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Abstract Graphene plasmonics has been introduced as
a novel platform to design various nano- and micro-
structures to function in a wide range of spectrum from
optical to THz frequencies. Herein, we propose a tun-
able plasmonic metamaterial in the THz regime by using
metallic (silver) concentric microscale split ring resona-
tor arrays on a multilayer metasurface composed of
silica and silicon layers. We obtained an absorption
percentage of 47.9% including two strong Fano reso-
nant dips in THz regime for the purely plasmonic
metamaterial without graphene layer. Considering the
data of an atomic graphene sheet (with the thickness of
~0.35 nm) in both analytical and experimental regimes
obtained by prior works, we employed a graphene layer
under concentric split ring resonator arrays and above
the multilayer metasurface to enhance the absorption
ratio in THz bandwidth. Our numerical and analytical
results proved that the presence of a thin graphene layer
enhances the absorption coefficient of MM to 64.35%,
at the highest peak in absorption profile that corresponds
to the Fano dip position. We also have shown that
changing the intrinsic characteristics of graphene sheet
leads to shifts in the position of Fano dips and variations
in the absorption efficiency. The maximum percentage
of absorption (~67%) was obtained for graphene-based
MM with graphene layer with dissipative loss factor of

1477 Ω. Employing the antisymmetric feature of the
split ring resonators, the proposed graphene-based
metamaterial with strong polarization dependency is
highly sensitive to the polarization angle of the incident
THz beam.

Keywords Split concentric ring resonators . Graphene
plasmonics . Absorption enhancement . Metamaterial .

Fano resonances . Sensor applications

Introduction

A monolayer of carbon atoms in a honeycomb lattice
orientation is well-known as Bgraphene^ that has been
introduced as a promising two-dimensional structure in
designing optical nanoantennas (Ren et al. 2013; Yao
et al. 2013; Yao et al. 2014), opto-electronic photode-
tectors (Wang et al. 2013; Chakraborty et al. 2014),
optical and terahertz (THz) modulators (Liu et al.
2011; Zarrabi et al. 2016), photocatalyst (Xiang et al.
2012; Zhang et al. 2012), biological agents (Yang et al.
2013; Wu et al. 2013), quantum information processing
(Mecklenburg et al. 2012), photonic metamaterials
(Vakil and Engheta 2011; Lee et al. 2012; Bao and
Loh 2012; Tassin et al. 2012), light harvesters (Miao
et al. 2012), and DNA sensors (He et al. 2012; Liu et al.
2013). Graphene yields excellent mechanical flexibility
and perfect electro-optical features such as enormous
electronic mobility and ultrafast carrier dynamics (Dikin
et al. 2007; Sun et al. 2012). As a recent progress, a
substrate of graphene layer and an array of plasmonic
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metallic nanostructures on top have been introduced as
graphene plasmonics and widely employed in designing
numerous types of plasmonic nanostructures such as
photocurrent generation and light harvesting applica-
tions (Grigorenko et al. 2012; Fang et al. 2012; Neto
et al. 2009). Graphene plasmonics provides tremendous
electromagnetic (EM) field confinement in subwave-
length regime due to the broadband absorption property
of graphene layer during light-matter interaction (Neto
et al. 2009; Xiang et al. 2010). The intensified EM field
in doped graphene layers can be exploited as an alter-
native method instead of regular plasmon resonance
excitation and localization techniques in noble metallic
particles which suffer from dramatic ohmic losses and
limited structural tunability (Xiang et al. 2010). This
unique ability of graphene originates from its charge
carriers of zero effective mass (Dirac fermions), which
allows for long travel distances of EM wave without
significant amount of scattering (Zhao et al. 2013;
Grigorenko et al. 2012). Additionally, the linear disper-
sion of the two-dimensional (2D) Dirac fermions yields
extraordinary wideband tunability under various
implementations, while this feature can be affected by
its weak interaction with incoming light due to low
carrier concentrations (Ju et al. 2011; Jo et al. 2011).
Besides, due to lack of free charges, graphene is consid-
ered as a semimetal substance. Technically, free carriers
can be induced via chemical doping or electrical gating
easily due to the inherent structural nature of graphene,
and obtained free carriers in graphene are almost 0.01
per atom, or doping concentration of 1 × 1013 cm−2,
which is dramatically lower than regular metals (Neto
et al. 2009; Koppens et al. 2011). Thus, the two-
dimensional property and semimetallic behavior of
graphene provides tremendous electrical tunability not
as much as regular metals. However, this natural imper-
fection of graphene can be treated by employing metal-
lic nanoscale structures in designing correlating nano-
scale devices. For instance, graphene-metal composi-
tional structures can be utilized in designing artificial
metamaterials (MMs) as a platform for optimizing
the light-matter interactions in nano- and microscale
dimensions (Efetov and Kim 2010; Drosdoff et al.
2014).

