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Abstract—We explore the performance of the monolayer
graphene with a metal-dielectriccompound grating via numer-
ical simulation. The results show that the absorption peaks
can be near 100% at 68.36 THz for both TE and TM polariza-
tions. Different spectral line shapes are displayed under differ-
ent polarization states, we attribute the excellent absorption
performance to the excitation of magnetic resonance (MR)
and cavity mode resonance (CMR), and then an equivalent
capacitance-inductance (LC) circuit model and the waveguide
theory are used to explain it theoretically. We have also
studied the influence of the polarization angle on the absorp-
tion performance, and found that as the polarization angle
increases, the resonance wavelength remains unchanged but
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the FWHM of absorption spectrum increases gradually. Based on this feature, we apply it in mode switch which can easily

switch its function as absorption or sensing by adjusting the

polarization states of incident radiations.

Index Terms— Compound metallic grating, coupled mode theory, graphene-based mode switch.

|. INTRODUCTION

ETAMATERIAL is an artificial electromagnetic mater-

ial with a size in the sub-wavelength range. The mate-
rial itself has absorption loss attributed to the imaginary part
of its optical indexes, which is beneficial to electromagnetic
absorption devices for perfect absorption purpose. Perfect
absorbers based on the metamaterial structures have attracted
more and more attention. It plays an extremely crucial role
in many occasions, such as filters, solar energy harvestings,
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sensors, thermal emitters, absorbers and so on [1]-[7]. In
2008, Landy et al. [8] first proposed a kind of metamater-
ial absorber structure, which utilized electric ring resonators
(EERs) and cut wires to achieve perfect absorption in the
microwave field by coupling to electric and magnetic fields.
Since then, metamaterial absorbers of various structures were
proposed. J. Hao et al. [9] proposed a kind of metal-
insulator-metal (MIM) structure to achieve plasmon resonance
absorption in the visible light band; Ye er al. [10] proposed
the phosphorus-spacer-metallic grating hybrid system, which
achieved perfect absorption in the far-infrared band by imple-
menting the strong coupling between black phosphorus surface
plasmons (BPSP) and magnetic plasmons (MP). However,
most of these studies are based on surface plasmon polari-
tons (SPPs) or magnetic resonators (MRs) to achieve per-
fect absorption, only the TM-polarized electromagnetic waves
were employed to explore ideal absorption effect, whereas
TE-polarized electromagnetic waves were rarely mentioned.
Zou et al. [11] proposed a grating structure composed of two
pairs of thin graphene dielectric layers, which achieved an
angle-insensitive light absorber independent on polarizations.
Shuo Liu et al. [12] achieved a broadband metamaterial
absorber in the terahertz band by using multiple metallic
bars. Despite these studies, TE / TM polarizations cannot be
distinguished well yet, thus limiting their applications.

In this paper, we propose a graphene-based compound
metallic grating structure, which is composed of narrow
slits and circular resonators. When TM polarized electromag-
netic wave irradiates this structure, it can excite magnetic
resonance (MR) in the narrow slits, thus forming a broadband
republication/redistribution requires IEEE permission.
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Fig. 1. (a) Schematic of the proposed one-dimensional absorber based
on metal-dielectric resonance structure. (b) Magnetic field distribution
(|H|< at resonant frequency for TM polarization. (c) FEM simulated
absorption spectrum of proposed structure for TE and TM polariza-
tion. (d) FEM simulated and CMT fitted absorption spectrum for TM
polarization. We set wavelength of A = 632.8 nm under TM-polarized.

absorption peak. By contrast, when TE polarized electromag-
netic wave irradiates this structure, it can excite cavity mode
resonance (CMR) in the circular resonators, which restricts
most of the electromagnetic field in the structure and form
a narrow band absorption peak. We separately investigate the
influences of the geometric parameters of these two cavities on
the absorption performance and use the equivalent inductance-
capacitance (LC) circuit model and coupled-mode theory
(CMT) to explain them theoretically. Moreover, both of these
resonators are insensitive to the angle of incidence. We can
imagine that when the polarization angle of the incident wave
changes from 0 ° to 90 ° (from TE polarization to TM
polarization), the absorption spectrum undergoes a continue
increase. Based on such phenomenon, we can use it to realize
a TE / TM mode switch with many superior performances.
Moreover, our design is a simple one-dimensional grating
structure, whose working mechanism can be clearly studied.

