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Abstract

Tunable multichannel perfect absorption in monolayer graphene at terahertz frequencies is studied, which is realized through
depositing a graphene monolayer on a Fibonacci quasiperiodic multilayer structure separated by a spacer. Three absorp-
tion peaks with absorptivity larger than 95% are obtained, which is attributed to the graphene Tamm plasmon polaritons
and multiple photonic stopbands of dielectric Fibonacci multilayers. And the distributions of the electric field intensity are
investigated to reveal the physical origin. Besides, the multichannel operating frequencies can be flexibly tuned through
varying the angle of incidence and structure dimensions of the absorber, and it is found the absorption is not sensitive to the
polarization state. In addition, the multichannel perfect absorption could be tuned to different frequencies through merely
a change in the Fermi energy and the absorption performance could be flexibly extended to various channels of different
number without re-optimizing the structure dimensions. We believe that the conclusions may find significant applications

for the realization of novel tunable optoelectronic devices.
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1 Introduction

Terahertz (THz) wave usually refers to the frequency within
0.1-10 THz, which shares similarities with both the far
infrared and microwave frequencies. It has attracted great
research interests recently, thanks to its important applica-
tions in many areas, such as spectroscopy, communication,
sensors, and imaging [1-3]. Among these developed devices,
THz absorbers have been extensively studied recently for
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imaging, detecting, and sensing purposes [4—7]. The per-
fect absorption of THz wave is crucial for the realization of
THz properties. Therefore, over the past few years, much
effort has been made to achieve near-complete absorption in
THz ranges by employing various geometries and materials,
including hyperbolic material [8], photonic-crystal slab [9],
metamaterial [10], and metasurface [11]. Though there are
a large number of studies into developing THz absorber,
it is highly desirable to explore novel structure combined
with new materials to achieve more advanced absorption
properties.

Graphene, a two-dimension material with a monolayer
carbon atom, has attracted wide attentions in recent years
as a potential material for developing tunable THz devices
owing to its exceptional electrical, mechanical, and optical
properties [12—19]. In the THz regions, the most remark-
able property of graphene is that its surface conductivity
could be continuously changed in a wide frequency range
in virtue of chemical or electrostatic gratings. Such proper-
ties make it a promising candidate for developing tunable
devices [20-22]. In addition, strong surface plasmon polari-
tons (SPPs) could be excited in graphene with appropriate
doping, which results in tight field confinement nearby [23].
To exploit these properties for device applications, such as
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perfect absorbers [24, 25], modulators [26], sensors [27],
photodetectors [28], and plasmonically induced transparency
[29], significant recent efforts have focused on enhancing
light absorption in monolayer graphene due to the extremely
weak interaction between the graphene and the incoming
wave. For this purpose, many novel methods have been pro-
posed to realize tunable THz perfect absorption. Zhang et al.
designed a tunable THz absorber consisting of the combina-
tion of metallic metamaterial with double layer graphene
wires, which realizes near-complete absorption with spec-
tral tuning at THz frequency [30]. Deng et al. demonstrated
that the THz absorption based on graphene heterostructure
could be tuned continuously from 0 to 100% [31]. He et al.
designed a THz absorber in the form of patterned graphene-
Si0,-Si-dielectric-metal structure and founded that near
perfect absorption could be obtained through choosing suit-
able geometric dimensions and the Fermi energy of gra-
phene [32]. Zhu et al. proposed a general mechanism, where
angle-selective near-complete absorption in graphene can be
achieved [33]. However, these absorbers mentioned above
are typically operated with merely one absorption channel
[30-33], which hinders their promising applications in vari-
ous fields, such as multi-spectra channel detecting, multipa-
rameter sensors, as well as dense wavelength-division mul-
tiplexing communication where multi-channel with narrow
bandwidth is required. Gao et al. designed a multichannel
absorber in the form of a spacer sandwiched between a struc-
tured graphene and a ground plane [34]. But the quality fac-
tor is small. Wang et al. reported an efficient mechanism to
achieve multichannel tunable near-complete THz absorption
with a graphene-1D photonic crystal structure [35]. How-
ever, only 1D period structure is considered.

Here, a tri-band tunable THz perfect graphene absorber,
in the form of a monolayer graphene separated from a
1D Fibonacci quasiperiodic photonic crystal by a spacer,
is proposed and studied. We show that the absorption in

graphene monolayer can reach above 95% at three different
frequencies. To confirm the physical origin, the distribu-
tions of electric field intensity at the three peak frequen-
cies are illustrated. Moreover, the influences of the angle of
incidence and the structure dimensions on the absorption
performance are also studied so as to present the flexible
tunability of the designed absorber. Finally, it is shown that
the multichannel near-complete absorption not only could
be dynamically tuned in virtue of the external gate voltages
but also can be extended to various absorption channels by
adjusting the Fibonacci order.

