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In this paper, a multi-mode surface plasmon resonance absorber based on dart-type single-layer graphene
is proposed, which has the advantages of polarization independence, tunability, high sensitivity, high figure
of merit, etc. The device consists of a top layer dart-like patterned single-layer graphene array, a thicker
silicon dioxide spacer layer and a metal reflector layer, and has simple structural characteristics. The
numerical results show that the device achieves the perfect polarization-independent absorption at the
resonance wavelengths of 4 = 3369.55 nm, %, = 3508.35 nm, 4, = 3689.09 nm and Ay = 4257.72 nm,
with the absorption efficiencies of 99.78%, 99.40%, 99.04% and 99.91%, respectively. The absorption
effect of the absorber can be effectively regulated and controlled by adjusting the numerical values such
as the geometric parameters and the structural period p of the single-layer graphene array. In addition,
by controlling the chemical potential and the relaxation time of the graphene layer, the resonant
wavelength and the absorption efficiency of the mode can be dynamically tuned. And can keep high
absorption in a wide incident angle range of 0° to 50°. At last, we exposed the structure to different
environmental refractive indices, and obtained the corresponding maximum sensitivities in four
resonance modes, which are S, = 635.75 nm RIU™%, S, = 695.13 nm RIU™%, S = 775.38 nm RIU * and Sy,
= 839.39 nm RIU~Y. Maximum figure of merit are 54.03 RIU™?, 51.49 RIU™?, 43.56 RIU™?, and 52.14 RIU™Y,
respectively. Therefore, this study has provided a new inspiration for the design of the graphene-based
tunable multi-band perfect metamaterial absorber, which can be applied to the fields such as
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1. Introduction

The perfect metamaterial absorber (PMA) is a new type of arti-
ficial absorber developed in recent years, which can achieve
good impedance matching with free space to reduce the
reflection of incident electromagnetic waves.' Therefore, it can
generate strong coupling with the electromagnetic component
of the incident electromagnetic wave, perfectly absorb the
electromagnetic wave incident on the specific wave band of
PMA, and is widely used in optical sensing, optical stealth,
photodetector, photothermal conversion, catalysis and so on.*”

“School of Science, State Key Laboratory of Environment-Friendly Energy Materials,
Southwest University of Science and Technology, Mianyang 621010, China. E-mail:
yizaomy@swust.edu.cn; zhouzigang@swust.edu.cn; daibo@swust.edu.cn

*State Key Laboratory of Advanced Processing and Recycling of Non-ferrous Metals,
Lanzhou University of Technology, Lanzhou 730050, China

“Division of Intelligent Manufactuning of Yibin University, Yibin, 644600, China
“Department of Physics, Jinzhong University, Jinzhong 030619, China

School of Chemistry and Chemical Engineering, Jishou University, Jishou 416000,
China

/Fujian Provincial Key Laboratory for Advanced Micro-nano Photonics Technology and
Devices, Quanzhou Normal University, Quanzhou 362000, China

T These authors are the co-first authors.

© 2022 The Author(s). Published by the Royal Society of Chemistry

photodetectors and chemical sensors.

Graphene, as a new type of two-dimensional material, has
great research value in optical and electrical properties.®™*
Graphene has extremely high carrier mobility,**** full-spectrum
response to light in the ultraviolet to terahertz band, and ultra-
fast response to light, so it is one of the most promising
materials for designing wave absorbing devices. However, the
absorption performance of single-layer graphene in visible light
and near-infrared bands is poor, only 2.3%,'"” which limits
quantum efficiency and its application in optoelectronic
devices. Through, graphene has a strong surface plasmon
resonance, and the technology based on surface plasmon
resonance can make it have the ability to break through the
traditional optical diffraction limit, and has the characteristic of
local enhancement of electromagnetic field, thus achieving
perfect absorption. Among the numerous applications of
surface plasmon polaritons, the research of surface plasmon
wave absorber and its refractive index sensing characteristics
has been attracting people's attention. For example, in 2017
Zare et al.'® A graphene-based absorbent with two absorption
peaks in the near infrared band is proposed. The results show
that when only one layer of graphene is used, the surface
plasmon resonance (SPR) in the groove amplifies the interac-
tion between light and graphene, and the absorption of the
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structure increases to more than 0.9. In 2019, Luo et al. A mid-
infrared tunable dual-frequency polarization insensitive
coherent perfect wave absorber is proposed. Through the design
of double-layer graphene waveguide, polarization insensitive
dual-frequency ideal absorption peaks were obtained at
9611 nm and 9924 nm.* In 2020, Wu proposed and studied
a dual-band polarization insensitive tunable graphene absorber
consisting of a square graphene ring.** Two absorption peaks of
99.87% and 97.82% were observed at 3.92 THz and 6.96 THz
respectively. However, most of the research focuses on single-
band and dual-band narrow-band perfect absorbers, while the
research on multi-band ideal narrow-band perfect absorbers is
relatively less.”*** This is because of the strict limitation, which
makes it difficult to realize the narrow band perfect absorber of
multi-band with simple absorber structure.

