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Abstract: In this paper, an ultra-wideband terahertz metamaterial absorber is introduced based
on a Snowflake Koch Fractal (SKF) dielectric loaded on a sheet of graphene. Instead of
multilayered-graphene conventional structures, a single-layered non-structured graphene absorber
is presented based on gradient width modulation and cavity method. The structure of the absorber
is composed of four layers, which are upper SKF dielectric and metal film layer form two mirrors
of an asymmetric Fabry-Perot cavity to confine terahertz electromagnetic (EM) waves. Full
wave simulations demonstrate that the proposed structure is highly efficient whereas a 161%
fractional bandwidth of over 0.9 absorbance is achieved under normal incident wave considering
both TE and TM polarizations. The proposed structure is polarization insensitive yielding the
same absorbance for both TE and TM polarizations. The absorbance and bandwidth of the
structure is almost independent of altering the incident angle 6 up to 60° and 30° for TM and TE
polarizations, respectively. Avoiding graphene processing and simple shape geometry are the
interesting advantages of this structure resulting in feasible fabrication. The proposed structure
provides much greater absorbance bandwidth in comparison to previous works.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Terahertz spectra (THz) (100 GHz-10 THz) has been treated as a bandgap according to lack of
powerful sources and detectors [1]. Recent attempts toward developing THz sources resulted in
promoting researches on this frequency regime of electromagnetic spectra [2]. Gradually, THz
region has attracted great attentions due to its wide range of applications such as communication,
spectroscopy, sensing, and imaging [3-5]. Among all THz devices, absorbers play an important
role due to necessity of wave absorption in various applications including detecting [6], imaging
[7], and modulating [8].

Few materials in nature can respond to terahertz frequency. Hence, metamaterials (MMs),
defined as artificial effectively homogeneous electromagnetic structures, are utilized to deal with
THz [9]. To design MMs terahertz structures, the effective homogeneous condition must be
satisfied. It means that the structure dimensions must be considered less than a quarter of guided
wavelength. In this case, the structure can be considered as a real material [10]. The first perfect
metamaterial absorber (MA) has been proposed by Landy et al. [11]. After that different MAs
have been designed in relevant spectral range including millimeter-wave [12], IR [13], terahertz
[14], and optical [15] regimes. Changing the geometry size of an absorber can result in controlling
the corresponding response. However, this method suffers from practical applicability. According
to this issue, it is desired to find a suitable material with demanding practical applicability and
tunability features. Therefore, graphene as a single layer two dimensional honey-comb lattice of
carbon atoms has been utilized as a good candidate providing these interested features.

Recently, graphene has attracted many interests according to its interesting mechanical,
chemical, and electrical properties. Small thickness, high flexibility and persistence, low losses,
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high electron mobility, and more importantly adjustable conductivity by modifying its Fermi
energy according to the external DC voltage are the interesting demanded features of graphene
[16].

Various broadband graphene-based absorbers with different structures have been proposed
recently. In [17], L. Ye et al. proposed a broadband THz absorber utilizing a net-shaped
graphene sheet with sinusoidal pattern. By utilizing a graphene sheet with gradient modulation
and continuous plasmon resonances, the achieved bandwidth of over 0.9 absorbance is 65%
considering normal incidence in case of TE and TM polarizations. A broadband tunable
metamaterial absorber is proposed in [18] based on gradient diameter modulation of the graphene
sheet and circular symmetry of utilized unit cell. In [19] F. Gao et al. presented a THz absorber
with 0.82 THz bandwidth of over 90% absorption together with 1.68 THz central frequency.
Y. Cai and K.-D.Xu, proposed a multilayer graphene structure by which 0.76 THz absolute
bandwidth of over 90% absorbance is achieved [20]. J. Yang et al. presented a broadband THz
absorber including a non-structured graphene layer loaded with dielectric arrays. The obtained
relative bandwidth is 65% considering over 90% absorption performance [21].

