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Actively tunable polarization-sensitive multiband absorber
based on graphene*
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We design an actively tunable polarization-sensitive multiband absorber in the mid-infrared region, which consists of
stacked graphene multilayers separated by dielectric layers on a metal mirror. Benefiting from the anisotropic structure, the
absorber has dual absorption bands with almost perfect absorption at different wavelengths under the x and y polarizations.
Analyzing the electric field amplitude distributions and the surface currents, we find that the absorption peaks under the
same polarization are excited in the graphene layers independently. Therefore, more absorption bands can be achieved
by increasing the graphene layers. Adjusting the Fermi energy of the graphene layers, the working wavelengths of the
polarization-sensitive multiband absorbers can be tuned actively, and thus achieving a wide band regulation range. Besides,
the peak number and the peak strength of the multiband absorber can be actively controlled by the polarization angle as
well. We also propose a method to design an actively tunable polarization-sensitive multiband absorber, which may have
potential applications in mid-infrared devices, such as polarization-sensitive filters and detectors.

Keywords: multiband absorber, polarization-sensitive, graphene, band regulation

PACS: 42.25.Ja, 42.25.Bs

1. Introduction

Metamaterial is an artificial composite material that
does not exist in nature and has interesting electromagnetic
properties.!'™ As a crucial component of metamaterial, meta-
material absorber®! has caused widespread concern, in which
the reflection is suppressed by matching the impedance of
the metamaterial with the impedance of the incident medium,
while the transmission is suppressed by adding a metal-based
layer to achieve perfect absorption.[®! In 2008, Landy et al.
proposed a metamaterial perfect absorber experimentally and
theoretically. [71 Since then, various absorbers have been con-
stantly innovated by employing periodic array structures in

8-121 achieving narrow

a band from visible light to terahertz,!
band and broadband absorption.

Due to the excellent optical and electrical proper-
ties, graphene has been one of the most popular candi-
dates to introduce active regulation method into metamate-

13-16] Tn terms of light absorp-

rials over the past decade.!
tion, graphene has greater advantages in the band from mid-
infrared to terahertz than in the visible near infrared band

5,129 square ring,?!1

Up to now, circular,!”-181 square, " cros
and other isotropic structures have been employed to design
polarization-independent absorbers based on graphene, realiz-
ing narrowband, multiband>>->! and even broadband!?°! ab-
sorption. On the other hand, polarization-sensitive absorbers
have been proposed by employing anisotropic units.!?7-?8]

However, most of the polarization-sensitive absorbers based
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on graphene are single-band and broadband absorbers. [>°]

In this paper, we design an actively tunable polarization-
sensitive multiband absorber in the mid-infrared region, based
on the stacked graphene multilayers. Inspired by the work pro-
posed by Bao et al.,[*'l we take advantage of the anisotropic
structure with a circle hole to enhance the absorption which
shows that the multi-band absorption is sensitive to the polar-
ization of incident light. In simulation, the designed structure
can achieve dual-band absorption over 90% at different wave-
lengths under different polarizations. Adjusting the Fermi en-
ergy of the graphene layer, the absorption band can realize
the dynamic regulation of extremely wide band. Moreover,
changing the incident polarization angle, tunable multiband
absorption can be realized as well. In our work we propose
a method to design an actively tunable polarization-sensitive
multiband absorber, which may achieve potential applications
in mid-infrared integrated devices.

2. Structure design

The unit of the designed absorber is schematically shown
in Fig. 1, which consists of two graphene patches separated
by a silica layer. The double-layer graphene patch placed on
the silica layer is over a thick gold mirror. The surface current
formed between the aperture and the graphene rectangle can
relatively enhance the absorption. In simulation, the refractive
index of the silica material is set to be 1.45.3% Drude model
is used to calculate the permittivity of gold (¢ (w)) from the
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following equation:

2

P (D
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where @ is the source frequency, @, is the plasma frequency

and @, = 8.67 x 1016 rad/s, 7 is the collision frequency, and

y="17.72 x 10" rad/s.[*! The surface conductivity of graphene

is calculated based on the Kubo formula3Z34
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where T is the temperature, kg, /i Er, T and e are the Boltz-
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be B siica
- graphene

mann constant, reduced Planck constant, Fermi energy mo-
mentum relaxation time, and electron charge, respectively.
When graphene is highly doped with Er > kgT and Er > ho,
equation (2) can be simplified into!3>-3%]

ezEF i
= 3)
Th™ O+17T
where T = uEgr/(ev?), the carrier mobility g = 1 x
10* cm?/(V-s), and Fermi velocity vg = 1 x 10° m/s,
respectively.[®’ The expression between Fermi energy and