Plasmonic MMs are promising artificial structures
with unique properties beyond natural materials which
consist of nano- and microsized metallic (dielectric)
resonant building blocks or particles to support strong
plasmon (EM) resonances in the optical and THz

frequencies (Low and Avouris 2014; Shalaev 2007;
Smith et al. 2004; Zhang et al. 2009). As a specific case,
employing plasmonic metallic structures in designing
MMs allows for designing structures for various appli-
cations such as plasmonic photomixers (Yang and
Jarrahi 2015), plasmonic biochemical sensing
(Tamayama et al. 2012), broadband light bending
(Ahmadivand and Pala, 2014; Ahmadivand and Pala,
2015), direct charge transfer (Ahmadivand et al. 2016),
and coherent emission lensing (Ni et al. 2012). In the
recent years, MMs have witnessed remarkable develop-
ments, and the quality of these structures has been
improved by using various techniques such as using
different types of metallic arrangements as metaatoms
and utilizing high absorptive multilayer metasurfaces.
Newly, graphene sheets have been utilized as a substrate
layer in designing MM structures with supporting light-
matter interactions in the THz frequencies (Mattiucci
et al. 2012). It is shown that for a finite graphene sheet,
the absorption coefficient is emphasized byα= e2/ħc~1/
137 (απ ≈ 2.3%), and also, the universal optical con-
ductivity of graphene is almost e2/4ħ (Low and Avouris
2014; Mattiucci et al. 2012). In practical applications,
graphene plasmons are able to confine to volumes in the
range of ~α−3 which is much smaller than the diffraction
limit and this facility allows for ultrastrong light-matter
interaction (Low and Avouris 2014). Moreover, more
than the material and quality of metasurfaces in design-
ing a MM structure, the shape and orientation of the
employed structures play a key role in EM field manip-
ulation and confinement.

Evaluating the behavior and applications of numer-
ousMMs, it is proved that THz-MMs are able to support
sharp and antisymmetric Fano resonances (FRs) de-
pending on the structural and chemical features of the
employed metasurface and metallic or dielectric com-
ponents (Fan et al. 2015; Singh et al. 2011). Technically,
FR arises from the constructive and destructive interfer-
ences between a narrow and sharp discrete resonance
and a wide spectral line (Fan et al. 2015). In addition,
plasmon-induced transparency (PIT) has been newly
introduced for plasmonic MMs which refers to the ab-
sorption cancelation of EMwaves at certain frequencies
(transparency) and being non-transparent otherwise
(Cao et al. 2013). Technically, PIT includes coupling
of appeared two opposite bright and dark resonator
modes in a unit cell or metaatom of a MM. The bright
resonator here is a high radiative broad resonant mode,
while the dark resonator is the non-radiative narrower
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resonant mode. A destructive interference between these
opposite modes gives rise to formation of sharp resonant
line width (narrow transparency window), termed as
BFano resonant^ mode. The sharpness, position, and
number of FRs are the major factors in determining
the quality factor (Q factor) of various MMs, specifical-
ly for sensing and switching purposes (Al-Naib et al.
2011).

In this article, we report on multiple and sharp Fano
dips arising from a tunable plasmonic MM comprising
of silver (Ag) concentric split ring resonators (CSRR)
deposited on a multilayer metasurface including silicon
and monolayer graphene (Si and C) layers. Herein, we
describe the design of graphene-plasmonic MM by de-
fining the spectral response of the structure, numerically.
Investigating the plasmon response of the THz-MM, the
unique features and functionalities of the structure such
as strong polarization dependency, PIT, and double
sharp FR formation are introduced and discussed.More-
over, we examined the behavior of the MM with and
without presence of graphene layer to describe the effect
of this monolayer on the performance of the THz plas-
monic MM.