In this paper, a Snowflake Koch Fractal (SKF) dielectric loaded on a sheet of graphene is
utilized to obtain a broadband graphene-based absorber in THz regime. Graphene processing
is avoided in design procedure and hence, the significant achievement of easy fabrication is
resulted. Graphene surface plasmons (GSPs) are excited due to confined THz electromagnetic
(EM) waves. These confined waves result from an asymmetric Fabry-Perot cavity. Two mirrors
of the embedded Fabry-Perot cavity are realized by arrays of SKF dielectric together with a
metal film. Moreover, the demanded absorption bandwidth is improved by continuous plasmon
resonances provided by sharp points and gradient width parts of utilized dielectric layer. The
presented structure is investigated based on full-wave simulations. Under normal incidence of
both TE and TM polarizations, an ultra-wideband absorption with relative bandwidth of 161%
is achieved. The proposed structure is polarization insensitive and simple to fabricate. The
absorbance and the bandwidth remain stable with variation of incident angle 6 between 0-60°
and 0-30° for TM and TE polarizations, respectively. Therefore, the designed structure has a
great potential in sensing, detecting, and optoelectronic applications.

The paper is organized as follows. Section 2 describes the geometry design and simulation
methods of the structure. Section 3 discusses absorption characteristics of the structure including
absorption spectra, field distributions, and electrostatic tunabilities. Finally, the paper is concluded
in Section 4.

2. Design and geometry of proposed structure

The proposed ultra-wideband absorber is demonstrated in Fig. 1 where 6 is the incident angle;
@ is azimuth angle, and k is the wave vector. Moreover, g indicates the period of the structure
in x and y directions whereas ?4, f,, dg, and t, are the thickness of upper dielectric, separating
dielectric, graphene sheet, and gold film, respectively. The proposed structure comprises a SKF
dielectric which is mounted on top with &, = 12 provided approximately by silicon in THz range
[22]. As a separating material, a low loss polyethylene cyclic olefin copolymer (Topas) with
nearly constant refractive index in terahertz regime (&, =2.35) is chosen to provide a broadband
absorption [23]. This separating material is supported by a reflector gold layer defined by Drude
model (relative permittivity of s(u)):soo-w,,z/(w2+jw7) where £,,=1, cupzl.38><1016 rad.s™! is
plasma frequency, w is angular frequency, and y = 1.23 x 103571 is collision frequency) [24].

The graphene layer is modeled as an anisotropic material. Considering the graphene as a bulk
material with small thickness of d,=1 nm together with frequency w and free space permittivity
of &g, the complex permittivity is defined as follows [25],

o
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Fig. 1. (a) Proposed periodic graphene-based terahertz absorber. (b) perspective view, (c)
top view, (d) side view of corresponding unit cell.

where the graphene complex conductivity o ¢=0G,+jo Gin, can be derived by well-known Kubo
formula as follows [25],

Ug(a), He, T, T) = Ointra T Tinter» (2)
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where e is the electron charge, % is the reduced Plunk constant, Kp is the Boltzmam constant, T is
the temperature, and f(e) = 1/{1 + exp[(e-u.)/(KpT)]} is the Fermi-Dirac distribution function.
Moreover, u,. is the chemical potential related to density of charge carriers and can be tuned by
applying electrostatic bias field or chemical doping wheras 7 is the electron relaxation time of
the graphene. Since the interband contribution of graphene conductivity is negligible in THz
regime, the graphene conductivity can be derived as follows,

OG-intra =
intra 1" 112 KsT

- ezKBT He
w-—Jjr-

+2In (e‘%'f + 1)) )

In full-wave simulations, 7=300 K and x.=0.5 eV are assumed whereas relaxation time of
graphene is considered as 7=0.1 ps. The resulting absorbance is derived using the corresponding
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S-parameters as follows [21],
A=1-T-R, (6)

