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Abstract: Based on the graphene-SiO2-Si structure, the tunable

resonant

properties

of

the

complementary

graphene

metamaterials (MMs) have been investigated in the terahertz
regime. The influence of operation frequency, the Fermi levels
of graphene layer, and different kinds of graphene patterns
have been taken into account. The results manifest that the
tunable mechanisms of the complementary graphene MMs
structures mainly depend on the LC resonance. The resonant
transmission and reflection properties of the complementary
graphene MMs structures can be tuned in a wide range via
controlling the applied electric fields. As the Fermi level of
graphene layer increases, the resonances of the MMs structure
become stronger, and the resonant peaks of the transmission
curves shift to the higher frequency, resulting from the
permittivity of graphene layer increases in the THz regime. The
transmission (reflection) spectrum is broad (sharp), which can
be used to fabricate transmission modulator (reflection filters).
The results are very helpful to design novel plasmonic devices
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and useful for the application of biomedical sensing and optical
communications.
1. Introduction

Recently, terahertz (THz) science and technology have made rapid

and microwave wavebands, THz regime is still in need of fundamental
advancement. One big challenge to develop THz technology further is that it
is very difficult to find suitable materials to respond the THz radiation
strongly. Fortunately, this problem can be alleviate to a large extend with the
help of metamaterials (MMs) [8, 9], which provides a promising platform for
the investigation of many phenomena, such as negative refractive index [10],
super focusing [11], and extraordinary transmission [12, 13]. Additionally,
according to the Babinet equivalent rule, the complementary MMs (c-MMs)
can also offer a simple means to control over the electromagnetic wave
propagation [14] and have been proven to effectively manage the propagation
wave within the guided wave structure [15]. Being for the most part opaque,
the c-MMs are very suited to act as reflectors, antenna or confining controlled
impedance surfaces [16, 17]. But the above-mentioned MMs structures with
the determined geometrical parameters can operate only at a fixed frequency,
limiting actual applicability. For the actively controlled MMs, whose
responses can be tuned by the application of an external stimulus even after
fabrication, the variety applications can be extended tremendously [18]. Some
tunable active MMs devices based were shown [19]. For instance, by
incorporating semiconductors in the critical regions MMs SRRs, the frequency
agile devices can operate as a broadband THz modulators due to the causal
relation between the amplitude modulation and phase shifting [20].
With the merits of high carrier mobility and strong interaction with light in
a broad frequency regimes [21-25], graphene, has attracted considerable
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attention for both fundamental physics and enormous applications [26-28],
which can be regarded as an alternative to traditional metallic materials and
serve as a good platform for surface plasmons (SPs) [29-31]. The linear
dispersion of the 2D Dirac fermions also provides ultra-wide band tunability
through electrostatic field, magnetic field or chemical doping [13, 32-35]. By
structuring graphene membrane and forming well-defined resonances, tunable
active MMs can be also obtained. Nowadays, there are some theoretical and
experimental investigations in this aspect. Ding et al numerically investigated
the single and multiple transparency windows in the Mid-IR spectral region on
the base of graphene monolayer perforated with quad-rupole and dolmen-like
slot structure, which displayed that the transparency windows was controlled
over a broad frequency range by varying the Fermi energy levels [36]. With
the integrated graphene layer, the substantial gate-induced persistent switch
and linear modulation of THz waves was shown, which also indicated the
persistent photonic memory effects [37]. By depositing the metal subwavelength ring apertures on the graphene-SiO2-Si layers, Gao et al.
suggested the high speed modulators, manifesting that the amplitude
modulation of THz waves can reach about 50% [38].
As the key waveguides devices, the modulators and reflectors are
highly required to meet the needs of the THz wireless communication or
ultrafast inter-connects [39]. Regretfully, there still exist many problems for
current state-of-the-art devices, such as the small modulation depth, low
modulation speed and the requirement of cryogenic temperatures. Therefore,
further improvement of the device performance characteristics is needed for
the practical applications. By depositing the graphene patterns on the flexible
substrate, we propose the complementary graphene-SiO2-Si (c-GSiO2Si)
structures to realize dynamic control of the propagation waves. The tunable
propagation properties of the proposed c-GSiO2G structure have been
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theoretically explored in the THz regime, including the effects of operation
frequency, Fermi level and different kinds of graphene patterns.