2 Design and results

The proposed tunable absorber is composed of a graphene
monolayer, a dielectric spacer (C), and a Fibonacci quasip-
eriodic photonic crystal backed with a substrate, as shown in
Fig. 1. The Fibonacci quasiperiodic photonic crystal consists
of two dielectric layers A and B arranged according to the
following rule [36]:

Fi(n)=S, =B
Fy(n)=S, = B"'A
Fy(n)=S; = (B"'A)"B M

Fim)=$;=5;,"A;»

where j is the generation number and n denotes the Fibo-
nacci order. Both of which are positive integers. The refrac-
tive indexes of A and B are n,=1.45 (SiO,) and n;,=3.48
(Si), respectively. And their thicknesses denote as i, and h,,
respectively. The refractive indexes of C and the substrate
are both equal to 1.45 (Si0,). h, is the distance between gra-
phene and 1D Fibonacci quasiperiodic photonic crystal. A
TE-polarized and a TM-polarized (with the electric field and
the magnetic field paralleled to the y-axis, respectively) THz
waves are incoming from the air with an angle 6. Here, 0 is

Fig. 1 Schematic of the B™A B™1A
designed graphene absorber. C 1 I
is the spacer between graphene [ \ [ |
and the 1D Fibonacci multilayer
Graphene
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the angle between the incident wave vector and the normal
direction of the structure. The incident plane is x—z plane.

The graphene layers present a frequency-dependent
conductivity:

6(60) = Ointer (CO) + Uimra(a))’ (2)

where o,,,,(w) denotes the intraband contribution, and
O;n./(@) denotes the interband contribution. For the THz
frequency considered in this work and at room temperature,
the interband transitions can be neglected. Thus, the surface

conductivity of graphene could be approximated as [37, 38]:
ezEf i

zh? o+ it

3)

o(w) =

where E; denotes the Fermi energy, 7 denotes the reduced
Planck’s constant, and kj is the Boltzmann’s constant, 7 denotes
the carrier relaxation lifetime, e denotes the basic electric
charge, and @ denotes the angular frequency. In this work, 7
is chosen as 0.8 ps, and the initial Fermi energy Eis chosen
as 0.85 eV.

During the simulation, the monolayer graphene is taken
as an ultra-thin layer with ,=0.34 nm and has an equiva-
lent permittivity:

io(w)
=1+ ,
e =1t Con “)

here ¢, denotes the vacuum dielectric constant.

The rigorous coupled-wave analysis (RCWA) is employed
to design and optimize the tunable multichannel graphene
THz absorber [39, 40]. In this work, j is selected as 3, as
shown in Fig. 1. To construct a tri-band graphene absorber,
n is set as 6. The optimized parameters of the unit cell with
operating frequencies at about f; =0.9045 THz, f, =1.0855
THz, and f;=1.26 THz are listed as follows: ;=86 pm,
h,=46 pm, and h;,=36 pm. The simulated absorption spec-
tra A(f) can be obtained from the reflection spectra R(f) and
transmission spectra T(f) by A(f) =1 — R(f) — T(f). Figure 2
illustrates the calculated absorption spectra for normally
incident TE-polarized and TM-polarized waves. Here, the
absorption spectra for both normally incident polarized
waves are identical due to the symmetry of the structure.
It is found that three-channel near-complete absorption
is achieved with resonant frequencies at f; =0.9045 THz,
f,=1.0855 THz, and f;=1.26 THz and their corresponding
absorbance of 94.9%, 99.94%, and 95.52%. The bandwidths
are approximate 0.0085 THz, 0.022 THz, and 0.011 THz,
and the quality factors (Q =f/Af) are 106.4,49.3, and 114.5,
respectively, which all exhibit narrow frequency bandwidth.

To reveal the physical mechanism, in Fig. 3, we show
the distributions of electric field intensity at three peak
frequencies. In Fig. 3a, we illustrate the distributions of
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Fig.2 Simulated absorption spectra of the proposed tunable absorber
for normally incident light

normalized electric field intensity along the z-axis at fre-
quency f, for the absorber without the covering of gra-
phene. As illustrated in Fig. 3a, the electric field in the air
shows an obvious profile of standing wave, which results
from the superimposition of the incoming wave and the
reflection wave. This indicates that near-complete reflection
appears at the interface between air and the Fibonacci mul-
tilayers. However, the electric field decays gradually in the
Fibonacci multilayers and the electric field enhancement at
the boundary between the air and Fibonacci multilayers is
extremely weak, as the Tamm plasmon polaritons (TPPs)
cannot be excited at present. TPPs are a relatively new cat-
egory of surface wave excited at the interface between two
objects with high reflection [41, 42]. In contrast to typical
SPPs, TPPs could be excited for both TE-polarized and
TM-polarized waves without the assistance of external
photonic structures [43]. From Fig. 3b—d, it is found that
the electric fields at the resonant frequencies are strongly
enhanced and mainly confined in the spacer between gra-
phene and Fibonacci multilayers when a graphene mon-
olayer is deposited on the Fibonacci multilayers, which is
attributed to the excitation of graphene TPPs. Thus, as the
sole dissipative material in the structure, graphene could
strongly absorb the incoming THz wave, which is also con-
firmed by the intensity profile where hardly any electric
field of the reflecting wave is found in the air. The perfect
multichannel absorption in the monolayer graphene can be
attributed to the graphene TPPs.