where T and R are transmission and reflection coefficients, respectively. The absorbance and
S-parameters are derived using CST Microwave Studio software in which frequency domain
solver is selected. Moreover, unit cell boundary conditions toward x and y directions are chosen.
According to (6), minimizing the transmission and reflection coefficients leads to high achieved
absorption spectrum. The SKF dielectric arrays and metal film layer form two mirrors of
an asymmetric Fabry-Perot cavity which dramatically confines electromagnetic waves in the
structure [26]. A thin gold film is utilized at bottom of the substrate layer to minimize the
transmission coeflicient. It is noted that gold layer results in zero transmission coeflicient. The
thickness of the gold layer is determined according to the corresponding skin depth value in THz
regime (t,=1 um) to avoid surface currents. The thicknesses of separating and upper dielectric
layers are optimized to obtain impedance matching in order to minimizing structure reflection
coefficient. As a result, #,=20 um and #;=3 um are obtained. Since a single layer of graphene is
transparent, in order to obtain high absorption in accordance with mutual effects of adjacent unit
cells, we proposed a periodic structure with periodicity of ¢ =30 um.

Figure 2 illustrates the design procedure of SKF dielectric utilized in the designed absorber.
Graphene surface plasmons are excited, when wave vectors of free space and those of GSPs are
equal. The wave vector of surface plasmon propagation along a graphene sheet is as follows [27],

nh? _
kgsp(w) = ESO(& +egw(w +jt7h), (7

where Ey is the Fermi energy of graphene, &; is the relative permittivity of separating dielectric,
and g, is relative permittivity of periodic SKF dielectric. Excited GSP modes propagate through
the structure. In the interface between SKF dielectric and air gap, they proportionally reflect
back whereas some of them transmit into the air to re-excite GSPs in the next cell. Since the
distance between two adjacent SKF dielectrics is smaller than corresponding wavelength, more
effective far field interactions become available [19,27].
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(a) (b) (©

Fig. 2. Different iteration of snowflake Koch curve (a) O order iteration (b) 1t order
iteration (c) 21 order iteration with parameters: P=23um and R = PV3 /2 [28].

3. Results and discussion

The upper SKF dielectric layer is utilized to obtain wideband absorption through continuous
excitation of surface plasmons on graphene layer. First, we investigate the 0™ order of SKF as an
upper dielectric (Fig. 2(a)).

As can be seen in Fig. 3, the corresponding absorption spectra include many unwanted
variations dropping at 6 THz and 5.54 THz for TE and TM polarizations, respectively. Hence,
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the 1% order of the SKF is investigated (Fig. 2(b)). Figure 4 indicates the absorption spectra
corresponding to the second structure. For TE polarization, broadband absorption of 159% is
achieved whereas the absorption magnitude shows a reduction under 0.9 at 7.42 THz considering

TM polarization.

1 .
i ‘, <’ . ---"
0.8 . .
Y
/
So06f :
.;
=3
S
@ 041 ]
2
—TE
0.2¢ —--T™ I
0 L 1 L Il
0 2 4 6 8 10
Frequency (THz)

Fig. 3. Absorption spectra corresponding to the 0" order structure in Fig. 2(a) for TE and
TM polarization under normal incidence considering p=0.5eV.
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Fig. 4. Absorption spectra corresponding to the 1t order structure in Fig. 2(b) for TE and
TM polarization under normal incidence considering y. = 0.5 eV.

Finally, 2™ order SKF is chosen to improve the absorption behavior. The broadband
achievement follows two working mechanisms. First, discrete graphene plasmon resonances
are produced by the non-structured graphene loaded with SKF dielectric. Second, there is a set
of continuous plasmon resonances due to gradually variation of the SKF dielectric width [21].
The proposed absorber is designed based on gradient width modulation of upper dielectric. The
higher iterations of SKF include more gradient width sections. The 2"¢ order SKF dielectric can
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be divided into infinite infinitesimal trapezoids along x direction in which, each pair of lateral
infinitesimal faces along y direction act as two mirrors of a Fabry-Perot cavity (Fig. 5). Therefore,
continuous plasmon resonances are obtained resulting in improved absorption bandwidth.

Fig. 5. 2™ order SKF in Fig. 2(c) divided into infinite infinitesimal trapezoids along x
direction.