Figure1 The side view of the graphene complementary MMs structure, the graphene patterns are deposited on the
SiO2/Si layers, the thickness of the SiO2 layer is 30 nm, the doped Si layer with the thickness of 1 µm is used to apply
the gate voltage. The substrate is made from the polyimide layer. Fig. 1(b)-1(d) The top views of geometry and
dimensions of the several kinds of MMs unit cell structures. Fig. 1(b) the rectangle structure, w=h=36 µm; Fig.1(c)
the eSRRs structure, lx=ly= 36µm, g= 2 µm, D= 10 µm, T= 4 µm; Fig. 1(d) the H-shaped structure, w=6µm, h=36 µm,
and l=48 µm; The periodic length along x and y directions are both 60 µm. The green shaded regions indicate the
graphene layer, and the gray layer is the SiO2.

Figure 1(a) shows the sketch of the top view of the complementary
graphene MMs structure, which print on the SiO₂/doped-Si wafer. The
thicknesses of the SiO2 and Si layers are 30 nm and 1 µm, respectively. To
reduce the influence of the substrate, the flexible dielectric layer is adopted,
which is made from the polyimide layer with the thickness of 2 µm. Figure
1(b)-1(d) show the top views of the geometry for several kinds of MMs unit
cell structures, the rectangular (Fig. 1b), the eSRRs-shaped (Fig. 1c), and the
H-shaped unit cell structures (Fig. 1d). The period lengths along x and y
directions are dx and dy, respectively. The complementary MMs structures are
made of monolayer graphene with the thickness of 0.34 nm. The incident
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waves normally transmit through the c-GSiO₂Si structure along z direction.
Graphene can be considered as a 2D material and described by a surface
conductivity σg, which is related to the radiation frequency ω, chemical
potential (µc, Fermi level Ef), the environmental temperature T, and the
calculated by using the Kubo formula [40]:

σ (ω, µc ,τ,T ) =σinter +σintra =

je2 (ω− jτ −1 )

πh2

×



∞
∞
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where fd(ε) is the Fermi-Dirac distribution, j is the imaginary unit, ε is the
energy of the incident wave, kB is Boltzmann’s constant, and ℏ is the reduced
Planck’s constant. The first part of the above equation is the intra-band
contribution, and the second part contributed to the inter-band contribution.
Correspondingly, the dielectric constant of graphene layer can be
expressed as:
σ
(2)
ε g = 1+ j g
ωε 0 ∆
where ∆ is the graphene layer thickness, ɛ₀ is the permittivity of free space. If
the surface conductivity of the graphene layer is regarded as the isotropic
frequency profile, the Fermi level can be determined by the carrier
concentration:
1
f (ε ) − f d (ε + 2 E f ) ε d ε
π h 2vF2 ∫ d
where vF≈1×106 m/s is the Fermi velocity.
nd =

3. Results and Discussions
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The simulation result obtained from the well-established CST Microwave
Studio, which is a 3D full-wave solver and based on the finite integration
technique. The frequency domain solver adopts with the unit-cell boundary
conditions in the x-y plane and Floquet ports in the z direction to terminate.

reflection (R(ω)) and absorption (A(ω)) can be obtained, i.e. T(ω)=|S₂₁|²,
R(ω)=|S₁₁|², A(ω)=1.0-T(ω)-R(ω).

Figure 2(a) The sketch of the rectangular unit cell. The polarization of the incident wave is along y direction.
Fig. 2(b), 2(c) and 2(d) show the transmission, reflection, and absorption curves of the graphene
complementary MMs based on the rectangular shaped unit cell structure. The Fermi levels of the graphene
layer are 0.1 eV, 0.2 eV, 0.3 eV, 0.5 eV, 0.8 eV, and 1.0 eV, respectively.

