the absorption performance can be artiﬁcially modulated by tuning the chemical
potential. As shown in Fig. 5(b), the maximum absorption frequency shifts from 1.77 THz to 2.59 THz while varying chemical
potentials from 0.2 eV to 0.8 eV. Besides, the reﬂection spectra
exhibits extremely sharp valleys (S11 o  36 dB), indicating the
promising applications of this GM absorber in sensors, modulators
and ﬁlters, etc.
Compared with previous EM wave absorbers, the GM absorber in
this work combines the advantages of graphene's tunable ﬂexibility
and metamaterial's sensitive frequency selectivity, opening up a
distinct way to build graphene-metamaterial devices. Furthermore,
modeling metamaterial elements as conductive sheets is an efﬁcient
methodology in considering multilayer dispersive media. Finally, to
satisfy speciﬁc requirements in practice, one can employ other
numerical optimization techniques (e.g., genetic algorithms) to deal
with complex dispersion problems that will be faced in constructing
multilayer GM device. This intuitional and concise circuit approach
is also an ideal candidate to analyze the combined effects of
metamaterial ﬁlms and other current concerned two dimensional
materials, such as monolayer 2D-SiC and silicene.
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