Numerical modeling

The formation and excitations of plasmon resonant
bright and dark modes and their interference are inves-
tigated using the finite-difference time-domain (FDTD)
method (Commercial Lumerical simulations package
2016). In the simulation, to determine the plasmon
response for the proposed plasmonic metamaterial, the
following simulation parameters were employed: The
spatial cell sizes were set to dx = dy = dz = 0.05 μm, and
64 perfectly matched layers (PMLs) were the bound-
aries. Additionally, simulation time step was set to the
0.01 fs according to the Courant stability. The light
source was a linear plane electric source with a pulse
length of 2.6533 fs, offset time of 7.5231 fs, and with the
intensity of 1 mW/μm2. We assumed that periodic ar-
rays of Ag-CSRR arrangements are deposited on a
multilayer substrate composed of a lossless Si layer
under a SiO2 substrate with the permittivity of ε ~ 11.6
and 2.05, respectively. The Ag particle was modeled as a
lossymetalwith a conductivity ofσAg= 6.30× 10

7 Sm−1

at T = 300 K. In our FDTD simulations and analysis,
we exactly simulated the structure using experimental

condition data, including light reflection at the

SiO2/Si (metasurface) interface.

Theoretical calculations

To determine the absorption cross-sections and also to
quantify its percentage for the plasmonic MM, we uti-
lized two-dimensional dyadic Green’s functions
(DGFs). Comparing the operation frequency (THz)
and the overall size of the employed Ag-CSRRs (d<<f,
where f is the frequency of the incoming spectrum, and d
is the outer radius of a CSRR unit) (Jackson 1998),
therefore, CSRR units can be described by DGFs theo-
retically. For analytical computations, we assumed the
monochromatic time harmonic as exp(−iωt), and the
electric dipole moment as below:

pmn ¼ pexp ikxy rmn−rð Þ� � ð1Þ
where mnth indicates the position of particles in an
array, p is the total electric dipole moment for each one
of Ag-CSRR units on the multilayer metasurface, the
Bloch vector is defined by kxy ¼ kxx̂þ kyŷ, and rmn

specifies the position of Ag-CSRRs on the metasurface as
rmn ¼ r þ DCSRR mx̂þ nŷð Þ, in which r ¼ xx̂þ yŷþ zẑ.
Then, considering two-dimensional periodic DGFs that
were proposed in previous studies (Campione et al.
2014), the total electric and magnetic fields in a MM
system composed of plasmonic structures on a
metasurface are given by the following:

Etotal r; kxy
� � ¼ Eexc rð Þ þ Eref rð Þ þ G

∞

ml r; kxy
� �

p ð2Þ

H total r; kxy
� � ¼ Hexc rð Þ þ H ref rð Þ þ G

∞

ml;H r; kxy
� �

pð3Þ
where G∞

ml r; kð Þ and G∞
ml;H r; kð Þ are the multilayered

electric (E) and magnetic (H) DGFs for the periodic
array of particle arrangements correlated with the in-
duced electric dipole moment to the electric and mag-
netic fields, respectively, Eexc andHexc are the incoming
electric and magnetic fields to excite plasmon resonant
modes, and Eref and Href are the reflected part of the
electric and magnetic incident optical power by multi-
layer metasurface. Therefore, for the metallic particle
arrangements with the polarizability of αCSRR, under
EM field excitation with the incidence angle of φ, with
the wave vector of kxy ¼ kxx̂þ kyŷ, Eexc rð Þ ¼ ẑEz;exc
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exp ikrð Þ and with Bj = 1, 2, 3… M^ number of Ag-
CSRR units, the absorption coefficient is defined by

(Campione et al. 2014; Draine and Flatau 1994; Saenz
et al. 2007):

A ¼ −k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εeffective

p k30
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εeffective

p
6πε0

þ Im
1

αee
CSRR

� �� �
ε0εeffective Eexcj j2DCSRR;xDCSRR;ycosφ

� �−1XM
j¼1

pj

		 		2 ð4Þ

where k0 and ε0 are the free space wavenumber
(k0 ¼ ω

ffiffiffiffiffiffiffiffiffi
ε0μ0

p
) and permittivity, respectively, DCSRR,x

and DCSRR,y are the intercenter distance between prox-
imal Ag-CSRR units in the x and y directions,

respectively, and εeffective is the effective permittivity of
MM composed of two dielectric and semiconductor
layers and CSRR arrays which are driven by the follow-
ing equation:

εeffective ¼ 1þ k0H
VCSRRε0

Re
1

αee
CSRR

� �
tan

k0 hþ hCSRRð Þ
2

� �
−

η0ω
DCSRR;xDCSRR;y

sin2
k0 hþ hCSRRð Þ

2

� �� �−1

ð5Þ

where η0 is the free space wave impedance η0 ¼
ffiffiffiffiffiffiffiffi
μ0=ε0

p
(μ0 is the permeability of the free space), VCSRR is the
volume of an Ag-CSRR unit cell which is