Figure 2 shows the propagation properties of the incident light through
the c-GSiO2Si structure based on the rectangular unit cell at different Fermi
levels. The length and width of the cross structure are both 36 µm. The sketch
of the graphene rectangular unit cell is shown in Fig. 2(a). The polarization of
the incident light is along y direction. Each piece of the MMs is a square
lattice, its periodic lengths along x and y direction (dx and dy) are both 60 µm.
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Different from the original graphene MMs structures showing the
resonant dips, the transmission of the complementary graphene rectangularshaped structure displays the obvious resonant peaks. The possible reasons are
as follows. For the original MMs structure, the normally incident THz electric
field induces an array of electric dipoles at the split gaps. The electric dipoles
reradiate and destructively interfere with the incident radiation, resulting into
the transmission minimum. While for the complementary graphene MMs,
most of THz wave is blocked by the large graphene coverage at off-resonant
condition. At resonant condition, the induced electric dipole array reradiates
and leads into the THz transmission maximum. Due to the symmetric structure
of the rectangular-shaped, the transmission along x direction show similar
properties. Thus, the rectangular-shaped structures can be used to fabricate the
polarization insensitive devices. As the Fermi level of the graphene layer
increases, the values of the transmission resonant peak increases and the peak
position shifts to the higher frequency, i.e. blue shift. Compared with the
conventional metallic structure, the transmission of the proposed c-GSiO₂Si
structure can be tuned in a wide range by adjusting the Fermi level of the
graphene layer. As the Fermi level of the graphene layer increases, the
transmission of the c-GSiO₂Si structure increases significantly. When the
Fermi level of the graphene layer changes in the range of 0.1-1.0 eV, the
resonant frequency of the transmission can be modulated in the range of 1.252.62 THz, and the value of the transmission can be tuned in the range of 0.600.77. Accordingly, the modulation depth of the frequency (fmod, fmod=∆f/fmax) is
52.3%, and the modulation depth of the transmission (Tmod, Tmod=∆T/Tmax) is
22.1%. This can be explained by the fact that the graphene’s effective
permittivity increases with the Fermi level in the THz regime. As the increase
of the graphene Fermi level, the dielectric constant of graphene increases,
resulting into the resonant transmission become stronger. For instance, at the
frequency of 1 THz, when the Fermi level of the graphene layer are 0.1 eV, 0.2
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eV, and 0.5 eV, the permittivity of the graphene layer are -3.60×10⁵+2.22×10⁵i,
-7.14×10⁵+4.40×10⁵i, and -1.78×10⁶+1.10×10⁶i, respectively. Figure 2(c) and
2(d) show the reflection and absorption curves vs. frequency, respectively. As
the Fermi level of the graphene layer increases, the reflection increases and

1.0 eV, the resonant frequency of the reflection curve can be tuned in the
range of 1.31-2.60 THz, and the value of the reflection can be modulated in
the range of 0.02-0.06. The modulation depth of the frequency is 49.6%, and
the modulation depth of the reflection (Rmod, Rmod=∆R/Rmax) is 66.7%. It
should also be noted that when the Fermi level of the graphene layer is low,
the absorption dominates. Though the influences of the graphene layer Fermi
level on the resonant frequency is significant, but its effect on the reflection
amplitude is not obvious. The last but not least, the resonant transmission
spectrum of the c-GSiO₂Si structure is relatively broad, the suggested
graphene supported MMs structure are very suitable for fabricating the
broadband modulators instead of the filters or switchers.

Figure 3(a)-3(c) show the surface current density, Ex and Ey of the graphene MMs structures based on the rectangularshaped unit cell. The polarization direction of the incident light is along y direction. The resonant frequency is 2.62
THz. The Fermi level of the graphene layer is 1.0 eV.

Figure 3(a)-3(c) nicely illustrates the nature of the current and x (Ex) and
y (Ey) components of the electric field for the graphene complementary MMs
structures based on the rectangular-shaped unit cell. The polarized direction is
along y direction. The Fermi level of the graphene layer is 1.0 eV. The
simulation result plots at the resonant frequency of 2.62 THz, which
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corresponds with the resonant peaks shown in Fig. 2(b). The direction and size
of the arrows in Fig. 3(a) indicate the direction and relative value of the
surface current density, and the color map in Fig. 3(b) and 3(c) show the
relative local electric field amplitude. It can be found from Fig. 3 that for the

shows high surface current density, while the empty section corresponds to the
large local electric fields, which is inversely different from the original
graphene MMs structures.

Figure 4(a) and 4(b) show the transmission and reflection of the complementary graphene MMs based on the eSRRs
unit cell, the polarization of the incident wave is along x direction. Fig. 4(c) and 4(d) show the transmission and
reflection of the complementary graphene MMs based on the eSRRs unit cell, the polarization of the incident wave is
along y direction. The Fermi levels of the graphene layer are 0.1 eV, 0.2 eV, 0.3 eV, 0.5 eV, 0.8 eV, and 1.0 eV,
respectively.