Il. THE ABSORPTION PERFORMANCE OF NARROW
SLITS AND ITS THEORETICAL EXPLANATION

Fig. 1 (a) shows a one-dimensional metallic grating com-
posed of a series of narrow slits, and this structure is covered
by a monolayer graphene. The grating constant is p = 2.3 um.
The width and height of the narrow cavity are w; = 49.4 nm
and h; = 0.476 um respectively. The substance filled in the
cavity is a kind of dielectric with the permittivity of 2.4 such
as NFC, which is a kind of organic polymer. The dielectric
constant of silver can be described by the Drude model [13]

£ = £op — —L 1)

D tiye’
with the plasma frequency w, = 1.39 x 10'6rad/s, scattering
rate y = 2.7 x 10Prad/s and high-frequency parameters
€0 = 3.4. For the monolayer graphene, its surface conductiv-
ity is associated with the incident angular frequency w, Fermi

energy E y and electron relaxation time 7 (givenby t = uEy).
It follows the expression [14], [15]:
ie’Ey/ah?
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in which e and 7 are the electron charge and the reduced
Plank constant respectively, and u represents the direct current
mobility of monolayer graphene. In our simulation the value of
7 is set as 10 m?/(V-S), and then the permittivity of graphene
layer is given by [16], [17]:
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Here 1 is the thickness of graphene which is set as 1nm.

Now we consider a radiation incident on the grating from
the air at a normal incident angle. Due to the high reflectivity
of the metal, the absorption of the narrow slits is often very
low, but when the resonance occurs in the cavity, the reflectiv-
ity will suddenly decrease, thus forming an absorption peak.
We use the finite element method (FEM) to calculate the
absorption spectrum, and Fig. 1(b) shows the magnetic field
distribution when resonance occurs in the slits, it can be found
that most of the magnetic field are well localized in these
narrow slits. Fig. 1(c) shows the absorption spectrum under
TE and TM polarization. For TM polarization (electric field
along the z-axis), the incident radiation can excite resonance
at the frequency of 68.36 THz, thus generating an absorption
peak with absorption rate exceeding 98%. However, it cannot
excite any resonance mode under TE polarization (electric
field along the x-axis). As for the absorption spectrum of this
system, we can explain it theoretically by using coupled mode
theory (CMT), which is used to describe the input, output and
loss characteristics of a resonant cavity. Now we consider a
system without transmission loss such as the structure shown
in Fig. 1(a) with stored energy |a|? in a single resonance at
o, and it will interact with input and output radiation with
amplitude ; and ;. Using the CMT formalism, the system can
be described as [18], [19]

da
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where 7, is the intrinsic loss rate due to the material absorp-
tion, and ¢ is the external leakage rate due to the coupling
of resonance to the outgoing wave. Then the reflection of the
system can be written as
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therefore the expression of absorption is given by:
49
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It can be found from Fig. 1(d) that the results given by the
CMT are basically consistent with those of FEM simulation
results.

As for the TM polarization, the absorption peak is generated
due to the strong coupling between magnetic resonance in the
micro-nano structure and the external electromagnetic waves.
When the radiation is incident on such a grating structure,
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Fig. 3. The absorption spectrum as a function of frequency and width
w4 (a), depth hq (b) for TM polarization. The green square marks are the

0.5 results from equivalent LC circuit model.

Fig. 2. The magnetic field and current-density distribution at resonant
frequency, the circuit in the figure is the equivalent LC circuit of this
system.

induced current can be generated inside the metal around the
narrow slits. Then the oscillating induced current and the elec-
tric field in the dielectric can form a closed loop. Therefore,
for this case, an equivalent LC circuit model [15] can be
introduced to predict the magnetic resonance conditions. The
dielectric filled in the narrow cavity can be equivalent to a
capacitor, which can be expressed as:

C = cre08a—, (®)

w1

where c; is a numerical factor ranging from O to 1 which is
related to the distribution of charge on the metal conductor.
In this system, it is taken as 0.467. ¢y and &4 are the electric
permittivity of vacuum and dielectric respectively, and [ is
the length in the y direction. For a one-dimensional grating
structure, it can be taken as the unit length.