VCSRR ¼ πhCSRR
2 b2−a2

� �
β1 þ d2−c2

� �
β2

� �
, and (h+

hCSRR) is the sum of metasurface and concentric ring
heights. Both real and imaginary parts of effective per-
mittivity are calculated and depicted in the next section.
The polarizability of a concentric split nanoring resona-
tor in an edge-coupled orientation was investigated an-
alytically and experimentally (Marqués et al. 2003;
Capolino 2009) [51]. Due to the structural similarity
between proposed CSRR with the edge-coupled split
nanoring resonator, the same mechanism can be utilized
to define the physical features such as polarizability for
proposed microscale structure. Accordingly, each one of
the proposed CSRR systems acts as a LC circuit and the
resonance frequency for this metallic microstructure is
given by the following (Marqués et al. 2002):

ω2
0 ¼

2

πLCuRav
ð6Þ

where the capacity of the unoccupied spot between
concentric nanorings is indicated by Cu, L is the total
inductance of an Ag-CSRR unit (with ohmic losses) that
can be computed by determining the magnetostatic en-
ergy for the total current intensity supported by the ring

resonator (Bahl and Bhartia 1988), and Rav = (a + d)/2
expresses the average radius of the CSRR unit. Finally,
summarizing the employed method by Capolino
(Capolino 2009), the electric polarizability for a CSRR
unit can be rewritten as a function of capacitance, con-
ductivity, resonance frequencies, and inductance as be-
low:

αee
CSRR ¼ 16

3μ0

πRav

tavhCSRRσAg

� �
ω2
0

ω2
FRD

−1

 �

ð7Þ

where tav describes the average thickness of the rings as
follows: tav ¼ d−cð Þ b−að Þ=2, and ωFRD is the Fano reso-
nant dip frequency appeared in the amplitude transmis-
sion profile. In view of the importance of using noble
metallic structures for THz-MMs, we adopt the experi-
mental data from (Huang et al. 2012), which are well
described at THz regime by the Drude model for Bulk
conductivity as below:

ε ωð Þ ¼ 1−
ω2
p

ω ωþ iγð Þ ð8Þ

where ω is the angular frequency, ωp is the plasma
frequency (1.37 × 1016 rad/s), and γ = 2.73 × 1013 rad/s.
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Results and discussion

Figure 1a shows the geometrical parameters of a CSRR
with two different split angles (β1 and β2), and these
split angles provide required antisymmetric geometry to
induce dark modes in the transmission amplitude spec-
tra. The angle of split sections for both of the rings was
set to be equal as β1 = β2 (for details see Fig. 1a).
Figure 1b displays a three-dimensional schematic for
the proposed plasmonic MM structure with the descrip-
tion of geometrical parameters inside composed of Si

and SiO2 layers. The direction of propagating vector,
and incident magnetic and electric fields are indicated
by arrows. The interparticle (center-to-center) distance
between proximal CSRRs in x and y directions was set
to 44 and 46 μm for DCSRR,x and DCSRR,y, respectively
(see the top view of MM in Fig. 1c). In other words, the
edge-to-edge distance between proximal Ag-CSRRs in
the x and y directions are 4 and 6 μm, respectively. In
terms of chemical characteristics, we used metallic and
dielectric materials with experimentally determined
CRC and Palik constants, respectively (Palik 1997;
Lide 2003).

Herein, we first examine the plasmon response of the
proposed MM without graphene substrate. In this re-
gime, periodic arrays of CSRRs are suited on a SiO2@Si
substrate with the overall thickness of h = 900 nm (the
height of Si is 500 nm and SiO2 is 400 nm). Calculating
the plasmon response for the structure, we plotted the
transmission spectra BT^ as a cross-sectional profile
numerically which is shown in Fig. 2a. According to
the PIT mechanism, two distinct Fano dips are appeared
at f = 1.90 and 3.75 THz. Technically, in an isolated
CSRR system, the outer split particle supports strong
incident light-matter interaction (arising of the bright
mode) and the inner split particle provides required dark
resonant mode, and the result of a destructive interfer-
ence between these modes is the formation of pro-
nounced Fano minima in the transmission spectra. Also,
perfect adjustment of the split angle sizes leads to for-
mation of strong dipolar and multipolar (quadrupolar)
modes. Depicted inset diagram shows the applied
electro-optic signal amplitude (V/m) over the beam
delay time in picoseconds (ps) time scale to excite
surface plasmon resonances in the proposed MM.
Figure 2b exhibits calculated effective electric real and
imaginary permittivities over the frequency variations
for the proposed plasmonic THz-MM using numerical
methods. Both plotted material parameters behave in a
physically sound manner and due to the presence of Ag-
CSRRs arrays on the metasurface with the absorptive
behavior, hence, the imaginary permittivity is appeared
with a distinct peak close to the secondary transmission
window at f ~ 3.60 THz correlating with the Fano dip.