In order to compare the results with the conventionally metal
complementary MMs structure, we investigate the transmission of the
graphene based eSRRs structure. The geometric structure parameter of the
eSRRs unit cell is shown in the caption of Fig. 1(c). Figure 4(a) and 4(b) show
that the transmission and reflection curves, the polarization direction is along x
direction. Besides the broad resonant peaks at higher frequency (i.e. peak “B”),
there is also a small resonant peak at low frequency (i.e. peak “A”) when the
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Fermi level of the graphene layer is large, e.g. the resonant transmission peak
at 0.78 THz when the Ef of the graphene layer is 1.0 eV. It will disappear if
the Fermi level of the graphene layer is small. The resonant peak of
transmission at low frequency attributes to the dipolar resonance. The

level is very high, the graphene layer manifests very good “metallic”
properties, the dipolar resonant will happen. The surface current density and
electric fields shown in Fig. 5(a)-5(c) confirms this. Because the dipolar
resonance at low frequency is not significant, the modulation of the graphene
MMs structures mainly depends on the LC resonance at high frequency. As
the Fermi level of graphene layer increases, the resonant transmission of the
MMs structure become stronger, and the resonant dip shifts to higher
frequency. When the Fermi level of the graphene layer changes in the range of
0.1-1.0 eV, the resonant peaks of the transmission can be tuned in the range of
0.88-1.92 THz, and the values of the transmission can be modulated in the
range of 0.42-0.51. Correspondingly, the modulation depth of the frequency is
54.2%, and the modulation depth of the transmission is 17.7%. In addition,
Figure 4(b) shows the reflection response curves. When the Fermi level of the
graphene layer is large, the reflection spectral curves show two dips, i.e. the
low frequency dip (i.e. dip “C”) and high frequency dip (i.e. dip “D”), which
is accordance with the transmission peaks in Fig. 4(a). When the Fermi level
of the graphene layer changes in the range of 0.1-1.0 eV, the resonant dips of
the reflection curves can be tuned in the range of 0.90-1.90 THz, and the
values of the reflection can be modulated in the range of 0.09-0.13.
Correspondingly, the modulation depth of the frequency is 52.6%, and the
modulation depth of the reflection is 30.8%. The results for the case that the
polarization direction of the incident light is along y direction can be found in
Fig. 4(c) and Fig. 4(d), manifesting significant LC resonance only. When the
Fermi level of the graphene layer changes in the range of 0.1-1.0 eV, the
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resonant dip of the transmission modulates in the range of 0.57-1.30 THz, and
the value of the transmission of the eSRRs resonator structure is tuned in the
range of 0.29-0.35, respectively. Accordingly, the modulation depth of the
frequency is 56.2%, and the modulation depth of transmission is 17.1%. For
the case of reflection, as shown in Fig. 4(d), when the Fermi level of the
graphene layer changes in the range of 0.1-1.0 eV, the resonant dips of the
reflection can be tuned in the range of 0.62-1.30 THz, and the values of the
reflection can be modulated in the range of 0.17-0.22. The modulation depth
of the frequency and reflection are 52.3% and 22.7%, respectively.

Figure 5(a)-5(c) (5(d)-5(f)) show the surface current density, Ex and Ey of the graphene complementary MMs
based on the eSRRs unit cell structure at the resonant frequencies of 0.78 THz (1.92 THz). The direction of the
incident light is along x direction. Fig. 5(g)-5(i) show the results when the polarization direction of the incident
light along y direction. The resonant frequency is 1.30 THz. The Fermi level of the graphene layer is 1.0 eV.