In this paper, a four-mode surface plasmon resonance
absorber based on dart-like single-layer graphene is designed
and studied. The absorber consists of dart-like patterned single-
layer graphene array at the top, thick SiO, spacer layer and
metal mirror layer. Perfect polarization-independent absorption
was achieved at A; = 3369.55 nm, A; = 3508.35 nm, Ay =
3689.09 nm and A, = 4257.72 nm, and the absorption efficiency
reached 99.78%, 99.40%, 99.04% and 99.91% respectively. In
addition, impedance matching diagram and electric field
intensity distribution diagram were drawn, and the mechanism
of perfect absorption was studied. Then, the effects of geometric
parameters and structural period on four-band absorption
performance are studied. Moreover, the tunable characteristics
of the absorber are proved by changing Fermi level and relaxa-
tion time. Finally, the sensing performance of the device is
studied by changing the ambient refractive index, and the
highest figure of merit and sensitivity of the absorber are 54.03
RIU™' and 839.39 nm RIU ', respectively. It is worth
mentioning that compared with other graphene structures, our
proposed structure has the advantages of more flexible and
variable geometric parameters and more sensitive sensing
performance, which greatly promotes the diversity of graphene-
based metamaterial resonant absorber design. Therefore, we
believe that this kind of absorbing material has potential
applications prospects in the fields of sensors, modulators and
detectors.

2. Structure design and numerical
model

As shown in Fig. 1(a), the whole structure of a perfect absorber
with high sensitivity and multi-band dart-shaped monolayer
graphene array with specific parameters is shown. The incident
wave hits the surface of the absorber structure in the vertical
downward propagation direction, forming multi-mode SPR.
Graphene layer is located on top of the dielectric silicon dioxide
(Si0,) layer and the metal mirror (Au) layer, forming a sandwich
stacked structure. In the simulation, the refractive index of the
SiO, dielectric layer is 1.97. The material parameters of Au layer
are selected according to Drude conductivity model, with
dielectric constant ¢, = 1.0, working frequency w, = 1.37 x
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Fig.1 (a) A 3D schematic diagram of the whole structure of a perfect
wave absorber with a periodic monolayer graphene array; (b) three-
dimensional structure diagram of dart type single-layer graphene array
wave absorber unit structure; (c) top plan view of dart graphene
deposited on SiO,/Au substrate. The geometric parameters of the
structure are t; = 200 nm, t, = 1200 nm, P, = P, = 1250 nm, R, =
30 nm, R, =180 nm, L = 200 nm and ty = 1.0 nm.

10'® s and collision frequency y = 4.32 x 10** s~ *.252¢ Multi-
mode SPR is realized by changing different structure and
material parameters. As shown in Fig. 1(b), it is a three-
dimensional diagram of the unit structure of the wave
absorber, showing the frame structure of the wave absorber.
Thickness of Au layer ¢; = 200 nm, thickness of SiO, layer ¢, =
1200 nm and structure period P, = P, = 1250 nm. Based on this,
the finite difference time domain (FDTD) method is used to
simulate and analyze the model structure.””** In the process,
periodic boundary conditions are selected in the X and Y
directions, and 24 layers of perfect matching layer (PML) are
added in the Z axis direction, and the wavelength of the incident
light is set in the mid-infrared band of 3000 nm to 5000 nm.
Fig. 1(c) is a top view of periodic monolayer graphene array
deposited on SiO,/Au substrate, showing the details of dart
graphene parameters. The inner radius R; = 30 nm, the outer
radius R, = 180 nm, and the square squares L = 200 nm. The
graphene SPR mechanism is used to realize multi-mode perfect