Fig. 2 illustrates the electromagnetic filed and current-
density distribution at the resonant frequency, it is the structure
that have formed a closed loop around the slits, and the
current is contributed by two parts: displacement current and
induced current. So we can use the equivalent LC circuit
model [20], [21] to predict the resonance condition of this
system. The metal conductor around the slits can be equivalent
to an inductive element, which consists of kinetic inductance
Ly and mutual inductance L,,, the expressions given by

2h1 + wq g
Ly = — s 9
k o3l €? + ¢ ©
hiwi
Ln = mo" 2, (10)

where  is the angular frequency of the incident electro-
magnetic wave, ¢’ and ¢” are the real and imaginary parts
of the electric permittivity & respectively, and § = A2z« is
the penetration depth with x being the extinction coefficient,
which can be calculated by the formula ¢ = (n+ix)?, and uo
is the permeability of vacuum. Therefore, the total impedance
of the equivalent LC circuit can be expressed as:
1
o*C
When the total impedance value is set as 0, then the expres-
sion of the magnetic resonance frequency can be obtained as:

1
(T Y oh

Z:ia)(Lk—}—Lm— (11)

(12)

It is worth mentioning that 1 does not appear in the equation,
indicating that the resonance frequencies of a 1D grating
and a 2D grating with the same geometry parameters are
the same. The theoretical value of the resonance frequency
obtained according to the above formula is 68.4 THz, which
is very close to the simulation results. The result shows that
the equivalent LC circuit model can explain the absorption
characteristics of the one-dimensional grating very well.

In Fig. 3 we have studied the influence of geometric
parameters of these narrow slits on the absorption perfor-
mances of this system. Obviously, with the increase of the
cavity width w1, the magnetic resonance wavelength will show
a significant blue-shift phenomenon, and its peak absorption
rate is always maintained above 90%. As for the depth of
slits i1, when its value is increased, the resonance frequency
will undergo a significant redshift. Thus, we can change the
working frequency of the system by adjusting the geometric
parameters of the narrow slits. The curve marked by the green
square in the figure is the result obtained by the equivalent
LC circuit model. It can be found that the theoretical result
is in good agreement with the numerical simulation results,
further illustrating the validity of the equivalent LC circuit
model in explaining the absorption characteristics of the
system.

I1l. THE ABSORPTION PERFORMANCE OF CIRCULAR
CAVITY AND ITS THEORETICAL EXPLANATION

Fig. 4(a) illustrates a one-dimensional metallic grating
structure composed of a series of circular resonant cavities
covered by the monolayer graphene. The diameter of the cavity
is w3 = 2.1 um. A series of slits cut on the resonant cavity
can couple the incident electromagnetic waves to the cavity.
The width and the height of the slits are wy = 0.608 um
and hy = 0.1 um respectively. Like the narrow slits described
above, the cavity is filled with a kind of dielectric with a
permittivity of 2.4. In fact, this is a typical microwave reso-
nant cavity, where only electromagnetic waves with a certain
frequency and a certain polarization direction can be coupled
to the cavity to generate resonance phenomenon. Therefore,
an ideal absorption peak can be obtained. Fig. 4(c) shows the
absorption spectrum of the system obtained by FEM. Also,
we can use CMT to explain the absorption performance of
this system, the intrinsic loss rate ¢ and external leakage rate
e are 1.91 x10'! rad/s and 3.16 x10'! rad/s respectively.
Fig. 3(d) illustrates that the results from CMT are basically
consistent with the result from FEM.
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Fig. 4.  (a) Schematic of the proposed one-dimensional structure.
(b) The electric field (|E|) at the resonant frequency for TE polarization.
(c) FEM simulated absorption spectrum of proposed structure for TE and
TM polarization. (d) FEM simulated and CMT fitted absorption spectrum
for TE polarization.