Next, we quantified the percentage of the transmis-
sion T and absorption A factors for the plasmonic MM
during illumination with a plane wave as an incident
wave which propagates under normal incidence (k) with
the electric (E) and magnetic (H) field polarized along
the x and y directions, respectively. According to the

Fig. 1 a Schematic illustration of a single Ag-CSRR unit with the
description for geometrical dimensions inside. b Schematic design
of the plasmonicMMcomposed of Ag-CSRR units deposited on a
multilayer metasurface consisting of SiO2@Si with the height of h.
c A top view of MM which shows the interparticle distance
parameters between proximal Ag-CSRR units (DCSRR,x, DCSRR,y)
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plotted profile in Fig. 2c, two distinct shoulders ap-
peared to correspond to the position of Fano resonant
dips (f = 1.90 and 3.75 THz) which yield a broadband
absorption facility in THz regime. As it was expected,
the maximum percentage of absorbance appeared at the
position (frequency) of Fano resonance minimum due to
accumulation of plasmon resonances by CSRRs arrays
at this resonance frequency. Additionally, the absorptive
property of Ag-CSRRs has an important contribution in
optimizing the absorption ratio in this MM. As shown in
the specular absorption spectra, we defined the absorp-
tion coefficient as approximately A(%) ~ 47.9% at
f = 3.75 THz (the highest obtained peak) for the MM
structure with geometrical dimensions that are explained
in the figure legend. Comparing the performance of the

examined THz-MM with analogous plasmonic or all-
dielectric THz-MMs (Mattiucci et al. 2012; Fan et al.
2015; Bahl and Bhartia 1988), the presented configura-
tion provides supporting of sharp and double Fano
resonant modes including broadband absorption prop-
erty with high percentage. The inset diagram shows
experimentally determined CRC constants for real and
imaginary parts of refractive index and permittivity for
an isolated Ag metal which proves its strong absorption
ability. To show the plasmon resonance excitation and
coupling inside the proposed compositional MM, we
extracted two-dimensional numerical snapshots at the
Fano resonant mode frequencies which are displayed in
Fig. 2d, e. According to these simulation pictures, the
maximum of plasmon resonance excitation appeared at

Fig. 2 a Amplitude transmission spectra over the THz frequency
for the plasmonic MM for CSRRs with the size of (a/b/c/d) = (2.5/
7/10/20) μm and height of hCSRR = 350 nm. The inset shows the
pump pulse or applied electro-optic signal over the beam delay in
femtosecond. b Calculated effective real and imaginary permittiv-
ities for the plasmonic THz-MM. c Transmission and absorption

coefficients spectra as a function of THz beam for the plasmonic
MM. Inset is the real and imaginary parts of permittivity and
refractive index of Ag with CRC constants for THz regime. d, e
Two-dimensional xy view snapshots for plasmon resonance exci-
tation and coupling in a plasmonic MM for two different THz
frequencies correlating with the Fano resonant modes
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the split angles, and also in the spot between concentric
rings in each one of the Ag-CSRR units which provides
an ability to support strong Fano dips at the THz regime
by the plasmonic MM.

Technically, geometrical parameters of the employed
CSRR units play key roles in the quality, position, and
percentage of the absorption and transmission profile.
We have already explained the effect of split angles on
the structures’ performance. To show the effect of this
parameter on the absorption efficiency and its percent-
age, we depicted the absorption profiles as a function of
THz domain during modifications in both split angles
(β1 and β2), separately in Fig. 3a, b. To calculate these
profiles, we assumed that during modifying one of the
split angles, the other one is kept fixed to 45°. Obvious-
ly, for both of the split angles, increasing the size of this
parameter causes missing large area of the microstruc-
ture and the result of this modification is losing the
ability to support strong incoming THz wave; hence,
pronounced Fano resonant dips cannot be induced in the
transmission profile effectively. In contrast, decreasing

the angle of the gaps gives rise to support strong light-
matter interactions; however, interestingly, this advan-
tage includes losing formation of Fano dips due to the
cancelation of required geometrical antisymmetric fea-
ture in the CSRRs to arise intense dark modes. Evaluat-
ing the effect of these split angles, the angle of the outer
ring (β2) plays major role in comparison to the inner ring
split angle (β1). This superior influence of β2 directly
related to the interaction of incoming THz wave and
formation of bright mode, and also, its bigger size.
Noticing in depicted diagrams for the absorption pro-
files in Fig. 3a, b, decreasing the size of both split angles
leads to blue-shift in the position of the absorption peak
to the longer frequencies, and in contrast, by increasing
the size of the split angles, we detected a red-shift of the
absorption extremes to the shorter frequencies. The
reason of this blue- and red-shifts is directly associated
to the behavior of Fano dips during structural modifica-
tions, specifically for the split angles.