3 Discussion
Next, we study the effect of the angle of incidence on

the light absorption in graphene. The simulated absorp-
tion spectra for 0=0°, 20°, and 40° for TE polarization
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Fig.3 The distributions of nor-
malized electric field intensity:

(@) f; (b) f1; () f5: (d) f3. There

is no graphene in (a), while

there is graphene in (b)—(d)
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and TM polarization are shown in Fig. 4a and b, respec-
tively. Clearly, three resonant peaks for both polarizations
exhibit a blueshift with the increase of the incident angle,
as the photonic stopbands of Fibonacci multilayers move
to larger frequency with the incident angle increase [44].
Though with a little decrease or increase for different
absorption peaks, the incident angle can be considered as
an efficient method to tune the operating frequencies of
the designed graphene absorber. It should be noted that
the three-channel absorption for both polarizations remain
stable with the angle of incidence changing from 0 to 40°,
indicating that perfect multichannel absorptions are not
sensitive to the polarization state of the incoming light.
Such advantage is beneficial for real applications.
Furthermore, to guide the actual manufacturing, we
depict the effects of structure dimensions on the absorp-
tion performance. In Fig. 5, we show the calculated

IS
[0}

n,, respectively. All of three resonant peaks show a red-
shift when increasing A, or h,, as illustrated in Fig. 5a and
b. Though with a little decrease or increase for different
absorption peaks, the absorptions remain above 90% in
the considered parameter ranges. As presented in Fig. 5¢
and d, all of the three resonant peaks move to the smaller
frequencies when increasing n,, or n,. Clearly, the redshift
caused by increasing h,(n,) is much larger than that by
increasing h,(n,). Such phenomenon stems from that the
shift of photonic stopband with the increasing of h,(n,)
is larger than that by increasing h,(n,), which has been
explained by a technology based on the Fourier transform
of the structure index profile [36]. Figure 6 presents the
absorption performance with the change of /2;,. We can see
that the absorption exhibits a redshift when %, increases
from 84 to 88 pm, though with a little decrease or increase
for different absorption peaks. In general, the perfect mul-
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large structure dimension ranges, which will benefit the
practical fabrications.

Besides the angle of incidence and the structure dimen-
sions tunability, the designed multichannel absorber is par-
ticularly attractive as the absorption properties could be
flexibly changed through applying external gate voltages. In
Fig. 7a, we plot the simulated absorption spectra versus the
varying of the Fermi energy. It is found that the multichannel
absorption presents a blueshift with the increase of E; from

1.0

h =84 um :
08l -=--h=86 um:!
h=88 ym [,
c I
G506} :
g :
8 0.4 |
< ‘.
0.2 .
1/W\/" \ " \
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0.9 1.0 1.1 1.2 1.3
frequency(THz)

Fig.6 The simulated absorption spectra versus the varying of &,

(d)

0.70 to 1.0 eV, only with a little decrease or increase for dif-
ferent absorption peaks. Therefore, the multichannel resonant
frequencies could be easily changed through a change in the
Fermi energy, which will benefit the real application as the
absorption properties could be flexibly change without refab-
ricating a new device. In the actual applications, to control
the Fermi level of the graphene, two electrodes, one is on the
graphene and the another is on the dielectric spacer, can be
fabricated by thermal deposition for the gate voltage. Despite
a three-channel tunable absorber with n=6 is studied here, it
could be simply extended to other absorbers with channels of
different number by only a change in n. To confirm this char-
acteristic, the calculated absorption spectra for different n are
illustrated in Fig. 7b, where the structure dimensions are the
same as n=06. It can be seen there are two absorption chan-
nels for n=4 and four absorption channels for n=9 in the
frequencies range of 0.8—1.35 THz. In addition, the absorp-
tivity remains larger than 90%. This characteristic is espe-
cially attractive since the concept could be simply extended
without re-designing the structure dimensions.

Here, a multichannel tunable THz perfect graphene
absorber, in the form of a multilayer planar structure, is pro-
posed and studied. Compared with the conventional meta-
material structure, the multilayer planar structure proposed
in this work can be fabricated more easily with lower cost,
which is more applicative for practical implementation.
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4 Conclusions References

In conclusion, tunable multichannel perfect absorption
performance in graphene monolayer is studied, which is
realized by coating a graphene monolayer on a Fibonacci
multilayer separated by a spacer. The results show that
graphene TPPs with frequencies locating at different pho-
tonic stopbands of the Fibonacci multilayers can be excited,
resulting in multichannel near-compete absorption in gra-
phene monolayer. Besides, the absorption properties are
insensitive to the polarization state when changing the angle
of incidence, which could be employed to tune the multi-
channel operating frequencies. In addition, the multichannel
perfect absorption properties remain excellent within large
structure dimension ranges, which should be attractive for
practical manufacture. Above all, the multichannel perfect
absorption could be flexible tunable through adjusting the
Fermi energy and the absorption properties could be easily
extended to various absorption channels of different number
without redesigning the structure dimensions. It is believed
that the results should found significant applications in
modulators, thermal emitters [45, 46], photonic detectors
[47], and absorber [48-50].
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