absorption.**** In addition, the expression of dielectric
constant of dart-type single-layer graphene is:**3*
ieszT E]: E]:
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where: e = 1.6 x 10" Cis the charge of the electron, Kz = 1.381
x 1072* J K ! is the boltzmann constant, T = 300 K is the
ambient room temperature, 7 = A/2 = 1.05 x 10 >*J s is the
reduced Planck constant, w represents the angular frequency of
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the incident wave, Er and t represent the Fermi level and the
relaxation time of the graphene layer.

In the infrared band, according to Pauli incompatibility
principle Ex > #hw, the inter-band contribution of graphene
conductivity can be neglected, and the surface conductivity of
graphene mainly depends on the in-band contribution. There-
fore, at room temperature, the o, is mathematically solved
and transformed into Drude conductivity form, and the total
conductivity of graphene can be written as:***°

iez‘E}:|

ow)= ————
) i (w4 it 1)

(3)

The wave vector of graphene surface plasma depends on the
total conductivity. According to eqn (3), the conductivity of gra-
phene depends on Fermi level, so the plasma absorber based on
graphene can be dynamically adjusted by changing Fermi level
and relaxation time without changing its geometric structure.?”**
According to the material parameters of the modulated graphene
layer, it is found that when Er = 0.6 €V and 7t = 0.6 Ps, the best
multimode surface plasmon resonance is achieved. The absorp-
tion efficiency is defined as A = 1 — R — T where R and T are the
reflection efficiency and the transmission efficiency, respec-
tively.>**® Obviously, when the reflection efficiency and trans-
mission efficiency are small enough, the absorption efficiency is
the largest. In this paper, the thickness (200 nm) of the metal
reflective layer is much greater than its skin depth, which is
enough to suppress the transmission of all waves, so the trans-
mission efficiency (7) is almost zero,*** and the absorption effi-
ciency can be defined as A = 1 — R. When the graphene surface
plasmon resonance occurs, the reflection efficiency R = 0, which
means that the total incident light power is absorbed. Therefore, A
= 1, which theoretically realizes the perfect absorption of the wave
absorber. In actual experiments, gold film and silicon dioxide
isolation layer can be deposited on silicon substrate by electron
beam evaporation, and then graphene layer can be grown on
copper catalyst by chemical vapor deposition. Through electron
beam lithography and oxygen plasma etching,” the dart type
single-layer graphene wave absorber was prepared.
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Fig. 2 (a) Absorption spectra of circular rings, cylinders and graphene
absorbers with dart-type structures; (b) a top view of a graphene
absorber with a circular ring structure, wherein the inner radius is Ry,
and the outer radius is Ry; (c) top view of a graphene absorber with
a cylindrical structure and a width of L. The structure periods are all P.
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Fig. 2(a) shows the absorption spectrum of graphene
absorber with dart structure formed by ring, column and ring +
column. Fig. 2(b) and (c) show the top view of the single-
structure graphene absorber with rings and columns.
Undoubtedly, by combining the ring and the cylinder, the
absorption of graphene in the mid-infrared band is significantly
improved, and at the same time, the absorption band is
increased, thus improving the absorption efficiency. Based on
this dart-type structure, the graphene absorber achieves the
perfect polarization-independent absorption at A =
3369.55 nm, Ay = 3508.35 nm, Ay = 3689.09 nm and Ay =
4257.72 nm, respectively. With the absorption efficiencies of
99.78%, 99.40%, 99.04% and 99.91%, respectively, corre-
sponding to Mode I, Mode II, Mode III and Mode IV. When the
infrared light is incident vertically into the structure, the dart
graphene is excited to generate surface plasmon, and the inci-
dent light at four modes wavelengths is strongly limited by
graphene. At this time, the incident light wave is consistent with
the free electron frequency on the surface of graphene, which
causes the phenomenon of SPR. The light wave consumes
energy to excite the plasma oscillation, and the energy of the
incident wave is strongly absorbed, thus achieving perfect
absorption.**”