We plotted the transmission spectra for the pro-
posed MM during variations in the split angle sizes
in Fig. 4a, b, numerically. Obviously, increasing
(decreasing) the size of both split angles leads to red-
shift (blue-shift) in the position of both Fano dips in
the transmission profile. It is already explained that by
increasing (decreasing) the size of split angles, the
energy of dark modes decreases (increases) significant-
ly and minor variations in these parameters cause
significant alterations in the quality and position of
Fano resonant dips. On the other hand, the geometrical
and chemical properties of the utilized metasurface
have a significant influence on the performance of
MM which particularly changes the coefficient of the
absorbed THz wave. Herein, we employed multilayer
metasurfaces with perfectly defined thicknesses to en-
hance the performance of the plasmonic THz-MM as
high as possible. To improve the performance and
plasmon response of plasmonic structures includes
MMs new methods have been utilized such as trapping
the incoming light by using anisotropic slabs, gratings,
and cladding (Singh et al. 2014; Cui et al. 2012), using
omnidirectional absorbers (Jiang et al. 2009), and
using a thin graphene layer as a substrate (Cheng
et al. 2010). The last mechanism has received great
attraction due to its unique performance in a wide
range of spectra. Generally, most of graphene sheets
with variant doping yield high absorption ratio in the
range of f = 1 to 3 THz (Gao et al. 2012). Therefore,
for the studied MM, placement of a monolayer thin

Fig. 3 a, bAbsorption spectra for THz-MM during modifications
in the split angle sizes (β1, β2). The effect of modifications on the
absorption coefficient is shown by arrows
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graphene in designing the metasurface, the absorption
ratio can be improved by keeping pronounced multiple
Fano dips in the transmission profile. Recently, a

mixture of dielectric substrates and graphene cut-wire
sheets has been employed to increase the absorptance
of optical energy with the percentage near to
A(%) ~ 50% includes formation of a deep minimum
in the transmission profile at THz frequencies (Fan
et al. 2015). However, the major problem with the
performance of the graphene-based MMs is the narrow
band absorption spectra in THz frequencies. Using
lossy components such as metallic structures and mul-
tilayer metasurface is the major solution to enhance the
absorption coefficient via accumulation and localiza-
tion of plasmon resonant modes and inducing Fano
dips.

Comparing the achieved results for the proposed
structure (composed of metallic microparticle arrange-
ments and multilayer metasurface) with analogous
MMs, the superior performance of the studied config-
uration in supporting sharp and narrow Fano dips in
THz regime with broadband absorption is clear. How-
ever, this performance is improvable using graphene
layers in designing compositional metasurface. To this
end, we covered the metasurface with a thin monolay-
er graphene sheet below the Ag-CSRRs arrays accord-
ing to the proposed method by Fang et al. (Fang et al.
2012) for a graphene-plasmonic photodetector.
Figure 5a shows a three-dimensional schematic dia-
gram for the new graphene-plasmonic MM (G-PMM)
with a three-layer substrate comprised of Si/SiO2/C
and the CSRRs are deposited on the metasurface with
the interparticle distance same as prior MM. For
graphene sheet with the thickness of 0.35 nm, using
the proposed mechanism by random-phase approxima-
tion (RPA) method (Jo et al. 2011), the complex
conductivity of graphene can be defined by (σg(ω))
(Shen et al. 2014a, b):

σg ωð Þ ¼ ie2E F

πℏ2 ωþ iτ−1ð Þ þ
e2

4ℏ
θ ℏω−2E Fð Þ þ i

π
Log

ℏω−2E F

ℏωþ 2E F

				
				

� �
ð9Þ

where the Fermi energy is defined by EF and τ is the
relaxation time (τ ¼ μE F=ev2F), in which vF is the Fermi
velocity (106 ms−1), and μ is the relaxation rate with the
mobility of 104 cm2 V−1 s−1. In the equation above, the
first term characterizes the Drude model for heavily
doped regions of graphene and also for frequencies

below the Fermi energy. Using following equation

E F ¼ ℏvF
ffiffiffiffiffiffiffiffi
π nj jp

, we are able to control Fermi energy
by electrostatic doping via adjusting charge carrier den-
sity (n) (Wunsch et al. 2006). Herein, we used the
proposed method by Fan et al. (Fan et al. 2014) and
Shen et al. (Shen et al. 2014a, b); therefore, by assuming