The absorption spectra and field distributions are investigated considering normal incidence.
Figure 6 indicates the absorption spectra for both TE and TM polarizations. All investigated
structures are analyzed under assumption of u.=0.5 eV for graphene layer. A wide over
0.9 absorption performance in the range of 0.88-8.12 THz is achieved for both TE and TM
polarizations. It is noted that the central frequency and relative bandwidth are 4.5 THz and
161%, respectively. The absorption curves are almost similar for both polarizations whereas
minor discrepancies are observed due to different resonance length values in x and y directions.
Figure 7 demonstrates the electric field distributions at the interface of upper SKF and graphene
sheet for both polarizations at 0.3 THz, 4.5 THz, and 9 THz.
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Fig. 6. Absorption spectra corresponding to the 2™ order structure in Fig. 2(c) for TE and
TM polarization under normal incidence considering p.=0.5 eV.

According to Fig. 7, electric fields are mostly confined at the edge of the SKF dielectric layer
due to the excitation of localized surface plasmons of graphene. In TM and TE polarizations,
the plasmon resonances are in y and x directions which are in accordance with the polarization
of corresponding incident wave. It is noted that the more electric fields confinement, the more
absorption achievement. Thus, unity absorption obtained at 4.5 THz for both polarizations is
in accordance with corresponding maximum electric fields confinement (Fig. 7(b) and 7(e)).
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Fig. 7. Electric field distribution of Fig. 1 considering p.=0.5¢eV at the interface of
snowflake Koch dielectric and graphene for TM polarization at frequency of (a) 0.3 THz (b)
4.5 THz (c) 9 THz and for TE polarization at frequency of (d) 0.3 THz (e) 4.5 THz (f) 9 THz.

Moreover, decreasing the fields confinement results in reduced absorption intensity at 9 THz
(Fig. 7(c) and 7(f)). At 0.3 THz (Fig. 7(a) and 7(d)) only the edge resonances between adjacent
unit cells are observed and hence, the absorption intensity is declined.

The impact of altering the structure periodicity is investigated in Fig. 8. As g is varied between
28-30um, the impedance matching condition is more satisfied and hence, absorbance bandwidth
and corresponding intensity increase. If the periodicity increasing continues between 30-32 um,
the impedance matching is deteriorated and as a consequence, the absorption spectra encounter a
falling trend.
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Fig. 8. Absorbance of the proposed structure in Fig. 1 considering #,=20 um, 7;=3 pm, and
different g values.

It is worth to point out that a high electric field is confined between two adjacent unit cells in
x and y directions. The electric field distribution is illustrated in Fig. 9(a) and 9(b) in yz plane
for TM polarization and in xz plane for TE polarization. Optimizing structure dimensions leads
to coupling effects between adjacent unit cells. Therefore, y-polarized TM and x-polarized TE
incident waves excite electric dipole resonances in y and x directions.
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Fig. 9. Electric field distribution at the center of structure in Fig. 1 considering two adjacent
unit cells in (a) yz plane and (b) xz plane.

The absorption spectra of the proposed structure for different thicknesses of separating dielectric
and upper SKF dielectric are investigated in Fig. 10. It is obvious that the best absorption
performance is achieved considering #,=20 pm and #4=3 um.
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Fig. 10. Absorbance of the proposed structure for different thicknesses of (a) separating
dielectric when ¢ =30 um, and #;=3 um (b) upper Snowflake Koch Fractal dielectric when
g =30pm, and #,=20 pm.

As can be seen from Fig. 10(a), the absorbance bandwidth increases as #; varies between
18-20 um. However, the absorption bandwidth tends to drop slightly as 7, increases between
20-22 um. Likewise, the same holds true for the variation of z;. Figure 10(b) illustrates that the
better absorption bandwidth is achieved whereas #; increases between 1-3 um. However, the
absorption spectrum is deteriorated when the thickness of upper SKF dielectric varies between
3-5um. This is due to the fact that as #; increases, the impedance matching between absorber
structure and free space is destroyed.