Impedance matching principle is an important theoretical
factor to ensure the perfect absorption of wave absorber.
Fig. 3(a)-(d) show the functional relationship between the
effective impedance of the absorber and the incident wave-
lengths of different modes I-1IV. According to the effective
impedance theory of ideal wave absorber:***°

7o [LESu) =Sy’ @
(1=5n) =S’

In the equation, S;; and S,; are related to the reflection
coefficient and transmission coefficient, respectively. From the
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Fig. 3 Effective impedance matching diagram amplification of the
resonance modes | (a), Il (b), Il (c) and IV (d) of the dart-type single-

layer graphene perfect absorber. The black line represents the real part
and the red line represents the imaginary part.
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Fig.4 (a)-(d) Show the cross-sectional electric field distribution in the
X=Y direction of the wave absorber surface when the incident light
wavelengths are 4 = 3369.55 nm, 4, = 3508.35 nm, 4;; = 3689.09 nm
and Ay = 4257.72 nm, respectively.

point of view of impedance matching, when the effective
impedance of the absorber is matched with the impedance of
the free space, the reflection of the structure can be significantly
reduced (S;; = 0) and perfect absorption can be achieved.
According to the impedance matching relationship shown in
Fig. 3 and the absorption spectrum, it can be seen that due to
the surface plasmon resonance of graphene layer, the wave
absorber can achieve perfect absorption of 99.78%, 99.40%,
99.04% and 99.91% in four wave bands.

In order to further understand the principle of multi-mode
perfect absorption, we placed the electric field monitor at the
four resonance wavelengths A; = 3369.55 nm, A;; = 3508.35 nm,
Am = 3689.09 nm and A = 4257.72 nm, and obtained the X-Y
cross-sectional electric field distribution as shown in Fig. 4.
Obviously, for the resonance modes I and III, the electric field in
the X-Y direction is mainly confined to the center of the ring,
which can consume the incident light energy more effectively to
maintain the local electromagnetic field, and then generate the
resonance absorption effect. For resonance modes I and IV, the
electric field in the X-Y direction is mainly distributed at the
inner edge of the fourth ring pillar, which is mainly due to the
coupling between the vibration frequency of the dart graphene
layer and the wavelength of the incident light. And provides
electric dipole resonance, which consumes the energy of the
incident light, thus achieving perfect absorption. This is
consistent with the absorption effect of the ring and the ring
column in Fig. 2. At the same time, the edges of the ring and the
ring column also have the characteristics of local electromag-
netic field, and the local absorption of the combined darts
graphene can lead to stronger light absorption.

3. Results and discussions

We studied the effects of the geometric parameters (the inner
diameter R, of the ring, the edge length L) and the structural
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period P of the dart-shaped graphene array on the absorption
spectrum of the absorber by using the method of controlling
variables. The corresponding absorption spectra are shown in
Fig. 5. Obviously, when the inner diameter R; of the ring
increases from 25 nm to 40 nm (as shown in Fig. 5(a)), the
absorption efficiency of the resonant mode I of the absorber
increases first and then decreases, and the absorption of other
resonant modes hardly changes. This is because the change in
the inner diameter R; of the ring affects only the SPR in the
resonance mode I. When R; = 30 nm, the absorption of reso-
nance mode I reaches the maximum of 99.78%, and then the
local electromagnetic field on the graphene surface has the
strongest ability, reaching the critical saturation.*® At the same
time, the absorption peak in resonance mode I undergoes
a significant red shift, which is due to the change of the position
of the circular hole in the graphene structure. Thus, in practical
application, more benefits can be provided by varying the inner
diameter parameter R,. Next, Fig. 5(b) shows the effect of the
edge length 1 on the performance of the absorber as the edge
length l increases from 190 nm to 220 nm. For resonance modes
I, I and IV, the change trends of the absorption wavelengths of
the light is the same, which is a quasi-sinusoidal changes with
first red shift and then blue shift. For the resonant mode III, the
resonant wavelength shows a slight red shift with the increase
of L. This is due to the change of the edge length L, which

waole
AR

Absorption
gsgegeceseese

r,=40 nm|

LJ\UL

!000 3500 4000 5000
Wavelength(nm)