Fig. 4 a, b Amplitude transmission profile during modifications
in the split angle sizes (β1, β2). The effect of modifications on the
position of Fano dips is shown by arrows
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EF = 0.5 eV, the complex surface conductivity (α) of
graphene layer in our numerical studies was set to
58.7 GHzΩ−1, with the relaxation time of exactly
τ = 5 × 10−13 s, the permittivity is set to εg = 2.5, the
plasma resonance frequency is 1 × 1015 rad/s, and the
plasma collision frequency is 5 × 1012 rad/s. Figure 5b
shows transmission spectra for the G-PMM structure in
presence of a graphene layer during exposing by a
transverse polarization mode (φ = 0°). In this regime,
two distinct and pronounced minima appeared at
f = 1.70 and 3.25 THz. Obviously, a dramatic blue-
shift is performed in the position of both Fano dips to
the shorter frequencies that is indicated inside the profile
(compared to the profile for the presence and absence of
graphene monolayer). This behavior of Fano resonant
modes was originated from the high amount of power
that is absorbed and accumulated due to the effect of
graphene surface at shorter frequencies (f = 1–3 THz)

and also, high absorptive Ag-CSRRs with ohmic losses.
To understand the effect of the thin graphene layer on
the absorption efficiency, we plotted the numerical re-
sults for the absorption spectra in Fig. 5c, where a
remarkable enhancement in the absorption percentage
is performed (A(%) = 62% at the highest peak position)
at the declared Fano dip frequencies with a broadband
property due to the presence of graphene. The inset
shows the real and imaginary parts of permittivity and
refractive index for the utilized graphene monolayer at
THz frequencies. Accordingly, the maximum absorptive
behavior of graphene can be performed in short THz
frequencies (our results are in agreement with these
profiles). Figure 5d, e exhibits the plasmon resonance
excitation and localization in Ag-CSRRs and G-PMM
by two-dimensional simulation snapshots at both Fano
resonant frequencies. Comparing the latest snapshots
with the earlier MM’s simulation results, the effect of

Fig. 5 a Schematic illustration of the G-PMM composed of Ag-
CSRR units deposited on a multilayer metasurface consists of
monolayer graphene@SiO2@Si. bAmplitude transmission profile
for the G-PMM includes comparison with the plasmonic MM for
the position of Fano dip positions. c Absorption spectra for the G-
PMM with broadband property. The inset shows the imaginary

and real parts of refractive index and permittivities for the Fan et al.
graphene in THz regime. d, e Two-dimensional xy view snapshots
for plasmon resonance excitation and coupling in a G-PMM for
two different THz frequencies correlating with the Fano resonant
modes
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Fig. 6 a, bAbsorption and transmission spectra for three different
graphene sheets (based on achieved data by different researchers
for graphene analytically and experimentally) that are utilized in

designing the G-PMM. c The E-field maps for the plasmon
resonance excitation for the presence of different experimentally
defined graphene monolayers
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graphene sheet on the plasmon resonance localization
and absorption is highly significant, and for the
graphene-based configuration, we observed an EM field
confinement in the offset spaces between Ag-CSRRs.

Having discussed the effect of physical characteris-
tics of graphene layer on the plasmon response of a G-
PMM, we now begin our comparison of the optical
properties of the proposed MM during employing dif-
ferent types of graphene monolayer based on experi-
mentally obtained results. To this end, we applied three
different graphene sheets under the Ag-CSRR arrays to
extract the transmission and absorptance profiles numer-
ically. Papasimakis et al. (Papasimakis et al. 2013) have
proposed a type of graphene with the dissipative loss of
33.4 Ω , and the dynamic conduct ivi ty was
α = 5.93 × 1010 Ω−1 s−1 and γ = 1.98 × 1012 s−1. Yan
et al. (Yan et al. 2011) have proposed different types of
measurements for highly doped graphene and corre-
sponding parameters were defined as follows:
α = 7.6 × 1010 Ω−1 s−1 and γ = 9.8 × 1012 s−1, with the
dissipative loss as 129 Ω. The final data for graphene
layer that we utilized here was obtained by Li et al. (Li
et al. 2008) as α = 1.99 × 1010 Ω−1 s−1 and
γ = 29.4 × 1012 s−1 with a noticeable dissipative loss
factor as 1477Ω. Figure 6a shows the absorption profile
as a function of incoming frequency during chemical
modifications in the monolayer graphene for three dif-
ferent settings for graphene sheet by Papasimakis et al.,
Yan et al., and Li et al. Obviously, by increasing the
dissipative lossy component (ohmic loss), the absorp-
tion coefficient is increased dramatically, and for the G-
PMM with Li et al. graphene layer, we defined the
absorption percentage as approximately A(%) ~ 67%.
Nevertheless, a dramatic blue-shift to the shorter spectra
in the position of absorption extremes is performed due
to the absorptive behavior of graphene at short THz
regime. To understand the effect of chemical variations
in the graphene layer, we plotted the transmission am-
plitude spectra as a comparative diagram (see Fig. 6b),
and by increasing the dissipative losses of graphene
sheet, a substantial red-shift in the position of Fano dips
is recorded (sharper dip at f = 3 THz for Li et al.
graphene). In addition, it should be underlined that
during the red-shift, the Fano resonant dips become
sharper and deeper. Figure 6c contains three simulation
E-field maps of the proposed G-PMM for three different
kinds of graphene sheets at the Fano dip frequencies
(The accumulation of incident THz wave for the MM
with Li et al. graphene is obvious in the snapshot).