,B8] where

bias voltage V, is given by Er = hvgy/m&yEV, /ed
d is the thickness of the gate silica layer, &, and € are the per-
mittivity of the silica and vacuum, respectively. Therefore, the
Fermi level can be controlled experimentally by the bias volt-

age Vg.
(b)

Fig. 1. (a) Schematic diagram of graphene-based absorber. Top view of (b) top and (c) bottom graphene patches.

We employ the finite-difference time-domain (FDTD)
method to optimize the geometric parameters when fixing Ef
at 0.65 eV. As shown in Fig. 1(a), the boundary condition in
the z direction perfectly matches the layer (PML), while those
in x and y direction are periodic with period p, = 800 nm and
py =700 nm. The geometric parameters of the top graphene
patch are /1 = 500 nm, w; = 250 nm, and D; = 112 nm as
shown in Fig. 1(b), and those of the bottom graphene patch
are [, = 600 nm, wy = 360 nm, and D, = 110 nm as shown
in Fig. 1(c). The thickness values of the dielectric layers are
d; = 350 nm and d> = 1700 nm, respectively. The top sil-
ica is used to weaken the coupling of two layers of graphene.
The bottom silica helps match the effective impedance of
the structure with that of free space, leading to the perfect
absorption. 7]

In the practical sample fabrication, Au and silica can
be successively deposited on the silicon substrate by elec-
tron beam evaporation, and then the graphene sheet grown
by chemical vapor deposition can be transferred onto silica.

The graphene structure can be fabricated by e-beam lithogra-
phy followed by plasma etching.?8! Finally, the gold electrode
can be deposited by electron beam evaporation. Repeating the
above steps, the bi-layer graphene absorber can be obtained.

3. Results and discussion

In order to illustrate the anisotropic absorption princi-
ples of the graphene-based structure, we calculate the absorp-
tion spectra under the x and y polarized incidences, as plotted
in Fig. 2. For the x polarization in Fig. 2(a), there are two
absorption peaks (P; and P,) higher than 90% those at the
wavelengths 27.3 um and 31.9 um. For the y polarization in
Fig. 2(b), the two absorption peaks (P3 and P4) can also reach
higher than 90% at the wavelengths 16.3 pm and 21.2 pm.
Therefore, polarization-sensitive absorption is realized in this
structure. For comparison, we calculate the absorption spectra
of the structure containing only the top graphene patch (red
dashed line) or only the bottom graphene patch (blue dashed
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line) as shown in Figs. 2(a) and 2(b). It is obvious that there
is a weak coupling between the absorption modes excited at
the top and the bottom graphene patches, leading the peaks

tom graphene patches.

to slightly shift. As a result, the overall absorption spectra in
Fig. 2 are almost the combination of those of the top and bot-
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Fig. 2. Absorption spectra under (a) x- and (b) y-polarized incident light with black solid line, red dashed line, and blue dashed line denoting
structures including dual-layer graphene patches, top graphene patch, and bottom graphene patch, respectively.
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Fig. 3. Absorption spectra for different values of Er under (a) x polarization and (b) y polarization, respectively, relationship between the
maximum absorption intensity and Er under (c) x polarization and (d) y polarization, and [(e) and (f)] absorption spectra for changing Er of
each graphene layer individually under x and y polarizations.
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The Fermi energy Ef of the graphene can actively tune
the absorption spectrum byusing the surface conductivity. We
simultaneously tune the Er values of the two graphene layers
to explore the influence. As shown in Figs. 3(a) and 3(b), the
absorption peaks all have blue-shifts with Ef increasing. It
is obvious that the wavelengths of the peaks under the same
polarization vary at an identical dispersion rate. Figures 3(c)
and 3(d) show the changes of maximum absorption under the
x and y polarizations, respectively. The absorption intensities
both first increase and then decrease with the increase of EF,
reaching nearly perfect absorption at Er = 0.75 eV under the
x polarization, and at 0.55 eV under the y polarization. Be-
sides, as the coupling between the top graphene and bottom
graphene is weak, the peaks can be independently controlled
by regulating the Er of each graphene layer respectively as
shown in Figs. 3(e) and 3(f). The peaks related to the regu-
lated graphene layer have the same changing trend as those
in Figs. 3(a) and 3(b), while those related to the unregulated
graphene layer remain unchanged. Therefore, changing the
Fermi energy, the working wavelengths of the polarization-
sensitive multiband absorbers can be tuned actively, achieving
a wide band regulation range of about 30 pm.