N ~———L=190 nm|
Y, | \—L 200 nm
3
.0
o ——L=210 nm|
.3
.0
"LJL_L H—l-zmnm

Em 4500 5000
Wavelength(nm)

Absorplion
=:
&
i

Absorption
F € <44~
&
|
I
=
S
2
=
3

9 —— =700 nm

Xl
3000 3500 4000 4500 5000
‘Wavelength(nm)

(©)

Fig. 5 When other parameters remain unchanged. (a) When the inner
diameter R, of the ring increases from 25 nm to 40 nm, the corre-
sponding absorption spectrum is obtained; (b) When the edge length L
of the ring column increases from 190 nm to 220 nm, the corre-
sponding absorption spectrum is obtained; (c) When the structure
period P increases from 550 nm to 700 nm, the corresponding
absorption spectrum is obtained.
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changes the distribution position of the plasma on the surface
of the dart-type graphene. At the same time, when L = 200 nm,
the four resonance modes reach the critical saturation, and the
absorption efficiency reaches the perfect absorption, which is
99.78%, 99.40%, 99.04% and 99.91%, respectively. This means
that the edge length L has multiple selectivities, and the spec-
ified spectral response can be obtained through appropriate
selection under the condition of uniform and efficient absorp-
tion. Therefore, it provides a more flexible choice for shock
absorbers in practical applications.

Fig. 5(c) shows the change of the absorption spectrum when
the structure period P is increased from 550 nm to 700 nm.
Since the absorption of single-layer graphene depends to a large
extent on its natural frequency, we can then control the period
of the structure to obtain the perfect absorption of graphene. It
can be seen that when the period P of the dart-type graphene
absorber is changed, the resonance absorption is changed
significantly. For the resonance mode I, the blue shift occurs
when the Pis greater than 650 nm, and the absorption efficiency
is significantly reduced. The changes of the absorption spectra
in resonance modes II and IV are consistent with the first red
shift and then blue shift, and the absorption efficiency
increases first and then decreases. For the absorption wave-
length in resonance mode III, when the structure period P is
greater than 650 nm, a red shift occurs, and the absorption
efficiency increases first and then decreases. This is because the
absorption of the incident light field by the plasma resonance
mode on the surface of the dart-type graphene absorber array
undergoes unsaturated, critical saturated and supersaturated
states. Obviously, when the structure period P = 600 nm, the
critical coupling state is reached, and the maximum incident
light absorption of dart-type graphene is enhanced, achieving
the perfect absorption in the four bands. However, when it
increases gradually, the surface plasmon resonance of the
structure reaches supersaturation, and most of the incident
light field is not localized and absorbed by the resonant mode in
the center of the resonant cavity.*’

For the absorber with fixed structure parameters, dynamic
tunability has more important application value. As shown in
Fig. 6, when the structure of the absorber is fixed, we studied the
changes of the absorption spectrum of the absorber by respec-
tively changing the Fermi level and the relaxation time of the
graphene layer. The Er formula of the Fermi energy level of
graphene is as follows:***%-°

e Vg

Ex=V; (5)

eoly
where V, is the applied voltage (which can be controlled by
changing the gate voltage or chemical doping), e, is the amount
of electron charge, V; is the Fermi speed (V= ¢/300, c is the
speed of light in vacuum), ¢4 is the thickness of the dielectric
layer, and ¢, and ¢, respectively represent the vacuum dielectric
constant and relative dielectric constant. Fig. 6(a) shows that
with the Fermi level increasing from 0.98 eV to 1.18 eV, the
wavelengths of the four resonant modes of the absorber are blue
shifted. It can be seen that the blue shift is more obvious for the
long-wave resonance mode. This is because the resonant