Let us proceed to examine the polarization depen-
dency of the proposed MMs in different regimes. This
feature can be utilized in designing ultrafast THz
Fanoswitches and many other applications that are high-
ly sensitive to the polarization angle of the incoming
light. In all of the prior simulations, we utilized a THz
wave to illuminate the MMs with an incidence angle of
φ = 0° (transverse polarization mode: T-mode), and
almost perfect absorption happened for this polarization
with a minor percentage of reflection. For the incident
spectrum (THz wave) with the polarization angle of
φ = 0° (longitudinal polarization mode: L-mode), we
expect an oppose behavior which means disappearing of
Fano dips and reducing the absorption coefficient and as

Fig. 7 a, b Amplitude transmission spectra for both plasmonic
MMand G-PMM (with Li et al. graphene) during variations in the
incident polarization angle (φ), respectively
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a result increasing the reflectance. Technically, due to
the presence of antisymmetric Ag-CSRR units, a strong
polarization dependency is expected for all of the MMs
with or without graphene sheet. In terms of structural
properties, the split angle plays fundamental role here to
realize desired polarization dependency. For the incom-
ing THzwavewith T-mode, the split area is in transverse
condition during light-matter interaction that encourages
formation of strong dark modes in the microstructure
(according to PIT mechanism); therefore, sharp Fano
dips were performed in transmittance profiles. Increas-
ing the polarization angle fromφ = 0° to 90° will help us
to understand the polarization dependency by plotting
the transmission spectra for the MM. Figure 7a, b show
the polarization angle variations (φ = 0°, 30°, 45°, 60°,
and 90°) for the plasmonic MM without graphene sheet
in metasurface and a G-PMM with Li et al. graphene
under Ag-CSRR arrays. Obviously, for both of the
structures, increasing the polarization angle gives rise
to disappearing of Fano dips, and finally, for the L-mode
(φ = 90°), Fano dips completely disappeared and a high
quality transmission is revealed for plasmonic MM, and
for the G-PMM, small and shallow dips remained due to
the presence of graphene layer in the multilayer
metasurface. As a specific case, for graphene-based
MM, the small percentage of absorption is negligible
in practical applications that can be assumed as a loss
factor for switching applications.

Conclusions

In conclusion, we have developed highly efficient plas-
monic MMs that are able to operate ultrasharp Fano
resonant modes in THz frequencies. Employing Ag-
CSRR structures in periodic arrays along x and y direc-
tions that are deposited on a multilayer metasurface, we
extracted the effective components for the proposed
MM in THz regime by plotting the transmission profile
and quantifying the absorption coefficient. The antisym-
metric orientation of CSRRs allows for supporting
strong Fano resonant modes via interference of dark
and bright modes generated during light-matter interac-
tions. Then, we enhanced the absorptance coefficient
with the placement of a thin monolayer graphene sheet
under the metallic structures and above the metasurface
to use its broadband feature in optimizing the perfor-
mance of the plasmonic THz-MM. Modifications in the
chemical features of the graphene sheet substrate

provide a method to improve the Fano resonant dip
quality and absorption coefficient based on theoretically
and experimentally achieved data for graphene by different
research groups. Ultimately, we changed the polarization
angle of the incident light from the transverse to the
longitudinal mode to examine the polarization dependency
of the structure. It is shown that by increasing the size of
the polarization angle, both of the Fano dips disappeared in
the transmission profile. Losing Fano dips directly led to
dramatic decrement in the absorption percentage in plas-
monic MM and graphene-based MM, and using this
mechanism, we verified the strong polarization dependen-
cy of the structure.
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