The absorbance and bandwidth of the proposed structure can be modified slightly by changing
the incident angle 6. This is presented in Fig. 11 where the absorption intensity is demonstrated
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with respect to 8 and frequency for both TE and TM polarizations. The graph reveals that
the absorbance peak and bandwidth decrease slightly over a wide range of incident angle 8
for both polarizations. It is almost stable when 6 varies between 0-60° for TM polarization.
TE excitement remains unchanged according to variation of 6 between 0-30°. In case of TE
polarization, the absorption spectra deteriorate much faster as 6 increases. This is due to the fact
that, the tangential component of the electric field decreases as 6 increases resulting in decreasing
of electric dipole resonance of the graphene.
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Fig. 11. Absorbance of the proposed structure in Fig. 1 as a function of frequency and
incident angle for (a) TM polarization and (b) TE polarization.

It is worth to note that the absorption spectra are independent of the variation of ¢ due to
applied symmetry in designed structure considering both TE and TM polarizations. The stability
of the structure response versus changing ¢ and polarization results in a demanded candidate for
sensing, detecting, and optoelectronic applications.

Figure 12(a) indicates the effects of u. on absorption spectra as graphene chemical potential is
varied by electrostatic doping from O to 0.9 eV utilizing ion-gel top gating method [29]. The
mentioned method guarantees that all these chemical potential values can be applied without a
break down of the gate dielectric. The absorption of the structure shows a slight blue shift as
M. is increased. The mentioned blue shift can be described according to Kubo formula [30] in
which the plasmon resonance frequency of the graphene increases as . is increased. Also, the
absorption of the structure decreases dramatically as u. varies between 0-0.2 eV. This is resulted
from decreasing metallic character of graphene in lower range of (.

There is an interesting phenomenon in which three peaks of over 0.8 absorbance are observed
in case of u. =0 where there is no GSPs. Figure 12(b) demonstrates the absorption spectra of
the proposed structure for u. =0. Considering 0.88-8.12 THz, these three absorption peaks are
observed at 2.9THz, 7.19 THz, and 7.66 THz, respectively. The corresponding magnetic field
distribution (Fig. 12(c)) indicates that these abnormal absorbance peaks are due to SKF dielectric
resonances along x-axis.

In Table 1, the proposed structure is compared to conventional broadband graphene-based
absorbers. It is obvious that the presented structure has much greater absorbance bandwidth in
comparison to other works. Moreover, the significant achievement of easy fabrication is resulted
due to avoiding graphene processing and considering simple shape geometry.
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Fig. 12. Absorption spectra of the proposed absorber in Fig. 1: (a) as a function of frequency
and p. (b) considering y=0 (c) magnetic field distribution of the proposed structure for

#e=0.
Table 1. Physical and practical characteristics
90% absolute Relative Unit cell Fabrication
References bandwidth (THz) bandwidth dimension (um?) Type Difficulty
[17] 1.1 65% 60x32x26 Single layer Not Easy
[18] 1.57 86% T5x75%28.2 Single layer Not Easy
[19] 0.82 48.8% 40x40x 37 Single layer Easy
[20] 0.76 11.4% 0.25%0.25%9.5 Multilayer Not Easy
[21] 1.5 65% 24 x80%x28 Single layer Easy
Proposed structure 7.24 161% 30x30x24 Single layer Easy

4. Conclusion

In this manuscript, an ultra-wideband non-structured graphene-based absorber is proposed based
on width modulation of a dielectric layer together with cavity method to excite continuous
surface plasmons of graphene sheet. The obtained structure yields a wideband absorbance of
over 0.9 between 0.88-8.12 THz. The central frequency of absorption spectra is 4.5 THz and the
relative bandwidth of 161% is obtained. Under normal incidence, the absorption curve is nearly
close for both TE and TM polarization resulting to an almost polarization insensitive structure.
The structure is also insensitive to the angle ¢ due to the geometric symmetry. Moreover,
the absorption spectra change gradually as 6 varies between 0- 60° for TM polarization and
0-30° for TE polarization. The polarization insensitivity and stability of the absorption spectra
show a great potential in sensing, detecting, and optoelectronic applications. Compared to the
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conventional works, the proposed structure provides more wideband performance and is feasible
from fabrication perspective.
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