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The geometry structure of the fixed wave absorber. (a) Only
increases the Fermi level of graphene from 0.98 eV to 1.18 eV to obtain
the absorption spectrum; (b) and (c), the absorption peak intensity
spectra and wavelength offsets of the four resonant modes are
calculated, respectively.

wavelength of the wave absorber can be expressed as:
A =2mcy/LC. In which L and C respectively represent the
inductance and capacitance in the wave absorber. With the
increase of Eg, L will decrease, resulting in blue shift of reso-
nance wavelength. At the same time, the resonant wavelength
can also be expressed as: Ares = @ + 8 X ngp. Where « and g are
coefficients closely related to the geometric shape of the model
and the surrounding dielectric properties,*"** and ny, repre-
sents the effective refractive index of graphene. Therefore, with
the increase of Fermi level, the effective refractive index ng, of
graphene SPR decreases, and the resonant wavelength A
decreases, resulting in blue shift. Fig. 6(b) and (c) show the
intensity spectra and wavelength shifts of the absorption peaks
in the four resonance modes, respectively, during the change of
Fermi level. It can be clearly seen that with the increase of the
Fermi level, for Mode I, the absorption peak increases first and
then decreases. The resonance wavelength shifts from
3239.45 nm blue to 3535.93 nm, with a maximum absorption
efficiency of 99.78% at Er = 1.08 eV. The resonance wavelength
can be approximately expressed as A, = (—1493.28Ep +
4990.65) nm. For mode II, the resonance wavelength shifts from
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3371.57 nm blue to 3683.05 nm, and the absorption efficiency is
99.46% at Er = 1.03 eV. The resonance wavelength can be
approximately expressed as A; = (—1570.36E + 5213.11) nm.
For mode III, the resonance wavelength shifts from 3544.85 nm
blue to 3874.72 nm, with a maximum absorption efficiency of
99.92% at Er = 1.13 eV. The resonance wavelength can be
approximately expressed as Ay = (—1663.68Ep + 5495.43) nm.
For mode IV, the resonance wavelength shifts from 4090.41 nm
blue to 4467.51 nm, and the absorption efficiency is 99.91% at
Er = 1.13 eV. The resonance wavelength can be approximately
expressed as Ay = (—1898.96E¢ + 6318.31) nm. To sum up, for
the four resonance modes, when Er reaches 1.13 eV, the average
efficiency of the four absorption peaks is the highest, all of
which achieve perfect absorption. Moreover, with the increase
of Fermi level, the resonance of SPR will reach the maximum.
However, with the continuous increase of Er, the SPR region has
reached supersaturation, resulting in a decrease of absorp-
tion.*® Therefore, compared with the noble metal absorber, the
device can adjust the absorption spectrum by adjusting the
Fermi level of the graphene layer, without changing the
geometric shape of the absorber, which is more valuable in
practical application.

The electronic relaxation time t of the dart-type graphene
layer can be expressed as:***®

© = Epvl(eve?) (6)

In the equation, Er and v represent the Fermi level and
carrier mobility of graphene, respectively; e represents the
electronic charge; vy = 10° m s~ is the Fermi velocity. Fig. 7(a)
shows the absorption spectrum of the absorber when the
relaxation time 7 increases from 1.08 Ps to 4.00 Ps. It can be
clearly seen that the wavelength of the resonance mode does not
change with the increase of the relaxation time. While the
absorption efficiency of the four resonance modes continuously
decreases. This is because at 1 = 1.08 Ps, plasmon resonance
has reached critical saturation, and with the increase of relax-
ation time, most of the incident light wave is reflected back, and
the electromagnetic wave energy absorbed by resonance
continuously decreases. Fig. 7(b) calculates the change of
absorption intensity of four modes with the increase of relaxa-
tion time from 1.08 Ps to 4.00 Ps. Among them, the absorption

1.
0 1 111 IV |—— =108 Ps 1.0 —=— Mode |
——1=1.50 Ps —.—
0.8 =200ps| 0.9 S
5 TP =8 —+—Mode IV
=06 -]
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0.5
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0.0 - 0.3
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Wavelength(nm) Relaxation time (Ps)
(a)