In addition, we also calculate the absorption spectra at
different polarization angles to examin the dependence of the
proposed structure on polarization angle. We set the polar-
ization angle ¢ to be 0° for the x polarization. It is obvi-
ous in Fig. 4(a) that the P; and P, weaken while the P3 and
P4 strengthen with o increasing. For the polarization angle
a of 45°, the electric field response in the x and y directions
achieve dynamic balance, resulting in the four-mode state with
the same strength. Extracting the maximum absorptions of the
four peaks under different polarization angles, the results are
shown in Fig. 4(b). The maximum absorptions of the peaks
are all sensitive to polarization angle with a period of 180°.
Therefore, both the peak number and the peak strength of the
multiband absorber can be actively controlled by the polariza-
tion angle.

In order to illustrate the physical origin of the
polarization-sensitive absorption, we calculate the electric
field amplitude distributions of the structure under the x and
y polarizations as displayed in Figs. 5 and 6, respectively. As
shown in Figs. 5(a) and 5(c), the electric fields are strongly lo-
calized around the top graphene layer, while those around the
bottom graphene are almost zero. The electric dipole modes
excited in the top rectangular graphene and the aperture along
the x direction forms the symmetric surface current along the
x axis. Thus, peak P; mainly comes from the dipole modes
excited in the top graphene layer and the aperture along the x
direction. Similarly, as shown in Figs. 5(b) and 5(d), peak P,
mainly results from the dipole modes excited around the bot-
tom graphene rectanmgle. As a result, the two peaks in the

x-direction can be independently excited, for there is nearly
no field coupling between the top graphene and the bottom
graphene at peaks P; and P,.

(a) 1.00

0.75

0.50

Absorption
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Fig. 4. (a) Absorption spectra under different polarization angles, and (b)
maximum absorptions of peaks related to different polarization angles.
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Fig. 5. Electric field amplitude and surface current distribution under x po-
larization, relating to [(a) and (c)] P; and [(b) and (d)] P,. Panels (a) and
(b) show electric field around the top and bottom graphene patches in x—y
plane, while panels (c) and (d) display those in x—z plane, respectively. Black
dashed lines indicate the place of graphene structures.

Under the y polarization, resonant modes around the
graphene rectangle are also excited resulting in the absorption
peaks P3 and P4. However, the length along the y direction
is so short that there appears the coupling between the inner
aperture and the outer rectangular, leading the field distribu-
tions to deform as shown in Figs. 6(a) and 6(b). As a result, the
electric dipole-like field deforms into hexapole-like field dis-
tribution around the rectangle and the aperture, leading to the
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symmetric surface current along the y axis. Like peaks P; and
P», there is no field coupling effect between the two graphene
layers at the absorption peaks P3 and P4 either. Therefore, the
two absorption peaks in their own directions are independently
determined by the graphene patches. Consequently, multiband
absorption can be integrated into one structure by increasing
the graphene layers.

0

Fig. 6. Electric field amplitude and surface current distributions under y po-
larization at [(a) and (c)] P3, [(b) and (d)] P4. Panels (a) and (b) show electric
field around the top and bottom graphene patches in x—y plane, while panels
(c) and (d) display those in y—z plane, respectively.