It can be found that under TE polarization, the system has
formed a very narrow absorption peak with an absorption
rate exceeding 97% whose center frequency is the same as
the narrow cavity mentioned above. For TM polarization,
no obvious resonance phenomenon can be observed, this is
opposite of the narrow slits. The electric field distribution at
the center frequency shown in Fig. 4(b) illustrates that this
structure can localize most of the electric field in the center of
the cavity because of the excitation of CMR, the calculation
of resonance frequency of CMR can be obtained by the
waveguide theory [22], [23]

Ccy/2 (m/w3)2
2n\/ea

where 7 = 0.954 is the correction factor, m is a non-negative
integer, and c is the speed of light in vacuum. The resonant
frequency calculated by Eq. (10) is 68.35THz, which is
basically consistent with the results from FEM.

In order to further verify the validity of Eq. (13), we have
studied the influence of the geometric parameters of the
resonators on the absorption performance of the system.
As shown in Fig. 5(a), we investigated the influence of the
diameter of the cavity on the resonance frequency under TE
polarization. It was found that with the increase of the cavity
diameter (from 1.5 gm to 2.2 um), the resonance frequency
of the system will show a significant red shift (reducing from
90 THz to 65.2 THz), and its absorption rate is always above
95%. In order to obtain higher-order cavity modes, we have
adjusted the structure of the cavity slightly, and decomposed
it into a combination of a circular cavity and a rectangular
cavity with a height of A3. In this case, equation (13) needs
to be adjusted to [24], [25]

fcmur = m=1,2,3..), (13)
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fcmr = (m,n=1,2,3...), (14)
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Fig. 5. Absorption spectrum as a function of (a) the frequency and cavity
diameter wz and (b) the cavity depth h3.

We studied the influence of height hz on the absorption
performance under TE polarization. From Fig. 5(b), it can
be seen that as h3 increases from O to 0.83 um, the reso-
nance frequency of the system also undergoes a significant
redshift, which decreases from 68.32 THz to 58 THz. With
h3 increasing further, higher-order cavity modes appear. The
curves indicated by the green square in Figs. 5 (a) and (b)
are the results obtained by equations (13) and (14), which are
basically consistent with the results obtained by FEM. These
results indicate that the resonance frequency of the system
can be completely predicted by the waveguide theory, and the
occurrence of absorption peak is caused by the excitation of
CMR under TE polarization.

IV. ABSORPTION PERFORMANCE OF COMPOUND
METALLIC GRATING STRUCTURE

The above two types of resonate cavity are combined
together to achieve the compound grating structure as shown in
Fig. 6(a), which can form a broadband absorption peak under
TM polarization and a narrow-band absorption peak under
TE polarization, and the absorption frequencies of these two
absorption peaks are the same. In order to test the stability of
the device, we investigated the influence of the incidence angle
on the absorption spectrum under different polarizations. The
absorption as a function of incident frequency and incident
angle are shown in Fig. 7(a) and Fig. 7(b). For the case of
TM polarization, the resonance frequency and FWHM of the
absorption spectrum changed little until the incident angle
reaches to 35°. Therefore, the MR excited by the system
is hardly affected by the incident angle within this range,
as the incident angle continues to increase, the resonant
frequency and maximum absorption of the system will change
significantly due to the first-order diffraction effect of the
grating. Also, for the TE polarization, the resonant frequency
and FWHM of the system hardly change, and the maximum
absorption rate remains above 95%. We attribute the incident
angle insensitivity to the high symmetry of the two types of
resonator structures thus the device is robust under oblique
incidence [26]-[28]. The feature of angle insensitivity makes
this device has high stability. In Fig. 7(c), we studied the
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Fig. 6. (a) Schematic of the proposed one-dimensional absorber based
on compound metallic grating. (b) FEM simulated absorption spectrum
of proposed structure for TM and TM polarization.
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Fig. 7. The absorption spectrum as a function of incident angle for
the (a) TM and (b) TE polarization. (c) The absorption spectrum for
different polarization angles ranging from 0° (TE polarization) to 90° (TM
polarization).

influence of the polarization angle of the incident electromag-
netic wave on the absorption spectrum at normal incidence.
We can find that as the polarization angle increases from 0°(TE
polarization) to 90°(TM polarization) gradually, the resonance
frequency always remains the same, and the absorptivity still
remains very high (>95%), but the bandwidth will undergo
a gradually increasing process. Therefore, this structure can
have high sensitivity to the noticeable difference in bandwidth
between absorption spectrums. Moreover, according to the
electromagnetic field distribution in the two previous cases,
we can achieve the transfer of the electromagnetic field in the
two cavities by adjusting the polarization state of the incident
polarized light.