Fig. 7 The absorption spectrum of the absorber when the geometry
structure of the absorber. (a) Only increases the relaxation time t from
1.08 Ps to 4.00 Ps. (b) The changes of absorption intensity of the four
modes in the process of relaxation time are calculated.
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modulation ranges of the four resonance modes are 48.64-
99.78% (Mode I), 59.90-99.40% (Mode II), 38.26-99.04% (Mode
III) and 51.19-99.91% (Mode IV), respectively. Furthermore, the
modulation depths of absorption efficiency corresponding to
the four modes are 51.14%, 39.50%, 60.78% and 48.72%,
respectively. Therefore, the dart-type single-layer graphene
absorber we proposed is very sensitive to the change of electron
relaxation time. In practical application, we can place organic
molecules on the surface of graphene layer, which can signifi-
cantly improve the carrier mobility v, thus affecting the change
of relaxation time.”

In practical application, it is often not only a single vertical
incident plane wave. Therefore, it is extremely important that
the absorber exhibit insensitivity to oblique incidence. On this
basis, as shown in Fig. 8, under the TE polarization and TM
polarization, the spectral changes of multi-mode absorption of
the dart-type graphene absorber were investigated by changing
the angle of incidence of the light source from 0° to 50°. Obvi-
ously, as shown in Fig. 8(a), for Modes I, II and III under TE
polarization, the resonance wavelength hardly changes as the
incident angle increases to 50°. And maintains a perfect
absorption of more than 95%. For the resonance mode IV, the
resonance wavelength undergoes a slight blue shift, because in
this mode, the dielectric constant of the waveguide layer
decreases with the increasing angle of incidence. Furthermore,
the effective refractive index of the dart-type graphene surface
plasma is reduced, resulting in the blue shift of the resonance
wavelength.*” Meanwhile, as shown in Fig. §(b), under the TM
polarization, the resonant wavelengths of the four modes of the
absorber almost do not change with the increasing incidence
angle. Perfect absorption remained above 95% for Modes I, II,
and III. For mode 1V, a significant reduction in absorption
intensity occurred at 40°. This is because in this mode, the
absorber absorption becomes more incident angle and polari-
zation dependent for larger incident angles, but the resonant
wavelength remains almost constant. The contact area between
the incident light wave and the dart-type graphene layer
decreases with the increase of the incident angle, and the
intensity of plasma resonance is weakened, resulting in the
reduction of absorption efficiency. However, at the angle of
incidence of 50°, the absorption efficiency of the resonant mode
IV is still greater than 90%. For different polarization, the
changes of the four absorption peaks are not significant with
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Fig. 8 Absorption spectrogram of light source incident angle
increased from 0° to 50° under TE polarization (a) and TM polarization
(b).
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the increase of the incident angle of the light source, which
proves that the designed dart-type graphene absorber is insen-
sitive to the angle. In practice, we can manually design the
concave structure, attach the wave absorber to its surface, and
realize the wave absorption of incident light at a certain angle
through the concave structure, which provides more possibili-
ties for the practical application of the device. It is worth
mentioning that the absorber studied has the obvious advan-
tages of simple structure and high stability, which indicates that
the absorber has extremely important value in the practical
application of integrated optoelectronic devices.

It can be found that the resonant absorption peak of the
absorber studied in this paper has the characteristics of narrow
bandwidth and multi-bands. As shown in Fig. 9, the sensing
performance of the absorber was studied. The plasma gener-
ated on the surface of the dart-type graphene absorber structure
is sensitive to the change of the external refractive index, and
the resonant mode wavelength of the absorber changes along
with the change of the refractive index. Based on this, in the
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Fig.9 (a) Absorption spectra of mode |, mode Il, mode Il and mode IV
with different refractive indices; (b) linear relationship between reso-
nant wavelength and refractive index; (c) linear relationship between
absorption peak and refractive index.
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actual application process, the absorber proposed in this paper
can be used in the range of refractive index sensor. Fig. 9(a) is
a graph showing changes in the absorption spectrum of the
absorber as the ambient refractive index n increases from 1.00
to 1.08 (interval 0.02). It can be seen that with the increase of n,
the wavelengths of the four resonance modes will undergo red
shift, and the variation amplitude of the absorption efficiency is
very small. As shown in Fig. 9(b) and (c), the wavelength shift
and the absorption peak intensity change spectra of the four
resonance modes during the change of the environmental
refractive index n are calculated. Four modes of wavelength red
shift can be observed, which are 3369.55-3421.85 nm (Mode I),
3508. 35-3563. 96 nm (Mode II), 3689.09-3748.12 nm (Mode III)
and 4257.72-4326.87 nm (Mode 1IV), respectively. In addition,
the absorption efficiency of the four resonance modes of the
absorber is still above 95% in the process of the change of
environmental refractive index. Due to the plasma generated on
the surface of the graphene absorber structure, when the
frequency of the free electrons and the photon is the same, an
plasmon resonance phenomenon will be generated, resulting in
the enhancement of the local electric field. At this time, the
reflectivity of the incident light decreases until it approaches 0,
and the incident light is absorbed by the structure.