(a) 1.0 ,"ll"l i ——50 nm
! L ----150 nm
0.8} il 'h —.—-250 nm
A Jit = ~ 350 nm
8 o6l - 1450 nm
= .
2 |
5 -
z 0.4 ! ! ,".I
< ‘,' '
0.2 [
A
0 24 28 32
Wavelength /pm
1.
(b)1.00 ';Il ——50 nm
f‘,-" — — 150 nm
i
. R
g 0.75 .;Ll —-=350 nm
g /I
o P l!l
5 0.50 P
z [ E‘
< P,
2 2]
0.25 ]rll W
/ i, }»—
0 21 24
Wavelength /um

In the above discussion above, there is almost no cou-
pling between the two graphene layers. Next, we change
thicknessd; of the silica layer to explore the influence on the
coupling. For the x polarization, as d; decreases, the absorp-
tion peaks Py and P, shift toward different directions as shown
in Fig. 7(a), with electric field increasing in the silica layer at
the peaks as shown in Fig. 7(b), which suggests the increase of
the coupling between the two graphene layers. For the y po-
larization shown in Fig. 7(c), the absorption peaks P3 and P4
shift to different directions as d; decreases, and meanwhile,
the peak P3 gradually splits into two peaks. According to the
field distributions in Fig. 7(d), the hexapole-like mode relating
to P3 splits into a quadrupole-like mode (A = 15.4 um) and a
dipole-like mode (A = 18.5 um) due to the coupling between
the two graphene layers, resulting in the two peaks splitting
from P3. Therefore, the coupling between the two graphene
layers strengthens as d; decreases under the x polarization and
y polarization, which affects the wavelengths and the maxima
of the absorption peaks. As a result, the thick silica layer is
necessary to maintain the independent regulation properties of

the multiband absorber.

A=25.9 um

—

&I ”"".J

'
4
A

Fig. 7. (a) Absorption spectra for different values of dj, (b) related electric field distributions under x polarization, (c) absorption spectra for different

values of dy, and (d) related electric field distributions undery polarization.

Based on the analyzation above, the absorption peaks
can be affected by the geometric parameters of the graphene
patches independently, so we change the top and bottom
graphene layers to observe the specific effects on peaks Py,
P,, P3, and P4. In Fig. 8(a), increasing the long side /; of
the rectangular, the absorption peak P; is largely redshifted

with the maximum absorption keeping constant, while the ab-
sorption peak Pj3 is slightly blueshifted with the maximum ab-
sorption decreasing to below 90%. On the contrary, the ab-
sorption peak P is slightly blue-shifted with the maximum
absorption increasing as w; increases, while the absorption

peak P3 is largely red-shifted with the maximum absorption
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fixed as shown in Fig. 8(b). Therefore, the length and width
of the rectangle strongly shift the absorption peaks excited by
the light polarized along the same direction, without affecting
the amplitude, which also influences both the wavelength and
the amplitude of the peak excited by the light polarized along
the other directions. In Fig. 8(c), changing the diameter of the
inner aperture, the absorption peaks P; and P3 are both red-
shifted. The maximum absorption relatively decreases under
the x polarization, but increases under the y polarization. Sim-

(a) 36 (b)

Wavelength /um
Wavelength /um

—~
[N
~—
—~
@
~

Wavelength /um
Wavelength /pm

wi/nm

ilar variations happen to P, and P4 when changing the param-
eters of the bottom graphene, which are shown in Figs. 8(d)—
8(f), respectively. Consequently, the wavelength of the peak
excited under the x polarization satisfies A, o< DI /w, under the
y polarization it follows A, < Dw/I.

However, as the duty cycle of the aperture in the top layer
is larger than that in the bottom layer, the resonance wave-
length is more sensitive to the variety of parameter D; than
that of parameter D,.

(c)
09 £ 0.9
~
=
0.6 o 0.6
)
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Fig. 8. Variations of absorption spectrum with (a) /1, (b) wy, (c) Dy, (d) l2, (€) wy, and (f) D», respectively.

4. Summary

To sum up, we have designed an actively tunable polari-
zation-sensitive multiband absorber in the mid-infrared region.
Combining the advantages of the graphene and anisotropic
structure, the absorber shows distinct anisotropic plasmonic
responses under different polarizations, resulting in dual-band
absorption over 90%. Adjusting the Fermi energy of the
graphene layer, the absorption band can realize dynamic reg-
ulation of extremely wide band. Besides, the peak number
and the peak strength of the multiband absorber can be ac-
tively tuned by the polarization angle. As the absorption peak
is excited in each graphene layer independently, more absorp-
tion bands can be achieved by increasing the graphene lay-
ers. We have proposed a method to design actively tunable
polarization-sensitive multiband absorber, which may have
potential applications in mid-infrared devices, such as filters

and polarization detectors.
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