Figure 5(a)-5(c) show the surface current density, the Ex and Ey
components of the electric field for the x-polarized based on the eSRRs-
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shaped MMs structure. The Fermi level of the graphene layer is 1.0 eV. The
simulation results plot at the resonant frequency of 0.78 THz, which
corresponds with the small resonant peak shown in Fig. 4(a). The direction
and size of the arrows in Fig. 5(a) indicate the direction and relative value of

relative local electric field amplitude. The simulation results in Fig. 5(a)-5(c)
manifest that the resonant at low frequency is dipolar resonance. Figure 5(d)5(f) show the surface current density, and the electric field for the x-polarized
based on the eSRRs-shaped MMs structure at high frequency. The simulation
results plots at the resonant frequency of 1.92 THz. The direction and size of
the arrows in Fig. 5(d) indicate the direction and relative value of the surface
current density, and the color map in Fig. 5(e) and 5(f) show the relative local
electric field amplitude, which shows that the resonance at high frequency of
1.92 THz is LC resonance. The surface current density, the Ex and Ey
components of the electric field for the y-polarized based on the
complementary eSRRs-shaped MMs structure can be found in Fig. 5(g)-5(i).
The resonant frequency is 1.30 THz, which corresponds with the resonant
peak shown in Fig. 4(c). The direction and size of the arrows in Fig. 5(g)
indicate the direction and relative value of the surface current density, and the
color map in Fig. 5(h) and 5(i) show the relative local electric field amplitude.
It can be found from Fig. 5(g)-5(i) that when the polarization is along y
direction, the dipolar resonance disappears and only LC resonance exists.
Figure 6(a) and 6(b) show that the transmission and reflection response
curves of the graphene MMs based on the H-shaped unit cell structures, the
polarization direction is along x direction. When the Fermi level of the
graphene layer changes in the range of 0.1-1.0 eV, the resonant peaks of the
transmission can be tuned in the range of 0.43-0.75 THz, and the values of the
transmission can be modulated in the range of 0.27-0.32. The values of fmod
and Tmod are 42.7% and 15.6%, respectively. The results for the reflection
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curves can be found in Fig. 6(b). When the Fermi level of the graphene layer
changes in the range of 0.1-1.0 eV, the resonant peaks of the reflection can be
modulated in the range of 0.38-0.72 THz, and the values of the reflection can
be modulated in the range of 0.19-0.24. Accordingly, the value of fmod and
Rmod are 47.2% and 20.8%, respectively. The results for the case that the
polarization direction of the incident light is along y direction can be found in
Fig. 6(c) and Fig. 6(d), respectively. As the increase of the Fermi level of the
graphene layer, the amplitude of the transmission increases strongly, and the
resonant peak significantly shifts to high frequency. When the Fermi level
changes in the range of 0.1-1.0 eV, the resonant peak of the transmission
modulates in the range of 0.68-1.59 THz, and the value of the transmission is
tuned in the range of 0.44-0.56, respectively. The values of fmod and Tmod are
57.2% and 21.4%, respectively. Additionally, in Fig. 6(d), when the Fermi
level of the graphene layer changes in the range of 0.1-1.0 eV, the resonant
dips of the reflection can be tuned in the range of 0.69-1.56 THz, and the
values of the reflection can be modulated in the range of 0.069-0.11.

Figure 6(a) and 6(b) show the transmission and reflection of the complementary graphene MMs based on the
H-shaped unit cell, the polarization of the incident wave is along x direction. Fig. 6(c) and 6(d) show the
transmission and reflection of the complementary graphene MMs based on the H-shaped unit cell, the
polarization of the incident wave is along y direction.
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Figure 7(a)-7(c) show the surface current density, Ex and Ey of the complementary graphene MMs based on the
H-shaped unit cell structure when the polarization direction of the incident light along x direction. The resonant
frequency is 0.75 THz. Fig. 7(d)-7(f) show the results of the graphene MMs when the polarization direction of
the incident light along y direction. The resonant frequency is 1.59 THz. The Fermi level of the graphene layer
is 1.0 eV.

Figure 7(a)-7(c) show the surface current density, the Ex and Ey
components of the electric field for the x-polarized based on the H-shaped
MMs structure. The Fermi level of the graphene layer is 1.0 eV. The
simulation results are plot at the resonant frequency of 0.75 THz, which is
accordance with the resonant peak shown in Fig. 6(a). The direction and size
of the arrows in Fig. 7(a) indicate the direction and relative value of the
surface current density, and the color map in Fig. 7(b) and 7(c) show the
relative local electric field amplitude. Figure 7(d)-7(f) show the surface
current density, the Ex and Ey components of the electric field for the ypolarized. The Fermi level of the graphene layer is 1.0 eV. The simulation
results are plot at the resonant frequency with the value of 1.59 THz, which is
according with the resonant peak shown in Fig. 6(c). The direction and size of
the arrows in Fig. 7(d) indicate the direction and relative value of the surface
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current density, and the color map in Fig. 7(e) and 7(f) show the relative local
electric field amplitude.