Next, as shown in Fig. 10(a)-(d), the full width at half
maximum (FWHM) of the absorption peaks in the four reso-
nance modes are calculated to be 12.1 nm (Mode I), 13.5 nm
(Mode 1II), 17.8 nm (Mode III) and 16.1 nm (Mode IV), respec-
tively. In order to further study the sensing performance of the
absorber, the sensitivity (S) and figure of merit (FOM) are
defined as follows:**>°

AA
S= (7)
An
S
FOM = —— (8)
FWHM
17.0 5
o / —=—FWHMu
\ —=— FWHM1 Y G e 51
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Fig. 10 Shows FWHM and FOM of resonance mode | (a), resonance
mode Il (b), resonance mode Il (c) and resonance mode IV (d) when
the ambient refractive index n increases from 1.00 to 1.08.
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Table 1 Comparison of this absorber with other similar single-layer
graphene absorbers

References 57 58 59 60 61 Proposed
FOM/RIU* 4.68 25 68.57 343 9.9 54.03
Snm 'RIUY 600 190 596 282 587.8  839.39

In the equation, A2 refers to the change in resonance wave-
length, An representing the change in ambient refractive index.
According to eqn (7), the slope of the straight line in Fig. 9(b)
can be obtained as the sensitivity of this wave absorber. The
calculated sensitivities for the four modes are 653.75 nm RIU ™,
695.13 nm RIU™Y, 775.38 nm RIU™}, and 839.39 nm RIU'. FOM
can quantify the sensitivity of the sensor. Based on this,
according to formula (8), FOM of four resonance modes is ob-
tained as shown in Fig. 10. The maximum FOM for the four
resonance modes were 54.03 RIU ™%, 51.49 RIU *, 43.56 RIU %,
and 52.14 RIU ', respectively. Through comparison, our wave
absorber has better sensitivity and FOM, and has the charac-
teristics of dynamic adjustment, polarization independence
and angle insensitivity, as shown in Table 1.>7°* The results
show that the sensitivity sensor designed by us has better
sensing performance and wider application prospect.

4. Conclusion

In summary, a multi-mode surface plasmon resonance
absorber based on dart-type single-layer graphene was studied
in this paper. Which consists of a top layer dart-like patterned
single-layer graphene array, a thicker PMMA spacer layer and
a metal reflector layer and has simple structural characteristics.
The perfect polarization-independent absorption at the wave-
lengths of A; = 3369.55 nm, Ay = 3508.35 nm, Ay = 3689.09 nm
and Ay, = 4257.72 nm is studied by the FDTD simulation soft-
ware. At the same time, the reason why the device realizes
perfect multi-band absorption in mid-infrared is demonstrated
from the impedance matching principle and internal electric
field analysis. Moreover, by controlling the geometric and
intrinsic parameters of the graphene layer, the resonant wave-
lengths and absorption efficiencies of the four modes can be
dynamically tuned. At the same time, the sensing performance
of the device was studied by changing the environmental
refractive index, and the highest FOM and S of the absorber
were 54.03 RIU " and 839.39 nm RIU ', respectively. Therefore,
the device has important application potential and application
value in the aspects of photoelectric detection, chemical
sensing and the like.
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