V. THE OPTOMECHANICAL APPLICATIONS

Based on the above discussion of the absorption
characteristics of the compound metallic grating struc-
ture, we can use it as a high-performance TE/TM mode
switch. Firstly, it can be used as an absorber due to the
broadband absorption spectrum under TM polarization. The
narrowband absorption spectrum formed under TE polariza-
tion can also make the structure a great sensor. In older
to test the performance of the sensor, we investigated how
the reflective index (ng) of the filled dielectric affect the
absorption performance. As shown in Fig. 8(a), we can find
that the resonant frequency will experience a red-shift as the
reflective index increases, and as n; increases further, the

Refractive index, n,

Refractive index, n,

Fig. 8. (a) The absorption spectrum as a function of reflective index of
the filled dielectric nq under TE polarization. (b) The values of figure of
merit (FOM) and FWHM for the first order mode with nq ranging from
14t01.7.
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Fig. 9. Absorption spectrums of designed structure for different Fermi
energy under TM and TE polarization.

second-order mode appeals. Then we calculated the sensitivity
of the first-order mode S by using the equation (13), and
the result shows that the value is 2829.46 nm/RIU, which is
much higher than most of other sensors. In order to further
evaluate the sensing performance of the structure, we stud-
ied the figure of merit (FOM) which can be expressed by
FOM = S/FWHM. As shown in Fig. 8(b) despite the FOM
undergoes a slight decrease while the reflective index increases
from 1.4 to 1.7. Its value still remains very high (above
230), which outperforms most of other sensors. Generally
speaking, sensors based on such circular resonant cavity can
have very high sensitivity and FOM, and thus can play a
superior performance in the reflective index sensing.

In addition, we can make full use of the special electromag-
netic properties of graphene to adjust the absorption spectrum
of this device. Fig. 9 shows the influence of the change of the
Fermi energy on the absorption spectrum. We found that with
the increase of Fermi energy, the broad absorption spectrum
under TM polarization undergoes a blue-shift, nevertheless the
narrow absorption spectrum under TE polarization will not be
affected in any way. It is worth mentioning that the change
of the fermi level does not cause the resonant modes of the
structure to change. However, the increasing of the geometric
parameters of cavity and refractive index of filled dielectric
will lead to the occurrence of higher-order resonant modes as
seen in Fig. 5(b) and Fig. 8(a). Therefore, the TE/TM mode
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switch we designed based on the compound metallic grating
is able to adjust functions as absorber or sensor easily by
changing the polarization state of incident radiation. We can
also make the absorption peak undergo a side shift by adjusting
the Fermi energy of graphene to realize the regulation of
absorption spectrum.

Moreover, the compound grating structure we design also
has other potential applications in many aspects. For example,
it can be used in optical fiber to design high sensing perfor-
mance plasmonic sensors which will be very beneficial for bio-
and gas-sensing applications [29]—[35]. In addition, the unique
light absorption characteristics of such structure also make it
an important application in spectral filtering [36]-[38].

VI. CONCLUSION

In conclusion, we have proposed a graphene-based
metal-dielectric compound grating structure which can achieve
high absorptivity under TE and TM polarization by opti-
mizing its structural parameters. The absorption mechanisms
are derived from the excitation of CMR and MR, which are
well explained by waveguide theory and equivalent LC circuit
mode. We have investigated the absorption spectrum of these
two types of resonators separately and found that they have
absorption spectrum with different line shapes when different
polarized light is incident. According to this feature, we can
use it to achieve a high-performance sensitive TE / TM mode
switch functioning as absorber or sensor by adjusting the
polarization states of incident radiations, More importantly,
the absorber we designed is a kind of simple one-dimensional
grating structure, which may greatly reduce the difficulty of
manufacture.
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