Unit cell
structure
rectangu
lar
c-eSRRs
c-Hshaped

Polarized
direction
x
y
x
y
x
y

fmin-fmax
(THz)
1.25-2.62
1.25-2.62
0.88-1.92
0.57-1.30
0.43-0.75
0.68-1.59

∆f /fmax (%)

Tmin-Tmax

52.29
52.29
54.17
56.15
42.67
57.23

0.60-0.77
0.60-0.77
0.42-0.51
0.29-0.35
0.27-0.32
0.44-0.56

∆T/Tmax
(%)
22.08
22.08
17.65
17.14
15.63
14.29

Table 2 The comparison of
Reflection properties of several kinds of different unit cell structure
Unit cell
structure
rectangu
lar
c-eSRRs
c-Hshaped

Polarized
direction
x
y
x
y
x
y

fmin-fmax
(THz)
1.31-2.60
1.31-2.60
0.90-1.90
0.62-1.30
0.38-0.72
0.69-1.56

∆f /fmax (%)

Rmin-Rmax

49.62
49.62
52.60
52.31
47.22
55.77

0.02-0.06
0.02-0.06
0.09-0.13
0.17-0.22
0.19-0.24
0.07-0.11

∆R/Rmax
(%)
66.7
66.7
30.8
22.73
20.83
36.36

Table 1 and 2 show the transmission and reflection properties of the above
several kinds of structure patterns, respectively. It can be found that the c-GSiO2Si
structures show good frequency modulation properties, the value of fmod is about more
than 50%. The reasons are shown in the following.

For the resonant unit cell

elements of the MMs structure, the resonant frequency can be expressed as
ωR=1/(LC)1/2, L and C are the effective inductance and capacitance, respectively. The
inductance includes the Lsum=Lg+Lk, Lg is the geometric inductance and related to the
structure parameters of MMs, while the Lk is the kinetic inductance, Lk ∝ me/(nee2), me
is the electron mass, e is the electron charge and ne is the carrier concentration. As the
Fermi level of the graphene layer increase, the carrier concentration increases,
resulting into the value of Lk decreases. Thus, the value of the Lsum decreases and the
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resonance frequency shifts to the high frequency. Furthermore, in the THz regime the
intra-band contribution dominants, the carrier concentration of the graphene layer
increases significantly with the increase of the Fermi level. Consequently, the
resonance frequency shifts to the high frequency significantly and can be can be
modulated in a wide range with the increase of Fermi level. But the modulation depth

can show good modulation properties both along x and y directions, especially the
rectangular-shaped structure show polarization insensitive properties due to the
symmetrical structure. Another point should be noted is that the modulation depths
for those several kinds of resonators are slightly different. From the fabrication
viewpoint, it had better choose simple structure, such as the rectangular and H-shaped
unit cell structure.

4. Conclusions

By depositing the planar arrays of graphene patterns on the
SiO₂/Si/polymer substrate, the tunable propagation properties of the proposed
c-GSiO₂Si structure have been given and discussed in the THz regime,
including the influences of operation frequency, Fermi levels, and different
kinds of graphene patterns. The study manifest that the tunable mechanisms of
the c-GSiO₂Si structure mainly depend on the LC resonance, different from
the original graphene MMs based on the dipolar resonance. By changing the
Fermi level of the graphene layer, the transmission and reflection curves can
be tuned in a wide range. As the Fermi level of graphene layer increases, the
transmission resonance of the c-GSiO₂Si structure become stronger, and the
resonant peaks shift to the higher frequency, resulting from the graphene
permittivity increasing with Fermi level in the THz regime. The transmission
(reflection) curve is broad (sharp), thus the c-GSiO₂Si structure can be used to
fabricate transmission modulators (reflection filters). The results are very
useful to design novel waveguides devices, such as modulators, filters and

16

RSC Advances Accepted Manuscript

of the transmission and reflection amplitude is not very much. The graphene MMs
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switchers, and understand the mechanisms of the graphene plasmonic
structures.
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